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The Sun provides the Earth a vast amount of clean energy. In order 
to make this solar energy a arger portion of the world’s energy 
system, cost-e�ective light-into-electricity converters are needed. 
Recently, a new photovoltaic device capable of theoretically 
overcoming the Shockley-Queisser limit (which is obeyed by the 
�rst and second photovoltaic generation cells) has been proposed: 
the Quantum Dot-Sensitized Solar Cell (QDSSC). However, the 
e�ciencies of these devices are still low, and their cost has 
sometimes been compromised by the use of expensive materials 
and procedures. This thesis tries to shed some light on some 
fundamental aspects governing the functioning of these devices: 
the growth mechanism and the mode of attachment of the light 
harvester to the electron/hole acceptor, the morphology of the 
electron transporting phase, the employment of intermediate 
layers preventing recombination processes at the di�erent 
interfaces, the charge carrier dynamics at the donor-acceptor 
system, etc. In addition, low-cost materials and poorly explored 
cell concepts have been investigated. All with the ultimate 
purpose of paving the way for the attainment of economical, 
stable, and competitive QDSSCs.
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1.1 The global energy problem 

To sustain the lifestyle of the world population and meet its future demands, it is 

necessary to make a change to our current energy system. At present, to attain the 

needs of the approximately 7 billion people worldwide,
1
 around 18 TW of energy are 

consumed annually.
2
 Out of that global amount, more than 80% is provided by fossil 

fuels (oil, coal, and natural gas).
3,-5

 These primary energy supplies have several 

downsides. On the one hand, fossil fuels are unevenly distributed beneath the earth’s 

surface and, more importantly, their reserves are of finite extent. On the other hand, 

their conversion into electricity produces (i) greenhouse gases (carbon dioxide, water 

vapor, methane, nitrous oxide, and ozone) that are leading to global warming and (ii) 

other harmful environmental pollutants (sulphur oxides, ash, etc.). The increase in the 

temperature of the oceans and the earth’s surface, with negative consequences for 

some regions, habitats, and species, is only a part of the story. Higher temperatures 

cause (i) higher levels of atmospheric water vapor, and thus increase the cycling of 

water/water vapor, (ii) changing and more severe weather patterns (tropical storms and 

hurricanes are today stronger than ever) and (iii) the rise in sea levels due to the 

melting of the ice caps.
6,4

 

Taking into account the world population growth and the newly acquired spending 

capacities of people in developing economies (such as China and India), it is estimated 

that by 2050 our global energy requirements will rise to 26.4-32.9 TW per year.
4
 Our 

fossil fuel reserves are sufficient to meet this energy demand for 2050 and beyond.
5,7

 

However, at the present energy consumption rate and with these primary power 

supplies making up the lion´s share of our current energy infrastructure, atmospheric 

CO2 levels will exceed the environmentally tolerable threshold (750 ppm) by the 

aforementioned date.
7,8

 Furthermore, it is likely that the depletion of readily available 

fossil-based reserves will be accompanied by an increase in energy prices.
9,10,5

 This 
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would be first noticed in the case of oil, the most scarce of our fossil sources, followed 

by natural gas and coal (the most abundant). 

According to some analyses, from 10 to 30 TW of CO2-neutral energy will be required 

by 2050.
7,8

 To tackle this great challenge three major options can be envisaged: (1) 

nuclear power, (2) carbon neutral energy, and (3) renewable energies. The production 

of 10 TW coming from nuclear power would require the construction of a new 1G-

nuclear fission plant somewhere on this planet almost every day until 2050.
9,7

 

Certainly, nuclear power coming from fusion is an interesting option to consider since 

it could provide almost limitless power, but this technology is still very far from the 

commercial scale. From an environmental standpoint, whether or not nuclear power 

should be considered as a “possibility” bearing in mind the waste produced by this 

type of technology is another matter. The use of fossil fuels in conjunction with 

carbon sequestration (carbon neutral energy) would involve the storage (and even 

transport in some cases) of billions of metric tons of CO2 produced annually. Finally, 

if we consider the total amount of energy obtainable from all available renewable 

resources: hydroelectric power (maximum supply of 1.5 TW-yr), terrestrial and 

offshore wind power (2-4 TW-yr), tides and ocean currents (2 TW-yr), geothermal (12 

TW-yr), and solar energy striking the earth (120,000 TW-yr), it is clear that only solar 

radiation is able to satisfy the CO2-free energy requirements for 2050.
9,4,7

 

Solar resources are inexhaustible (at least for several billion years), vast (they dwarf 

any other energy resource renewable and nonrenewable), unrestricted to geopolitical 

boundaries, and versatile. In addition, their use does not threaten health or the 

environment. However, in order for solar energy to meet the projected energetic 

demands it is essential to substantially improve the areal cost to conversion efficiency 

ratio.
10

 There are several ways to utilize the energy coming from the Sun: it can be 

employed to produce heat for direct use or further conversion into electricity (solar 

thermal power), converted into chemical fuels in a manner similar to green plants 

(artificial photosynthesis), and/or transformed directly into electricity by creating 

electron-hole pairs in a semiconductor solar cell (photovoltaics).
3
 Among them, 
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photovoltaic power is one of the most promising approaches to bring the prevailing 

changes in our energy production profile. This dissertation is based on the study of 

one specific photovoltaic design: the quantum dot-sensitized solar cell (QDSSC). 

1.2 Overview of photovoltaic (PV) technologies 

It can be stated that the first implementation of a photovoltaic device was developed 

by Chapin, Fuller and Pearson. In 1954, they presented a silicon-based solar cell 

(ancestor of the current photovoltaic devices) with a conversion efficiency of 6% 

capable to run everyday electrical equipment.
11

 Since then, a plethora of photovoltaic 

designs have appeared using different materials, concepts, and fabrication techniques. 

However, all these cells are based on the same working principle: a semiconductor 

that is excited with photons of energy equal to or higher than its bandgap (Eg), 

generating electron-hole pairs that are subsequently separated to different contacts. 

These contacts are connected via an external circuit, and thus work is produced at an 

external load. 

The different designs presented so far to convert sunlight into electricity can be 

roughly classified, as suggested by Green, into three main categories, namely first, 

second, and third generation photovoltaics, depending on their cost and conversion 

efficiency (Figure 1.1).
12-14

 The classification proposed by Green also shows the 

evolution of photovoltaic devices over time. The first generation includes solar cells 

employing high quality materials with a low concentration of structural defects. The 

main exponents of this group are silicon cells based on bulk wafers, including both 

large grain polycrystalline and single crystalline silicon. The current production of 

solar modules is dominated by these cells comprising around 85% of the PV market. 

This generation of solar devices shows high efficiencies, 25% power conversion 

efficiencies (PCEs) (see section 2.4.6 where the characteristic parameters of 

photovoltaic devices are defined) have been confirmed for single crystalline silicon 
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cells,
15

 but also high manufacturing costs. The latter hinders this technology from 

significantly influence the energy production market. 

 

Figure 1.1 Efficiency and cost projections given by Green (2003)16 for first (I), second (II) 

and third (III) generation photovoltaic technologies. Tinted areas represent the theoretical 

efficiency limits for single bandgap- (lower tinted area) and tandem-based (upper tinted area) 

devices. Adapted from reference [13]. 

The operational mechanism of these cells is based on the charge separation that occurs 

at the interface of a p-n junction (Figure 1.2). When a piece of p-doped silicon is 

brought into close contact with a piece of n-doped silicon, the abundant electrons in 

the n-doped region fill in some places in the p-doped region which are lacking 

electrons. As a result, an electric field is created at the interface between these 

materials. This phenomenon continues until the drifting force of the generated electric 

field counteracts the diffusion force of free carriers. The area within the p-n junction 

that experiences this charge equilibration, with an excess of positive charge in the n-

region and negative in the p-region, is known as depletion zone. The electric field in 
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that zone promotes the separation of photogenerated carriers toward different 

collectors, generating current. 

 

Figure 1.2 Schematic representation at equilibrium (top) and energy band diagram under 

illumination (bottom) of a p-n junction. CB and VB denote conduction and valence band, 

respectively. 

The maximum power conversion efficiency obtainable for a single p-n junction solar 

cell was first calculated by Shockley and Queisser in 1961.
17

 Their thermodynamic 

analysis established an upper limit of efficiency (Shockley-Queisser limit) of 31% for 

a semiconductor with a bandgap of 1.3 eV (see lower tinted area in Figure 1.1) under 

AM1.5 illumination (see section 2.4.6). This value was obtained making several 

assumptions: (i) every incident photon with energy larger than the semiconductor 

bandgap produces an electron-hole pair, (ii) the only recombination pathway of charge 

carriers is radiative, and (iii) there is no series resistance in the cell. The reason for this 
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low theoretical limit stems from the fact that only photons with an energy equivalent 

to that of the semiconductor bandgap are converted into electron-hole pairs with 

maximum efficiency. On the one hand, photons with energy below the bandgap are 

not absorbed by the cell at all. On the other hand, photons with energy greater than the 

bandgap are only capable to deliver the bandgap energy to the electric circuit, the rest 

is lost as heat (thermalization). The efficiencies of real devices differ from this 

theoretical limit mainly due to: light reflection (not all photons with energy equal to or 

greater than the bandgap are absorbed by the cell), non-radiative charge recombination 

mechanisms present in the cell, and ohmic losses. 

Second generation photovoltaics seeks to reduce the cost of energy produced by the 

previous generation by using thin films of photoactive materials. In this sense, not 

only the reduced expenses in the starting materials, but also the fact that they can be 

deposited on larger surfaces increasing the manufacturing unit area (about 100 times 

larger than in the case of crystalline silicon), diminish the manufacturing costs 

associated with this technology. To this group belong thin film solar cells based on 

silicon films (amorphous, microcrystalline and polycrystalline silicon, and their 

combinations), CdTe, Cu(In,Ga)(S,Se)2 (CIGS), and more recently Cu2ZnSn(S,Se)4 

(CZTS), which make up the remaining 15% of the current PV market. The functioning 

of these cells also depends on a p-n junction and therefore, they have the same 

theoretical efficiency limit as first generation photovoltaic devices. However, their real 

efficiencies are lower than those of PV devices based on silicon wafers. The best 

confirmed efficiencies for this group have been obtained for CdTe and CIGS cells, 

being 19.6% and 19.8%, respectively.
15

 In addition, these materials are direct 

semiconductors, which allows to diminish the thickness of the absorber layer required 

for complete light absorption. Nonetheless, the efficiencies obtained for second 

generation solar cells do not translate into large PV modules so easily. More recently, 

another direct semiconductor, CZTS, has been proposed as a promising alternative to 

the two chalcogenide-based thin film technologies mentioned above.
18

 In this case, the 

cells are entirely based on earth abundant materials (which is not the case of Te and In 
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in CdTe and CIGS PV devices, respectively) and can be processed by slurry-based 

deposition methods. Efficiencies near 10% have been achieved with these devices. 

Finally, third generation photovoltaics aims to substantially increase the conversion 

efficiencies of PV devices at an economically viable cost. These cells break with the 

traditional design of a single p-n junction on which first and second generation 

photovoltaics are based. Some of the new PV concepts currently under investigation 

are: tandem cells, intermediate band cells, organic cells (including both organic 

heterojunctions and hybrid solar cells), sensitized-type cells, up/down converters and 

thermophotovoltaic/thermophotonic cells. These designs are based on exploiting 

nanostructured and organic materials, hybrid assemblies, and/or overcoming the 

Shockley-Queisser limit. Pursuing the latter, different approaches have been proposed. 

Tandem cells are the best known example of how the theoretical efficiency limit 

established for single p-n junctions can be boosted. By stacking different cells in order 

of their bandgaps such that the highest bandgap cell first intercepts light, a larger 

portion of the solar spectrum can be captured while minimizing thermalization. In 

such a way, for an infinite number of suitably tailored and designed cells, efficiencies 

as high as 68.2% and 86.8% for unconcentrated and maximally concentrated solar 

radiation can be theoretically obtained (see upper tinted area in Figure 1.1). The 

outstanding properties of quantum dots (QDs) also offer the possibility of overcoming 

the Shockley-Queisser limit in a solar cell by using the excess energy of electron-hole 

pairs generated by highly energetic photons. Higher photopotentials and/or more than 

one electron-hole pair per absorbed photon can be obtained in such a way. This will be 

covered in more detail in the next section. 

Several third generation solar cells employing QDs have been proposed (Figure 1.3): 

the Schottky-type, the depleted-heterojunction, the hybrid bulk heterojunction, and the 

quantum dot-sensitized solar cells among others. In a Schottky cell an ultrathin layer of 

p-type QDs is sandwiched between two conductive substrates. Commonly, a low work 

function metal and a conducting glass are employed to collect the photogenerated 

electrons and holes, respectively. The configuration of a depleted-heterojunction cell 
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is similar to that of a Schottky cell but including a nanoporous film of an n-type wide 

bandgap semiconductor oxide between the conductive glass and the QDs. Due to the 

band alignment of the different components of the cell, in this case, the 

photogenerated electrons flow toward the nanoporous oxide and the corresponding 

holes toward the metal. The hybrid bulk heterojunction cell is conceptually similar to 

the organic heterojunction cell. In the latter, the active layer of the cell is a blend of 

two polymers, acting one as an electron donor and the other as an acceptor. Charge 

carriers are photogenerated near the interface between the two polymers and 

subsequently separated and transferred toward the collectors. QDs are incorporated 

into this PV design by substituting the electron accepting phase (as pictured in Figure 

1.3) or in combination with one of the two phases. The quantum dot-sensitized cell is 

the subject of this thesis. Its components and operational mechanism will be further 

described later in this chapter. This cell together with the dye-sensitized cell make up 

the sensitized-type third generation photovoltaics above indicated. In this type of cells, 

the electron and hole conducting phases are not (or very poorly) sensitive to solar 

radiation. The ability to absorb light and create electron-hole pairs is mainly acquired 

by depositing a strong light harvesting material (a dye or a QD) over the surface of a 

wide bandgap semiconductor film normally acting as an electron/hole transporting 

medium; hence the name “sensitized” cells. 
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Figure 1.3 Schematics of different third generation solar cells apart from the QDSSC, based on 

(colloidal) quantum dots: Schottky cell, depleted-heterojunction cell and hybrid bulk 

heterojunction cell. Energy-band diagrams for each device are also included. 

Before describing the special properties of semiconductor QDs, it should be 

mentioned here that in recent years a new class of solar cell based on mixed organic-

inorganic halide perovskites has rapidly emerged in the field of photovoltaics. In five 

years, the PCEs achieved by perovskite solar cells have unprecedentedly increased 

from approximately 3.8% in 2009
19

 to more than 20% in 2014
20,21

 (Figure 1.4). This 

significant enhancement has led to the consideration of such devices as the recent 

major breakthrough in low-cost photovoltaics.
22

 Different kinds of device 

architectures have been tested for perovskite solar cells.
23,24

 Initially these cells 

appeared as an evolution of dye-sensitized solar cells, in which the dyes are replaced 

with perovskites (sensitized architecture). However, this device configuration has been 

progressively evolving towards planar thin film configurations (planar architecture). 
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Figure 1.4 Evolution (from 1976 to the present) of the highest confirmed research-cell 

efficiencies for a range of photovoltaic technologies reported by NREL.
25
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1.3 Quantum dot confinement effects 

QDs are traditionally nanocrystals of II-VI, IV-VI or III-V semiconductor materials 

whose size could vary from one to tens of nanometers. Although some of these 

materials have been studied as bulk semiconductors in photovoltaics, it is in their 

nanometric size where they have chemical and physical properties that make them 

particularly interesting to be used in this field. This is mainly due to the fact that these 

nanoparticles experience quantum confinement effects, which allow us to: (1) tailor 

their optical and electrical properties as they depend on the size of QDs, and (2) 

exceed the Shockley-Queisser limit, achieving quantum yields higher than 100%. In 

addition, the large surface area-to-volume ratio of QDs enhances their surface 

photocatalytic activity with respect to the bulk material. 

In the following, the origin and consequences of the quantum confinement phenomena 

present in QD nanocrystals will be briefly analyzed. Prior to this, it is important to 

introduce a parameter often used when discussing this issue: the exciton Bohr radius 

 Ba . It can be calculated for a particular material as: 
















*
h

*
e

2

2

B
m

1

m

1

e
a

  (1.1) 

where   is the reduced Planck constant, e  the elementary charge,   the dielectric 

constant of the material, and *
em  and *

hm  the electron and hole effective masses,
i
 

respectively. In a semiconductor material, immediately after the absorption of a 

sufficiently energetic photon a coulombically bound electron-hole pair, referred to as 

an exciton, is generated. The exciton Bohr radius physically represents the average 

                                                           
i Charge carriers in a semiconductor crystal respond to an electric field as if they were free particles in a 

vacuum, but with a different mass. The effective mass of electrons and holes is the apparent mass of these 

carriers inside the crystal. It depends on the size of the crystal and it commonly refers to the mass of free 

electrons. 
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distance between electron and hole in this exciton. Its value is often used as a 

threshold for the semiconductor crystal diameter (2R) below which quantum 

confinement effects begin to appear (quantum confinement regime: 2R < Ba ).
26

 In 

this sense, two quantum confinement regimes can be distinguished depending on 

whether the radius of the nanocrystal is higher (weak regime) or lower (strong regime) 

than the exciton Bohr radius. Certainly, in the strong confinement regime ( Ba  > R), 

the properties of the exciton are dramatically affected by the size of the nanocrystal 

and its wave function is mostly located at the QD surface. On the contrary, in the weak 

regime ( Ba  < R), the quantum effects are substantially diminished. 

In a bulk semiconductor material, the crystal size is larger than the size of the exciton, 

or preferably, than its Bohr radius. The coulombic interactions between electron and 

hole in the exciton (and hence the exciton binding energy) are such that they can 

easily dissociate. Under this situation, charge carriers can freely and independently 

move throughout the lattice. As the size of the material is reduced, so does the volume 

through which electron and hole can move, leading to an increase in the coulombic 

interactions between them. In a QD, the size of the crystal lattice is in the range of that 

of the exciton Bohr radius and charge carriers in the exciton are bound strongly 

enough to be able to move as an entity through the crystal. Their movement is so 

limited that it is said that they become spatially confined. These confinement effects 

have a strong impact on the energy level distribution of the QDs, which becomes 

dependent on the size of the nanocrystals. The density of electronic states changes 

from a continuum (in a bulk semiconductor) to quasi-discrete energy levels. In this 

sense, QDs can be considered to be at the transition region between bulk materials and 

molecules. Likewise, the bandgap of the semiconductor nanoparticles progressively 

changes with their size. In general, as the dimensions of the nanocrystals diminish 

(and the quantum confinement effects are greater), both the bandgap and the 

discretization of the energy levels increase (Figure 1.5). These properties can be very 

advantageous in photovoltaics, as will be seen below. 
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Figure 1.5 Schematic representation of the energy bands of a semiconductor as a function of 

its particle size. 

1.3.1 Size-dependent optical response 

Semiconductor materials are only capable to absorb photons with energy equal to or 

higher than their bandgap. The fact that the bandgap of QDs depends on their size, 

allows modifying the region of the solar spectrum in which they absorb light by 

simply changing their dimensions. In other words, the optical response of solar cells 

can be easily optimized when these materials are employed. 

Let us analyze here how the absorption and emission spectra of a semiconductor 

material change with its crystal dimensions. First, the evolution of the absorption 

spectra will be addressed. As shown in Figure 1.6, the bulk material has a smooth 

absorption profile attributed to continuous interband transitions. The absorbance 

increases toward lower wavelengths in accordance with the higher probability of a 

photon to be absorbed as its energy increases. As quantum confinement phenomena 

begin to appear, the onset of the absorption curves becomes dependent on the crystal 
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dimensions. It shifts toward lower wavelengths as the size of the QDs decreases in 

accordance with the progressive widening of the bandgap (Figure 1.5). Additionally, 

the spectra become decorated with well-defined peaks. These peaks are associated 

with the discretization of the energy levels leading to discrete absorption transitions. 

In Figure 1.6, the first absorption transition in QDs is represented. As observed, this 

peak is better defined as the size of the nanocrystal diminishes. This is related to the 

increment in both energy level discretization and the coulombic forces between 

electron and hole in the exciton. Experimental expressions correlating the location of 

the first excitonic absorption peak and the dimensions of some QDs have been 

reported.
27

 The widening of this peak is affected by the nanocrystal size dispersion. 

 

Figure 1.6 Evolution of the absorption and emission spectra of a semiconductor material as a 

function of particle size. 
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Regarding the emission spectra evolution, let us remember first what the origin of 

these spectra is. The photogenerated excitons in a semiconductor material have a finite 

lifetime. This means that after a certain time, if the charge carriers have not been 

separated, the excitons relax through radiative and/or non-radiative processes. Non-

radiative relaxation involves the dissipation of energy via vibrational modes emitting 

phonons, whereas radiative relaxation is associated with electron and hole 

recombination processes leading to the emission of photons. The latter processes give 

rise to the photoluminescence (PL) (or fluorescence) phenomena represented in 

emission spectra. If there are no surface states in a semiconductor material, 

photoluminescence exclusively results from band-to-band recombination. Figure 1.6 

depicts this situation. Well-defined emission bands can be found in all cases. As in the 

case of absorption curves, the bands shift toward shorter wavelengths as the size of the 

QDs decreases, in accordance with the corresponding bandgap increment. However, 

the absence of surface states in semiconductor materials is something unlikely to 

happen. These states are usually present in QDs near their highest occupied and lowest 

unoccupied molecular levels (HOMO and LUMO, respectively). Thus, electrons and 

holes can relax to these states within the bandgap and then recombine giving rise to 

other emission bands at higher wavelengths (Figure 1.7). In addition, their existence 

favors non-radiative processes since it is easier to dissipate small packages of energy 

through vibrational modes. In any case, what is clear is that the intensity of the band-

to-band recombination peak in the emission spectra is lower when these states are 

present. 
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Figure 1.7 Radiative recombination processes in a QD: from HOMO-LUMO levels (or band-

to-band) (1), or from surface states (SS) (2 and 3). 

Finally, it is interesting to point out that the emission peaks are located at higher 

wavelengths than the corresponding excitonic peaks in the absorption spectra. 

Although several hypotheses have been proposed, the origin of this fact is still not 

clear. It could come from the relaxation of charge carriers to surface states before 

radiative recombination. Another possible explanation is that the exchange 

interactions between electron and hole in the photogenerated excitons lead to the 

splitting of the HOMO level into two levels. The holes would relax to the highest split 

level and then recombine (Figure 1.8).
28,29
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Figure 1.8 Schematic of absorption and emission transitions in QDs. The latter after hole 

relaxation to the highest split HOMO level. Adapted from reference [29]. 

1.3.2 Possibility of overcoming the Shockley-Queisser limit 

Another important aspect of QDs is that the theoretical efficiency limit of a solar cell 

can be surpassed when they are employed. This also derives from the quantum 

confinement restrictions experienced by these semiconductor nanocrystals. 

In a semiconductor material, the absorption of photons with energy above the bandgap 

generates electron-hole pairs with an excess of kinetic energy. These carriers have a 

temperature well above that of the crystal lattice and therefore are known as hot 

electrons and hot holes. Due to the presence of a continuum of states in the conduction 

and valence bands, in bulk materials these hot carriers rapidly relax to their respective 

band edges by emitting phonons (Figure 1.9a). This is one of the major factors 

limiting the conversion efficiency of solar cells since it entails the inevitable loss of a 

significant fraction of the energy harvested from sunlight. However, the discretization 

of the energy levels in QDs, slows down the relaxation of hot carriers (cooling). This 

is due to the fact that, as long as the energy level spacing is larger than the phonon 

energies, the cooling process in these nanocrystals implies the unlikely possibility of 
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simultaneously emitting several phonons (this phenomenon is referred to as phonon 

bottleneck). The lower cooling rates in these semiconductor nanocrystals can be 

exploited to improve the efficiency of solar devices through two different strategies as 

sketched in Figure 1.6. On the one hand, high energy carriers could be captured before 

thermalization leading to an increment in the cell photopotential (Figure 1.9b1). On 

the other hand, hot electrons (and holes) originated by photons of energy at least twice 

the bandgap can relax to lower (higher) energy levels and the energy released by them 

be used to generate other electron-hole pairs. This process is called multiple exciton 

generation (MEG) (or impact ionization when it comes to bulk materials) as it refers 

to the creation of more than one electron-hole pair per absorbed photon. The rapid 

collection of these multiple carriers would imply the attainment of higher 

photocurrents in the photovoltaic device (Figure 1.9b2). In any case, the 

implementation of any of these strategies is quite challenging as it requires a precise 

control of the interfaces and the rapid extraction of carriers. 

 

Figure 1.9 Schematics depicting the rapid relaxation of hot carriers in a bulk semiconductor 

(a), and their possible exploitation in a QD through either rapid collection leading to high 

photopotentials (b1) or MEG giving rise to high photocurrents (b2). 
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Despite the potentially promising solutions that semiconductor nanocrystals offer to 

enhance the primary photoconversion process in single junction solar cells, little 

progress has been done in this sense. Tisdale et al. demonstrated hot electron transfer 

from colloidal PbSe QDs to a TiO2 single crystal using time-resolved optical second 

harmonic generation.
30

 Studying a similar system, but employing colloidal PbS QDs 

capped with 3-mercaptopropionic acid (MPA) instead, Parkinson and co-workers 

reported on absorbed photon-to-current efficiency values higher than 100%, using 

aqueous polysulfide as an electrolyte.
31

 Likewise, Žídek et al. demonstrated multiple 

electron transfer from 2MPA-capped colloidal CdSe QDs to ZnO nanowires by means 

of transient absorption spectroscopy.
32

 Regarding complete devices, it should be 

underlined the work of Beard and co-workers, in which peak external photocurrent 

efficiency values exceeding 100% were shown for a depleted-heterojunction solar cell 

based on ZnO and PbSe QDs.
33

 

1.4 Operational mechanism of sensitized solar cells (SSCs) 

Quantum dot-sensitized solar cells burst in the field of photovoltaics as an offshoot of 

the well-known dye-sensitized solar cells. Both designs share the same structure and 

working principle, except for the light harvesting element: a dye molecule for DSSCs 

and a narrow bandgap semiconductor QD in the case of QDSSCs. Standard sensitized 

solar cells (SSCs) present a photoactive working electrode: a thin mesoporous layer of 

an n-type wide bandgap semiconductor (generally TiO2) on a conducting glass 

substrate and with the sensitizer attached to its surface. This electrode is immersed in 

either a liquid electrolyte with a redox pair or a solid hole transporting material 

(HTM). Finally, the whole assembly is sandwiched together with a counter electrode 

usually constituted of a conducting glass substrate with a catalytically active film. 

In the dark (Figure 1.10a), no net charge carriers flow across the system. All the 

components of the cell are at equilibrium, the Fermi level of the TiO2 is equilibrated 
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with that of the HTM. Upon illumination (Figure 1.10b), light is absorbed by the 

sensitizer, promoting an electron to its LUMO and rendering a hole in its HOMO. 

Because of the energy band alignment, the electron is injected into the CB of the TiO2 

and the hole is scavenged by the HTM. The electron diffuses through the mesoporous 

oxide film toward its collector and enters the external circuit performing work. 

Finally, it reaches the counter electrode and regenerates the oxidized HTM closing the 

regenerative cycle. The accumulation of electrons in the CB of the TiO2 shifts upward 

its out-of-equilibrium Fermi level giving rise to the so-called quasi-Fermi level (EqF). 

The maximum open circuit potential of the cell (Voc max) is determined by the 

difference between the TiO2 quasi-Fermi level and that of the HTM (Eredox,F) (see 

Figure 1.10). In section 1.5.4.1, it is explained how the redox potential of the 

electrolyte/HTM commonly referred to the standard hydrogen electrode can be 

converted to the electron potential energy scale. 

 

Figure 1.10 Schematics of the energy levels of the components of a standard SSC in the dark 

(a) and under illumination (b). Voc max in the figure refers to the theoretical maximum open 

circuit voltage achievable by the cell. 



Introduction 

23 

As already noted, the proper functioning of the system requires the energy band 

alignment of all the components. Electrons always transfer to states as low as possible 

in electron potential energy and holes to states as high as possible. Furthermore, it is 

important to highlight here the double key role played by the oxide nanoporous 

matrix. On the one hand, the large surface area of this film (over a thousand times 

greater than the projected area) allows it to have a large amount of sensitizer available 

for light harvesting in a reduced volume. On the other hand, its presence enables 

separating the tasks of electron generation and transport into two different phases, 

reducing the recombination of photogenerated carriers. 

1.4.1 Recombination pathways 

Under real operating conditions, the set of charge transfer reactions detailed above for 

the functioning of SSCs compete with a number of undesired recombination processes 

that diminish the quantity of photogenerated electrons contributing to the overall light-

to-electricity conversion. In the following, the main recombination pathways present 

in conventional QDSSCs will be reviewed (Figure 1.11). Firstly, once the electron and 

hole have been photogenerated within the QD, they can recombine before separation 

(1). In addition, the excited electron may be withdrawn by the HTM (2). Secondly, the 

electron already injected into the electron transporting phase may react with either the 

oxidized QD (3) or the hole conductor (4). The former recombination route is known 

as back-electron transfer. Also, during transport toward the collector, the electron can 

be easily trapped in surface states or grain boundaries of the electron acceptor 

(especially in the case of nanoparticulate films), and then recombine with the HTM 

(5). Finally, once the electron has been transferred to the collector, it might be 

scavenged by the hole conductor (6). Obviously, the latter requires the direct contact 

of the electron collector and the HTM. 
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Figure 1.11 Schematic of the different charge transfer reactions and main recombination routes 

coexisting during the functioning of a classical QDSSC. IS denotes the interfacial states formed 

at grain boundaries or due to electron acceptor/QD coupling. 

From a thermodynamic point of view, the proper band alignment of the components of 

a QDSSC allows that not only the charge transfer processes contributing to power 

generation may occur, but also those leading to deleterious recombination. In such a 

way, the overall performance of the device is dictated by the kinetics of the different 

reactions taking place, i.e. by the rates of charge transfer and recombination. The 

study of the dynamics of these reactions is thereby imperative to identify which are the 

limiting steps within the cell and therefore, to optimize it. In this sense, time-resolved 

spectroscopic techniques, such as transient absorption and optical pump-terahertz 

probe (OPTP) (see section 2.5.5 in Chapter 2), have been demonstrated to be very 

powerful tools to explore the carrier dynamics at QD-sensitized electrodes.
34-36 

It should be noted that the charge transfer processes in SSCs are often modeled by the 

Marcus theory. Although in principle this theory describes the electron transfer (ET) 

processes between two discrete energy states, it has also been extended to systems 

where the acceptor is defined by a continuum of states, as occurs in SSCs. According 
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to this theory, the ET between the sensitizer and the electron acceptor (usually an 

oxide) in a QDSSC can be briefly modeled as follows: 
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where ETk  is the ET rate constant, which is governed by (i) the density of accepting 

states in the oxide  E , (ii) the wave function overlap between donor and acceptor 

  2

AB EH  (defined by the distance between them), (iii) the energy difference between 

donor and acceptor levels G , and (iv) the system reorganizational energy   

accounting for energy fluctuations in the system due to the reorganization of solvation 

shells upon charge transfer. The other terms of the equation have their usual meanings. 

1.5 Components of standard QDSSCs 

This section describes the components of standard QDSSCs, the physicochemical 

requirements that must be met, and the materials and deposition techniques commonly 

employed for each of them. 

Initially, the materials tested for QDSSCs were those studied for their predecessors, 

the DSSCs. Basically, the conceptually typical DSSC does not differ much from the 

configuration proposed by O’Regan and Grätzel in 1991 (see Figure 1.12 showing a 

sketch of the different elements of a QDSSC).
37

 It would consist of a photoactive 

working electrode based on a mesoporous TiO2/dye thin film on a conducting glass 

substrate. The other part of the device would include the iodine/iodide redox couple in 

an organic solvent as an electrolyte and a counter electrode made of platinum. Over 

time, it became clear that different materials should be studied to fully exploit the 

potential of QDSSCs. As an example, the iodine-based electrolyte, which works 
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efficiently in DSSCs, cannot be directly used with chalcogenide QDs due to its 

corrosive nature.
38,39

 In fact, one could say that, to date, no electrolyte/counter 

electrode combination is as efficient for QDSSCs as the iodine-based 

electrolyte/platinized counter electrode for DSSCs. This is evidenced by the fact that 

the highest efficiencies achieved by liquid-junction QDSSCs (6.76%)
40

 are in the 

range of those of the corresponding solid-state cells (6.18%).
41

 

 

Figure 1.12 Schematic illustrating the different components in a QDSSC. 

1.5.1 Electron collector 

This component of QDSSCs should fulfill the following conditions: (1) to be 

transparent to visible light (and even in the near-IR region), (2) to have high 

conductivity, (3) to favor the adherence of the electron conducting phase, and (4) to be 

chemically inert. 

Typically, electron collectors are commercial conducting glass substrates, fabricated 

by depositing a thin layer of SnO2 doped with either fluorine (fluorine-doped tin 
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oxide, SnO2:F or more commonly FTO) or indium (ITO) on glass. The SnO2 layer 

behaves as a metal due to its high doping degree (degenerate semiconductor). It 

should be mentioned that the nanoporous nature of the electron acceptor phase leaves 

a part of the electron collector in contact with the hole conducting material. In such a 

way, once electrons reach the SnO2 layer they can easily recombine with the oxidized 

HTM before being collected. For that reason, it is common to coat the conducting 

glass substrate with a compact layer
42-45

 that prevents the direct contact between the 

conducting glass substrate and the HTM. This blocking layer acts as an energy barrier 

that minimizes electron leakage through this recombination route. 

1.5.2 Electron transporting phase 

In a QDSSC, the electron conducting medium plays the roles both of rapidly 

extracting the electrons photogenerated by the sensitizer and transporting them toward 

the collector. Ideally, this element of the cell should meet the following requirements: 

(1) CB edge position below the LUMO level of the QDs for a proper electron 

injection, (2) high surface area to load enough QDs to capture most of the irradiated 

photons, (3) open and well-interconnected structure allowing the deposition of the 

QDs and subsequent filling of the pores by the HTM, and the transport of carriers to 

the collector, (4) high electron mobility, (5) poor light absorption in the visible range 

since it could lead to the degradation of the sensitizer and/or the HTM, hampering the 

regenerative cycle, and (6) scattering effects to favor light harvesting. In addition, it is 

also highly desirable that this material (and the rest of the components of the cell) 

should have a low cost and be easy to fabricate. 
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1.5.2.1 Carrier transport in nanoporous semiconductors 

The need for a high surface area leads to the use of nanoporous matrices of n-type 

wide bandgap semiconductors (usually oxides) as electron acceptor materials in 

standard QDSSCs. Let us analyze the carrier transport in such nanostructures. When a 

bulk semiconductor is immersed in a redox electrolyte (or a solid HTM), there is a 

flow of charge carriers across the interface until the Fermi levels of the semiconductor 

and the hole transporting phase equilibrate. This transfer of charges produces a region 

at each side of the junction wherein the charge distribution differs from that in the 

bulk. From the semiconductor side, this region corresponds to the so-called space-

charge region, where the VB and CB edges of the semiconductor bend. The direction 

and extent of the band bending depends on the Fermi level of the semiconductor with 

respect to the electrolyte before contact. From the side of the electrolyte, charge 

equilibration leads to the electrochemical double layer, formed by a compact layer 

(Helmholtz layer) followed by a diffuse layer (Gouy-Chapman layer). In such a way, 

if a bulk n-type semiconductor is used as an electron acceptor in a QDSSC, the 

electrons injected into the semiconductor will move toward the contact driven by the 

electric field created at the space-charge region, and afterward by diffusion, in a 

similar way as in a p-n junction. But, what happens if a nanoporous matrix immersed 

in a redox electrolyte is used as an electron conducting medium in a QDSSC? The 

width of the space-charge region at the semiconductor (and therefore the electric field) 

is in the range of nanometers. This means that when a nano-sized semiconductor is 

used as an electron acceptor, this zone is of the order of the size of the particles 

constituting the material. In addition, the electron transport from particle to particle 

across the nanostructure will be always screened by the cations in the redox electrolyte 

when it is used as an HTM. In this situation, there is no space-charge region or 

macroscopic electric field at the electron conducting phase. The electrons injected 

from the sensitizer are funneled toward the collector just by diffusion, i.e. driven by 

the concentration gradient across the nanostructure. 
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The equation that describes the unidimensional transport of electrons by diffusion is: 
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where nD  is the average diffusion coefficient for electrons within the nanostructure, 

 t,xn  is the concentration of photogenerated electrons injected into the nanostructure 

as a function of position  x  and time  t , nG  refers to electron generation (directly 

related to light absorption and the electron injection efficiency of QDs), and nR  

accounts for electron recombination. Assuming steady-state conditions, the above 

equation can be solved leading to the electron concentration profile within the film: 
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On the other hand, the thickness of the electron acceptor film should be shorter than 

the electron diffusion length (Ln) in this material to ensure that most of the injected 

electrons are eventually collected. This parameter refers to the average distance that 

electrons can travel through the material before recombination or trapping. It can be 

calculated by the following expression: 

nnn DL   (1.5) 

where n  denotes the survival time for electrons within the nanostructure (lifetime). 

Finally, it should be highlighted that the use of well-organized nanostructures as 

electron conducting phases instead of disordered nanoporous assemblies could be very 

advantageous (Figure 1.13). These ordered architectures, especially one-dimensional 

nanostructures composed of parallel channels vertically aligned with regard to the 

electron collector (nanotubes, nanocolums, nanowires,…), provide more directionality 
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to the electron pathway from the injection site to the collector (Figure 1.13 right). In 

nanoparticulate films (i) the random walk by particle-to-particle hopping occurring 

during electron transport, (ii) together with the trapping at the large number of grain 

boundaries throughout the network, slow down carrier transport and reduce its 

collection (Figure 1.13 left). In addition, as long as these ordered assemblies are 

sufficiently opened, the penetration of the sensitizer and the HTM across these 

structures is facilitated. The latter can give rise to higher active QD coverages and an 

increased filling of the pores by the hole transporting phase. 

 

Figure 1.13 Schematics illustrating electron transport through nanoparticulate and nanotube 

architectures. 
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1.5.2.2 Materials used as electron conducting phases 

Driven by the inertia of DSSCs, the first electron acceptor materials tested in QDSSCs 

were TiO2 and ZnO. Soon afterward, advances in materials nanoengineering led to the 

exploration of new materials and structures (Figure 1.14). 

 

Figure 1.14 Materials tested as electron transporting phases for QDSSCs. 

TiO2 is by far the material most commonly used as an electron acceptor in QDSSCs. 

Over the years, record efficiencies have been obtained for solar cells employing this 

oxide. Usually, home-made or commercial pastes are doctor bladed or screen-printed 

over conducting glass substrates and then thermally annealed in an oven to prepare the 

films. Nowadays, the tendency is to fabricate photovoltaic devices using two kinds of 

pastes to meet the desired requirements of the electron transporting phase. First, a 

transparent TiO2 layer composed of small nanoparticles is deposited on the conducting 

glass to provide a high surface area for QD loading. Second, a TiO2 layer consisting of 

larger nanoparticles is applied on top of the first one to ensure light scattering. The 

best performances reported so far for liquid-junction QDSSCs have been achieved 

following this double-layer strategy.
46-49,40
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As already mentioned, the use of ordered TiO2 morphologies providing a more direct 

pathway to transport the injected electrons toward the collector should improve in 

principle the behavior of the photoanodes, and by extension, of the cell. In this sense, 

different quasi-1D TiO2 nanostructures, especially those involving nanotube arrays, 

have been explored in QDSSCs.
50-54

 Interestingly, Kongkanand et al. showed that 

TiO2 nanotubes sensitized with CdSe QDs yield higher incident photon-to-current 

efficiency (IPCE) (see section 2.4.6) values than nanoparticulate electrodes.
55

 The 

authors ascribed this enhancement of charge collection to the nanotube architecture, 

which facilitates charge transport. Apart from these nanoarchitectures, other more 

open structures such as hollow fibers or inverse opals have been tested in devices 

sensitized with QDs.
56-58,52,53

 In general, albeit good results have been obtained, the 

conversion efficiencies of QDSSCs employing well-ordered TiO2 nanostructures are 

still lagging behind those obtained with nanoparticulate TiO2 films. This is 

presumably due to the lower surface areas obtained in the case of the organized 

morphologies for the same film thickness, which leads to lower QD loadings and 

subsequently to poorer light harvesting.
52

 

Apart from TiO2, other oxides such as ZnO and SnO2, and combinations of them, have 

been studied as electron acceptors in QDSSCs. ZnO has a bandgap (~ 3.2 eV) and 

energy band positions similar to those of TiO2 (Figure 1.15).
59

 The strong points of 

this material in comparison with TiO2 are a higher bulk electron mobility
60,61

 and the 

ease of forming organized nanostructures. The latter is due to the charge asymmetry 

along the (0001) axis of this material under conventional crystallization conditions, 

which favors its anisotropic growth along this direction. For that reason, ZnO can be 

produced in a wide variety of morphologies, especially 1D architectures, through 

multiple synthesis routes.
62

 In fact, this oxide is commonly examined in QDSSCs 

forming simple (nanorods,
63,45

 nanowires,
64-66

 nanotetrapods,
67

 nanosheets,
68

 etc.), or a 

combination
64,69,70

 of ordered nanostructures. Studies dealing with ZnO nanoporous 

films are much scarcer.
74

 Over the years, the best efficiencies obtained for solar cells 

based on ZnO have been well below those using TiO2 as an electron transporting 

phase. This situation has changed in the last years. Yang and co-workers reported on a 
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double-layer ZnO architecture for a QD-sensitized photoanode consisting of ZnO 

nanorods at the bottom and ZnO nanotetrapods atop, with which PCEs as high as 

5.24% were achieved.
72

 Also, the same group presented a new generation photovoltaic 

device based on the same ZnO architecture attaining 6.20% PCE. However, in this 

work a quasi-quantum well structure was employed as a sensitizer, instead of quantum 

dots.
75

 

The number of works employing SnO2 as an electron acceptor is lower. This oxide has 

a bandgap slightly larger (3.5 eV) than those of TiO2 and ZnO (see Figure 1.15).
59

 

Two special features make this material of special interest to be used as an electron 

transporting phase instead of TiO2: its lower conduction band edge position (ca. 300-

500 meV below that of TiO2)
76

 and its higher electron mobility. This facilitates charge 

separation and collection when this oxide is employed. However, the lower location of 

the conduction band edge reduces the photopotential attainable with 

electrodes/devices based on SnO2. Hossain et al. compared the performance of 

QDSSCs employing mesoporous films of either SnO2 or TiO2 sensitized with 

CdS/CdSe QDs prepared by the successive ionic layer adsorption and reaction 

method.
77

 As expected, higher photocurrents, but also lower open circuit potentials, 

were obtained for SnO2 films. The overall PCEs attained in both cases were similar, 

which provides compelling evidence that SnO2 might replace TiO2 in QDSSCs. 

Random nanoparticulate SnO2 electrodes
77-79

 mainly, but also well-ordered 

nanostructured ones,
80-82

 have been explored in QD-sensitized devices. The record 

efficiencies obtained for those cells (4.37%)
82

 are still lower than for those based on 

TiO2. 
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Figure 1.15 Energy band edge positions for the three semiconductor oxides mentioned in this 

section. The value of the band gap is also indicated in the figure. Adapted from references [83] 

and [84]. 

Carbon nanostructures like carbon nanotubes and graphene have also been explored as 

electron transporting phases in QD-sensitized photoanodes to tap the extremely high 

electron mobility through the highly delocalized π electronic cloud of graphitic 

sheets.
85,86

 In spite of the potential of carbon nanotubes, they present two major 

shortcomings: absorption of light in the UV-vis range and low acceptor level leading 

to poor open circuit potentials. Graphene offers a higher surface area and electron 

mobility than carbon nanotubes, together with the possibility of tuning the bandgap. 

However, its prohibitive cost has led to the use of reduced graphene oxide (rGO) in 

QDSSCs instead, with worse properties than pure graphene.
87

 Finally, a few attempts 

have been made to exploit C60 molecules as electron acceptors in QD-sensitized 

photoanodes.
88,89

 The approach involves capping colloidal QDs with these molecules, 

followed by the deposition of the C60-QD core-shell clusters on conductive glass by 

electrophoretic methods. The response of all these photoanodes/cells is far behind that 

reported for the semiconductor oxides described above. 
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1.5.3 The light harvester: QDs 

In an SSC, the sensitizer is the element of the cell that absorbs sunlight and generates 

electron-hole pairs. The photogenerated electrons are injected into the electron 

acceptor medium whereas the oxidized sensitizer is regenerated by the hole scavenger 

phase. Thereby, a good light harvester in an SSC should fulfill the following 

requirements: (1) to absorb most of the incident photons in the UV-vis and near-IR (if 

possible) ranges, (2) to be in intimate contact with the electron and hole acceptor 

phases, (3) its LUMO level should be above the CB edge of the electron acceptor, (4) 

its HOMO level should be below the electron donor level of the hole scavenger, and 

(5) to show long-term stability. In the case of QDs, it has been established that they 

should withstand at least 20 years of exposure to solar radiation, which corresponds to 

10
8
 cycles of excitation-injection-regeneration. 

Semiconductor QDs have some properties that make them alluring candidates to be 

used as sensitizers in SSCs instead of molecular dyes. As already mentioned (see 

section 1.3), derived from the quantum confinement restrictions experienced by these 

materials, (i) their bandgap can be easily tuned by changing the dimensions of the 

nanocrystals and (ii) they also offer the possibility of overcoming the Shockley-

Queisser limit through multiple exciton generation or hot carrier injection. Apart from 

these advantages, QDs show other superior properties in comparison with dyes: (iii) 

higher thermostability, (iv) higher extinction coefficients, and (v) straightforward 

control of the oxide/QD interface properties by modification of the QD surface. 

1.5.3.1 QDs commonly employed as sensitizers 

Due to their unique optical and electrical properties, QDs have been at the focus of 

different research fields in the last decades. This, together with advances in 

nanotechnology, has resulted in the emergence of a plethora of QDs of different 
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nature. These semiconductor nanocrystals can be broadly classified into three groups: 

single-core, core-shell and alloys depending on their structure and composition (Table 

1.1). Initially, the QDs more commonly tested in QD-sensitized electrodes/devices 

were those belonging to the first group, especially cadmium and lead chalcogenides. 

Lately, much attention has been focused on the preparation of core-shell and alloyed 

QDs. The core-shell type consists of a semiconductor material surrounded by one or 

more layers of different semiconductors in an onion-like way. Finally, alloyed QDs 

encompass semiconductor nanocrystals composed of more than two chemical 

elements homogeneously dispersed within the structure. Among all these materials, 

CdSe first and CdS in second place are the most widely studied semiconductor 

sensitizers in QDSSCs. It is worth noting that recently the performance of QDSSCs 

employing single-core and core-shell nanocrystals has been significantly improved by 

doping the light harvester with a foreign metal. In such a way, Kamat and co-workers 

reported on a device constructed with a Mn-doped CdS/CdSe sensitizer delivering a 

PCE of 5.4%.
46

 Similarly, Lee et al. recently achieved a record photocurrent of 30 

mA·cm
-2

 and a PCE of 5.6% for a Hg-doped-PbS-sensitized solar cell.
90
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Table 1.1 QD classification according to their structure and composition 

Group Examples of nanocrystals tested as sensitizers 

Single-core 

CdS,
91

 CdSe,
92,48

 CdTe,
93

 PbS,
90

 PbSe,
94

 Sb2S3,
95,41

 InP,
96

 

InAs,
97

 etc. 

Doped: Mn-doped CdS,
46

 Hg-doped PbS
90

 

Core-

shell 

One 

shell 

CdSe/ZnS,
98

 CdS/CdSe,
47

 ZnSe/CdS,
99

 CdTe/CdSe,
40,100

 

CdTe/CdSe,
100

 etc. 

Doped core: Mn-doped CdS/CdSe
46

 

Two 

shells 

CdSe/CdS/ZnS,
101

 CdTe/CdSe/CdS,
100

 CdSe/CdTe/CdS,
100

 

etc. 

Alloys 

PbSeS,
102

 CuInS2,
103,104

 ZnCuInS2,
105,106

 CdSeTe,
49

 etc. 

Alloyed core-shell: ZnCuInS2/ZnS
105

 

1.5.3.2 Synthesis of QDs and attachment methods 

In the following, the routes more commonly employed to prepare QDs, together with 

the main strategies followed to deposit QDs on the electron acceptor layer will be 

reviewed. Basically, there are two avenues to carry out sensitization. As summarized 

in Figure 1.16, light harvesters can be (i) deposited on the electron acceptor from a 

colloidal dispersion of previously synthesized QDs or (ii) grown in situ on the surface 

of the substrate. 



Chapter 1 

38 

 

Figure 1.16 Scheme of the main approaches followed to sensitize the electron acceptor in a 

QDSSC. 

Regarding the synthesis of QD colloidal dispersions, three main approaches can be 

found in the literature: hot injection, solvothermal synthesis and aqueous synthesis 

(Table 1.2). The hot injection technique involves the rapid mixing at high 

temperatures of highly reactive cationic and anionic precursors that yield the desired 

semiconductor QD in a solution containing a surfactant.
107

 This results in the 

generation of a large number of relatively monodispersed nuclei at the early stages of 

the process, which subsequently grow in a homogeneous way at a lower temperature. 

It is important to highlight the role played by the surfactant molecules in the controlled 

growth of the semiconductor nanocrystals. They weakly adsorb on the surface of the 

QDs, allowing the access of the components comprising the nanocrystal but at the 

same time stabilizing it, and therefore preventing aggregation. This synthetic method 

has been proven to be efficient for the preparation of a myriad of QDs (see Table 1.2). 

In the solvothermal route, the precursors and the surfactant are introduced in a sealed 

vessel with an organic solvent that acts as a reaction medium. The heating of the 

system not only promotes the reaction, but also increases the pressure inside the vessel 

above that of ambient conditions, enhancing therefore the solubility of the reagents. In 
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such a way, apparently poorly reactive raw materials such as S, Se and Te can be 

employed (see Table 1.2). 

Finally, there is the aqueous synthesis of QD colloidal dispersions. Concretely, in the 

case of cadmium chalcogenides, the semiconductor nanocrystals are obtained via a 

precipitation reaction between cadmium ions and a highly reactive source of the 

chalcogen, in the presence of thiols as stabilizing agents (see Table 1.2).
108

 In this 

case, in contrast to the approaches described above, the resulting nanocrystals can be 

obtained with a functionalized shell according to the moieties of the thiol capping 

molecules. 

Table 1.2 Synthesis methods for colloidal QDs 

Synthesis method Distinctive feature QDs sensitized 

Hot injection High injection 

temperatures 

CdS,
109

 CdSe,
109

 CdTe,
109

 PbS,
76

 

PbSe,
35

 InAs,
110

 InP,
111

 

CdSe/ZnS,
98

 CdS/CdSe,
47

 

ZnSe/CdS,
99

 CdSe/CdS/ZnS,
101

 

and CdTe/CdSe,
40

 among others 

Solvothermal Heating at high pressure CdSe,
112

 CdTe,
112

 and CuInS2
113

 

Aqueous synthesis Thiol molecules as 

stabilizing agents (QDs 

with a functionalized shell) 

CdTe,
114

 CdS,
115

 and CdSe
116

 

 

Once the semiconductor QDs have been synthesized, they can be anchored to the 

substrate either directly or by means of a linker molecule (see Figure 1.16). Let us 

focus first on the direct adsorption of the sensitizers on the electron acceptor matrix. 

On the one hand, there is the electrophoretic deposition method.
117,102

 In this approach 
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the conductive glass substrate coated with the electron acceptor is soaked in the 

organic dispersion of the QDs in front of a counter electrode. The application of a high 

dc voltage (in the range of kV) for several hours drives the nanocrystals toward the 

substrate. Given the absence of charge in the nanocrystals, the electric field only 

interacts with induced dipoles in the QDs, which accounts for the high dc voltages 

required. On the other hand, the direct adsorption of QDs can be attained simply by 

immersing the pristine electrode in the QD colloidal dispersion.
118

 

In general, direct adsorption methodologies suffer from the lack of a specific 

interaction between the QDs and the substrate, which favors the agglomeration of the 

light harvesters. The adsorption through a linker helps solve this problem. These 

linkers are bifunctional molecules that bind the electron acceptor and the sensitizer. 

Commonly, they have a carboxylic group (-COOH) that interacts with the wide 

bandgap semiconductor and a thiol group (-SH) that anchors the QD surface (Figure 

1.17). 3-Mercaptopropionic acid (MPA), thioglycolic acid (TGA) or cysteine (Cys) 

are examples of linkers commonly used in QDSSCs. The sensitization by means of a 

bifunctional ligand can be performed in one or two steps (see Figure 1.17). In the two-

step case (Figure 1.17 left), the linker molecules are adsorbed on the surface of the 

electron transporting layer by simply dipping it in a solution containing the linker. 

This gives rise to a functionalized substrate with free thiol groups oriented outward. 

Subsequently, the modified substrate is immersed in the QD organic dispersion and 

the sensitizer is tethered to the thiol moieties.
119

 In the one-step case (Figure 1.17 

right), prior to adsorption, the QDs are modified with the bifunctional molecules, 

leading to functionalized light harvesters with a shell made of linkers and an external 

surface of carboxylic groups. For this purpose, a ligand exchange procedure to replace 

the native organic surfactants (generally TOP or oleic acid) with bifunctional ligands 

should be performed. It is noteworthy that ligand exchange transforms originally 

hydrophobic QDs into water-soluble sensitizers. This strategy has given very good 

results lately for solar cells employing presynthesized QDs since it leads to higher QD 

coverages (~ 34%).
47-49,40

 Finally, the electron acceptor can be sensitized in one step 

by using aqueous syntheses of QDs already capped with bifunctional molecules.
115
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Figure 1.17 Schematic illustrating the QD-sensitization approach of the electron acceptor via 

linker by either one (right) or two (left) steps. 
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Next the main approaches taken to grow QDs in situ on the electron acceptor surface: 

electrodeposition, chemical bath deposition (CBD), and successive ionic layer 

adsorption and reaction (SILAR), will be addressed (see Figure 1.16). The 

electrodeposition method has been mostly employed for the synthesis of cadmium 

chalcogenides.
120,121

 This sensitization technique is carried out in an electrochemical 

three-electrode system, soaking the substrate (working electrode) in an electrolyte 

containing the cadmium cations stabilized with chelating agents (such as thiourea, 

ethylenediaminetetraacetic acid -EDTA- or nitrilotriacetic acid -NTA-), together with 

the chalcogenide anions. A constant potential or current is applied to the substrate for 

several minutes to grow the light harvesters. Unfortunately, this method can lead to 

highly non-stoichiometric layers, especially on their surface, which dramatically 

affects the QD properties. 

In the CBD technique, the substrate is immersed in a solution (traditionally aqueous) 

containing both the cationic and anionic precursors. Over time these precursors evolve 

releasing reactive species that nucleate and give rise to the growth of the 

semiconductor nanocrystals. In the field of QDSSCs, CdS and CdSe have been 

profusely deposited following this approach.
122,66

 Chelating agents are also included in 

the reaction bath to control the concentration of free metal ions ready to react with the 

chalcogenide species. This method allows incorporating a high amount of the 

sensitizer into the electron conducting matrix. However, the fact that QD precipitation 

is not only limited to the surface of the nanostructured films and also occurs in the 

reaction solution favors the aggregation of the light harvesters, which eventually can 

block the nanoporous structure. 

The SILAR method entails the successive dipping of the substrate in solutions 

containing the cation and the anion precursors, which finally generate the 

semiconductor QD. In the next section (see section 2.2.5), this approach is thoroughly 

explained and illustrated (Figure 2.2). Upon soaking the substrate in the cation 

precursor solution, its surface is modified with the metal ions. Subsequently, the 

immersion of the modified substrate in the anion precursor solution triggers the in situ 
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precipitation of the semiconductor nanocrystals. After each dipping, the electrode is 

washed to remove the excess of non-adsorbed/unreacted ions from the electron 

acceptor matrix. The whole procedure constitutes a SILAR cycle and it can be 

repeated as many times as desired to increase the QD size and loading. Through this 

sensitization route the QDs are directly precipitated on the surface of the substrate. 

This method has been successfully employed for the sensitization of nanoporous 

structures with cadmium, zinc, and lead chalcogenides
123-125

 or ternary alloys like 

CuInS2.
126

 

In general, in situ growth approaches lead to higher QD loadings than sensitization 

routes using presynthesized QDs. In addition, these techniques provide a more 

intimate contact between the QDs and the electron acceptor, which facilitates electron 

transfer processes at the interface. However, they do not allow a separate control of 

nucleation and growth of the QDs. Over time (in the case of CBD and 

electrodeposition) or as the number of SILAR cycles increases (for SILAR), both the 

number and the size of the nanocrystals grow. Also, when these methods are carried 

out, a certain degree of quantum confinement can be lost as the sensitizer coverage 

increases. This can affect not only the electron injection rates from the QD to the 

electron acceptor, but also the possibility of MEG or hot injection. Finally, these 

techniques lead to non-protected QDs, which increases recombination processes 

involving the sensitizer. 

1.5.4 Hole transporting phase 

The hole transporting phase extracts the photogenerated holes from the QDs and 

transports them toward the hole collector. This component of the cell is expected to 

meet the following specifications: (1) appropriate redox potential enabling hole 

extraction and providing a high open circuit potential, (2) poor absorption of light in 

the visible (and near-IR) range, (3) easy penetration through the nanoporous matrix, 
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(4) intimate contact with the light harvester, (5) fast withdrawal and transport of 

photogenerated holes, and (6) chemical inertness and compatibility with the other 

materials constituting the device. 

1.5.4.1 Redox potential reference scale 

To have a complete picture of the energetics of the different elements of a solar cell, it 

is necessary to use the same reference scale for all of them. In this sense, it is 

important to take into account that whereas the redox potential used so as to define the 

donor energy level of the redox electrolyte (and also of the HTM) in a photovoltaic 

device generally refers to the standard hydrogen electrode (SHE), the energetics of the 

rest of the components of the cell usually refer to the vacuum. To equalize both 

reference systems, the IUPAC
127

 has established that the origin of the SHE scale is 

located at 4.44 eV in the electron potential energy scale (equation 1.6): 

redoxredox,F eEeV44.4E   (1.6) 

In this equation, e  is the elementary charge, redoxE  the redox potential in the SHE 

scale, and redox,FE  the apparent Fermi level of the redox electrolyte. 

1.5.4.2 Materials used as hole transporting phases 

The materials used as hole transporting phases in QDSSCs can be classified into three 

groups: liquid electrolytes, solid organic HTMs, and quasi-solid hole conductors 

(Figure 1.18). As commonly in QDSSCs, several attempts have been made to 
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implement the HTMs typical of DSSCs. In such a way, organic electrolytes containing 

the iodine/iodide redox couple usually employed in DSSCs have also been tested with 

poor results in QDSSCs. This is basically due to the fact that chalcogenide QDs suffer 

from (photo)degradation in the presence of this redox pair. Zaban and co-workers 

managed to use CdS QDs with this electrolyte by protecting the light harvesters with a 

thin layer of amorphous TiO2.
128

 

 

Figure 1.18 Classification of HTMs employed for QDSSCs. 

The most extensively used electrolyte and that giving the best results in QDSSCs is 

the polysulfide electrolyte. This electrolyte is prepared by mixing sulfur and sulfide 

ions in aqueous solution. Nowadays, best results for TiO2-based cells are obtained 

when using equal concentrations of Na2S and S (2M/2M
47-49,40

 or 1M/1M
46,90

) for its 

preparation. In addition, KCl is also added to the electrolyte in a concentration ten 

times lower than that of Na2S/S, when methanol is used together with water as a 

solvent.
47-49

 The mixture of sulfur and sulfide ions gives rise to a family of chain-like 

compounds called Sx
2-

. In such a way, the polysulfide redox system is usually termed 
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Sx
2-

/S
2-

 (where x = 2-5). As already mentioned, sometimes mixtures of methanol
129,47-49

 

or ethanol
130

 and water are used as a solvent. These organic solvents have a lower 

viscosity than water, which facilitates the penetration of the electrolyte through the 

electron acceptor matrix. However, they can also act as sacrificial hole scavengers 

giving rise to erroneous PCEs. Using this electrolyte, Wang et al. achieved a PCE of 

6.76%, the highest value reported so far for QDSSCs.
40

 

Albeit to a lesser extent, other electrolytes have also been investigated. Cobalt-based 

organic electrolytes have successfully been employed with CdSe,
131,125

 CdS,
132,133

 

PbS,
132

 and InAs QDs.
97

 Tachibana et al. tested an aqueous electrolyte with the 

ferricyanide/ferrocyanide redox couple in combination with CdS QDs.
42

 More 

recently, Ning et al. reported on a cell sensitized with core-shell ZnSe/CdS QDs using 

a thiourea-based organic electrolyte.
134

 

The stability of liquid-junction QDSSCs is limited by the use of liquid-phase hole 

conductors. On the one hand, there is the possibility of liquid leakage, evaporation, or 

even freezing. On the other hand, most electrolytes are rather aggressive and degrade 

the light harvesters. One strategy to solve these constraints is the utilization of solid 

HTMs. These can be mainly divided into molecular and polymeric hole conductors. 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-

OMeTAD) was the first molecular HTM implemented in QDSSCs. Nazeeruddin and 

co-workers reported PCEs of 1.6% using this material.
125

 Among polymeric hole 

conductors, poly(3-hexylthiophene-2,5-diyl) (P3HT) has been widely studied. By 

employing this material, Li et al. reported PCEs of 3.26%.
135

 Interestingly, the best 

results reported to date for solid-state QDSSCs (ssQDSSCs) were obtained for 

TiO2/Sb2S3 assemblies in combination with poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) as 

a polymeric hole conductor.
41

 It is pertinent to note that in this and other works 

employing in situ QD growth techniques, there is a massive deposition of the 

sensitizer. As a result, a thin layer of light harvesters is deposited upon the wide 

bandgap semiconductor surface instead of discrete QD nanoparticles. This leads to a 
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cell configuration close to that of an Extremely Thin Absorber (ETA) solar cell. In 

fact, in the aforementioned work, the Sb2S3-sensitized devices were conveniently 

called “semiconductor-sensitized solar cells” circumventing the term QD. 

One of the main challenges of ssQDSSCs is the difficulty of the HTM to penetrate 

through the pores of the electron acceptor network. In principle, the use of a molecular 

HTM instead of a polymeric one could facilitate the filling of the mesoporous 

structure. However, no significant differences have been observed when both types of 

materials have been compared.
136,137

 

Finally, the number of quasi-solid-state hole conductors proposed for QDSSCs is 

certainly much scarcer. Within these materials we find ionic liquids and gel 

electrolytes. Broadly speaking, ionic liquids are salts that below 100 °C behave as 

highly viscous liquids. Several authors have tested polyiodine-based ionic liquids used 

for DSSCs in QD-sensitized devices with poor results. This is probably due to the low 

stability of QDs in the presence of the iodine/iodide redox couple mentioned above. 

Interestingly, Jovanovski et al. reported a PCE of 1.9% employing a polysulfide-based 

ionic liquid electrolyte.
138

 Gel electrolytes implemented in QDSSCs are based on a 

polymeric gelator matrix in which the polysulfide electrolyte is trapped. In comparison 

with ionic liquids, these quasi-solid-state materials lead to better results.
139-142

 In this 

sense, Karageorgopoulos et al. reported efficiencies as high as 4.5% for a CdS/CdSe-

sensitized ZnO cell by employing a hybrid organic-inorganic gelator matrix containing 

the polysulfide electrolyte as an HTM.
143

 

In the next section, Table 1.3 lists the HTMs mentioned throughout this section along 

with the main counter electrodes utilized in combination with them. 
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1.5.5 Counter electrode (CE) 

The counter electrode undertakes the regeneration of the HTM. This element of the 

cell should exhibit: (1) high electrocatalytic activity for HTM reduction, (2) high 

conductivity, and (3) no tendency to react with the rest of the components of the 

device. 

Generally, the CE in a DSSC consists of a platinized conducting glass substrate.
144

 

This electrode gives very good results in combination with the iodine/iodide 

electrolyte. However, in the presence of the polysulfide electrolyte typical of 

QDSSCs, the Pt CE is not efficient because of the irreversible adsorption of sulfur 

species on its surface, which leads to a reduced electrocatalytic activity and to an 

increase in the charge transfer resistance, and thus, to a poor device performance. The 

most widely proposed CE for the polysulfide electrolyte and that giving the best 

results in QDSSCs,
40

 is Cu2S on brass. Although this electrode exhibits a high 

catalytic activity for the regeneration of the polysulfide electrolyte, it is also 

mechanically unstable in combination with this redox shuttle in the long term. The 

polysulfide electrolyte corrodes the brass substrate limiting the utilization of 

Cu2S/brass CEs. This is something that generally occurs with metal sulfide CEs 

prepared by immersing a foil of the metal into a sulfide solution: high performances 

on the reduction of the polysulfide electrolyte are offset by the lack of long-term 

stability. 

It should be noted that in the last years the design of new CEs, especially for liquid-

junction QDSSCs based on the Sx
2-

/S
2-

 redox pair, has received a lot of attention. 

Strategies aiming (i) to increase the surface area of the catalytic layers through the use 

of nanostructures
145,146

 or the increment of the substrate roughness,
147

 and/or (ii) to 

improve the conductivity of the electrode through decoration with metal particles
148

 or 

doping
149

 of the metal sulfide layers, for example, have led to substantial 

improvements. In such a way, metal sulfides and selenides such as Cu2S, 
46,150-153145

 

CuS,
146-156

 Co2S,
157

 CoS,
146,158,159

 PbS,
160-149

 FeS,
162

 NiS,
163

 and Bi2S3,
148
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Cu2ZnSn(S,Se)4,
164,165

 Cu1.8Se,
166

 and also carbon,
167,168

 Au,
118,66

 PEDOT,
169

 Ti-based 

ceramic materials,
170

 and even Pt with a thin passivating layer on top,
171

 have been 

tested directly deposited on conducting glass substrates (or carbon steel in the case of 

FeS), or in combination with other materials, as CEs. Interesting results have been 

obtained, especially in the case of hole collectors based on copper sulfides
155,145

 and 

selenides.
166

 In the case of the Co-based electrolyte, Pt supported on FTO is usually 

employed as a CE. 

On the other hand, when solid hole conductors are used instead of liquid electrolytes, a 

thin layer of Au is commonly evaporated on top of the HTM achieving a good contact 

between the two components.
95,41

 Jovanovski et al. employed a platinized transparent 

conducting oxide in combination with the polysulfide ionic liquid previously referred 

to.
138

 Finally, CEs consisting of Pt on FTO substrates
143,140,141

 as well as Cu2S on brass 

plates
139,142

 are used for quasi-solid-state gel electrolytes. 
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Table 1.3 Summary of HTM-CE combinations mentioned in this thesis. 

HTM CEs tested in combination 

Liquids 

 

Iodine/iodide organic 

electrolytes 

Platinum on conducting glass
96,172,128

 

Polysulfide aqueous 

electrolytes 

Metal sulfides on metal foils (mainly 

Cu2S/brass)
47,48,90,49,40,173

 

Platinum on conducting glass
172-176 

Metal sulfides (and selenides) on 

conducting glass (see references in the 

text) 

Others: FeS/carbon steel,
162

 

carbon/FTO,
167

 carbon nanoflakes/FTO,
168

 

Au:Pd/FTO,
118

 Au/FTO,
66

 

PEDOT/TiO2/FTO,
169

 TiN/ITO,
170

 

TiC/ITO,
170

 and CuS 

nanoplatelets/Pt/FTO,
171

 etc. 

Cobalt-based organic 

electrolytes 

Platinum on conducting glass
131,125,132,133,97

 

Ferricyanide/Ferrocyanide 

aqueous electrolyte 

Platinum on conducting glass
42

 

Thiourea-based organic 

electrolyte 

Platinum on conducting glass
134

 

Solids 

Spiro-OMeTAD Au
125

 

P3HT Au,
95,177,178,135,179

 Ag
180

 

PCPDTBT Au
41
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HTM CEs tested in combination 

quasi-

Solids 

Polyiodide-based ionic liquid Platinum on conducting glass
105,115

 

Polysulfide-based ionic liquid Platinum on conducting glass
138

 

Hybrid organic-inorganic 

gelator + polysulfide 

electrolyte 

Platinum on conducting glass
143,140,141

 

Cu2S/brass
139,142

 

 

1.6 Quantum dot-sensitized solar cells based on photoactive cathodes (p-

QSSCs) 

As mentioned in section 1.4, conventional QDSSCs are based on photoactive anodes 

composed of wide bandgap n-type semiconductors sensitized to the visible by QDs. 

An alternative to that configuration entails the use of QD-sensitized p-type 

semiconductors constituting photoactive cathodes, sandwiched with a counter 

electrode. In this cell design, the operational mechanism is the following (see Figure 

1.19).
181

 Upon illumination, light is absorbed by the QD promoting an electron from 

the HOMO to the LUMO and leaving a hole in the bottom level. Then, there are two 

possibilities. On the one hand, an electron from the VB edge of the p-type 

semiconductor (usually NiO) can be injected into the excited sensitizer (henceforth, 

hole injection from the QD to the sensitizer), and subsequently the excited electron 

can be scavenged by the oxidized form of the redox mediator. On the other hand, the 

electron at the LUMO level of the QD can be first intercepted by the oxidized species 

of the redox pair, and afterward the remaining hole at the sensitizer be injected into the 

VB of the semiconductor. In both cases, the resulting reduced species diffuses to the 

counter electrode (in this case the anode) and transfers one electron. Finally, the 
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electron enters the external circuit and reaches the photocathode (closing the 

regenerative cycle). For this QDSSC configuration, further fundamental research 

needs to be conducted to better understand charge separation at the early stages of the 

electricity production process (and establish the main factors limiting the final PCE). 

 

Figure 1.19 Working schematic of a solar cell based on a QD-sensitized photocathode. Voc max 

in the figure refers to the theoretical maximum open circuit voltage achievable by the cell. 

Overall, SSCs based on photoactive cathodes (p-SSCs) have been much less 

investigated than classical SSCs (or n-SSCs). In the case of p-DSSCs, the scientific 

interest in these devices has been quickly growing in the last years, as evidenced by 

the number of published papers. However, the number of works studying 

photocathode-based QDSSCs is substantially lower. In 2009, Rhee et al. reported on a 

cell fabricated by assembling Cu2S-coated NiO electrodes with platinized FTO CEs, 

using /II3
 as an electrolyte.

182
 The Cu2S layer was deposited on the oxide surface by 

spray pyrolysis, which probably entails a loss of quantum confinement of the material. 
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IPCE values between 0.8 and 1.8% were achieved. Two years later, in 2011, Wang 

and co-workers presented a photovoltaic device based on a CdS-sensitized NiO 

photocathode prepared by SILAR and a Pt CE in polysulfide electrolyte.
183

 Very poor 

performances were obtained (IPCEs < 0.3%). The same year, Kang et al. showed that, 

compared to dye-sensitized photocathodes, NiO electrodes modified with CdS QDs by 

CBD exhibited two orders of magnitude faster hole transport and near 100% charge-

collection efficiencies.
184

 The former was attributed to the passivation of NiO surface 

states by the CdS coating. Despite this, the PCE obtained in combination with 

polysulfide electrolyte (in 7:3 water:methanol v/v) and a platinized FTO CE was low 

(0.027%). In 2012, Mao et al. fabricated a photocathode based on CoO nanowire 

arrays sensitized with CdS QDs by electrodeposition.
185

 The above electrode 

sandwiched together with a Pt/FTO CE and polysulfide (in 7:3 methanol:water v/v), 

achieved a promising short circuit current of 4.42 mA·cm
-2

 under 1 sun illumination 

due to efficient light absorption and high charge collection. Despite the low VOC, 

owing to the small difference between the quasi-Fermi level of the CoO/CdS 

photocathode and the redox potential of the polysulfide electrolyte (see Figure 1.19), a 

PCE of 0.11% was obtained, which is, to the best of our knowledge, the highest 

efficiency value reported so far for p-type QDSSCs. Finally, more recently, solar cells 

fabricated by conformally coating CdS, CdSe, and cascade CdS/CdSe sensitizers on 

NiO films by SILAR have been reported by Wang and co-workers.
186

 As in the 

previous cases, Pt-coated FTOs were used as CEs and aqueous polysulfide as an 

electrolyte. Improved performance was obtained for the cascade CdS/CdSe cells. The 

thin CdS layer deposited between the NiO and the CdSe QDs is deemed to act as a 

passivation layer that hinders recombination between holes injected in the NiO and 

electrons in both the CdSe QDs and the electrolyte. However, these cells suffer from a 

low PCE (0.024%) on account of the short hole diffusion length in the mesoscopic 

NiO film. 

In the following, the desirable features as well as the most widely studied materials for 

the different components of p-type QDSSCs (and in general of p-SSCs) will be briefly 

reviewed. 
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1.6.1 Hole transporting phase 

In general, the requirements to be fulfilled for an element of a p-QDSSC are those 

previously indicated for its n-QDSSC counterpart. In such a way, the wide bandgap p-

type semiconductor acting as a hole transporting phase should have: (1) high surface 

area, (2) open and well-interconnected structure, (3) high hole mobility, and (4) poor 

light absorption in the visible range together with scattering effects (see section 1.5.2). 

Regarding the energetics of the different components, they should follow the energy 

level schematic shown in Figure 1.19. In this case, the VB edge of the “hole acceptor” 

(or electron donor) should lie above the HOMO level of the sensitizer, and below the 

electron acceptor level of the redox mediator. The difference between the 

semiconductor VB edge and the redox electrolyte potential determines the maximum 

VOC attainable by the cell (see Figure 1.19). 

The most extensively investigated wide bandgap p-type semiconductor for p-SSCs is 

NiO. Within the limited number of binary oxides exhibiting p-type conductivity, NiO 

is a compromise choice because of its wide bandgap (3.6 eV) and chemical stability. 

In addition, this metal oxide is a well-studied material due to its utilization in a variety 

of applications,
187

 and consequently a great deal of information about the preparation 

of (nanostructured) NiO thin films can be found in the literature.
188

 However, NiO is 

far from being an optimal material for photocathode-based SSCs: (i) it significantly 

absorbs light in the visible range (30-40% for a 2.3 µm thick film),
189

 (ii) its VB is 

located at around 0.54 V vs. NHE at pH 7,
190

 very close to the potential of common 

redox electrolytes, which limits the maximum obtainable open circuit voltage, and (iii) 

the low hole mobility typical of this semiconductor (2-3 orders of magnitude lower 

than that of TiO2) limits the diffusion length of the carriers and therefore, the practical 

thickness of the oxide film. 

In the case of DSSCs, other alternatives to NiO have been tested as photocathode 

materials, including NiO/graphene composites,
191

 NiO doped with Li,
192

 Cu(I)-based 

delafossite compounds,
193

 and BiOCl and BiOBr.
194

 Among them, delafossites 
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(CuMO2, with M = Al, Ga or Cr) have shown very promising performances. These 

materials have intrinsic advantages over NiO: (i) better transparency, (ii) lower VB 

edges, and (iii) significantly higher hole mobilities. As expected, these compounds 

have led to cells with enhanced VOC owing to their deeper-lying VB edge. However, 

nowadays the performance of such devices is not comparable to that of NiO-based 

ones because of the lower photocurrents produced. The latter is due to the poor film 

surface areas obtained with delafossites, which in the case of CuAlO2 and CuGaO2 

stems from the large particle size of the materials and in the case of CuCrO2 from the 

use of very thin films (thicker films would absorb light significantly due to their dark 

color). In this context, the work of Xu et al. should be underlined.
195

 Adding Au 

nanoparticles to a CuCrO2 photocathode sensitized with P1 organic dye, and using a 1-

methyl-1H-tetrazole-5-thiolate (
T ) and its disulfide dimer ( 2T ) in organic solution 

as an electrolyte, a PCE as high as 0.31% was achieved. This is the highest efficiency 

value reported using delafossite-based p-DSSCs to date. 

As noted before, there is only one work proposing CoO NW arrays as an alternative 

candidate to NiO in QDSSCs. Interestingly, the highest PCE reported so far for a p-

QDSSC (0.11%) corresponds to this study. It should be mentioned here that, in all 

cases, the p-type semiconductors acting as hole transporting phases in p-SSCs were 

deposited on conducting glass substrates (either FTO or ITO). 

1.6.2 Sensitizer 

The conditions to be met for the sensitizer in p- and n-QDSSCs are the same (section 

1.5.3): (1) broad absorption to overlap the largest portion of the solar spectrum, (2) 

intimate contact with electron donor and acceptor phases, and (3) long-term stability. 

In addition, (4) its HOMO level must be positioned below the VB edge of the hole 

transporting phase and (5) its LUMO level above the electron acceptor level of the 
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redox mediator, to thermodynamically ensure hole injection into the semiconductor 

and electron scavenging by the electrolyte, respectively. 

Although to a lesser extent in comparison to conventional cells, a diversity of dyes 

adapted to p-type semiconductors have been screened for p-DSSCs. Push-pull electron 

donor-acceptor dyes, with the electron acceptor moiety far from the p-type 

semiconductor surface, have been proved to be particularly well-suited for these 

devices. The spatial separation of the electron-hole pair increases the lifetime of the 

charge-separated state, retarding recombination between the electron in the dye and 

the hole in the semiconductor (geminate recombination), which tends to be a very fast 

process in NiO-based cells. Examples of these push-pull dyad dyes are the efficient 

P1,
196-199,195

 variations of this dye, P4
200

 and O2,
201

 squaraine derivative p-SQ2,
202

 

cyclometalated ruthenium complexes,
203

 etc. By connecting a secondary electron 

acceptor unit to the sensitizer, the negative charge can be moved further away from the 

semiconductor, and thus geminate recombination can be further reduced. However, it 

must be taken into account that each additional charge-transfer step results in a longer-

lived charge separation state but at the expense of reducing the power stored at the 

final state. The very efficient Thioph-PMI is an example of this kind of dyes.
189,204

 

The high extinction coefficients of semiconductor nanocrystals make them particularly 

well-suited to be used as absorbers in sensitized photocathodes because of the 

generally limited practical thickness of p-type semiconductor films. The light 

harvesters tested for p-QDSSCs are limited to CdS,
183-186

 CdSe,
186

 and Cu2S,
182

 which 

have all been designed for n-type semiconductors. In this sense, there is plenty of 

room to improve the performance of such devices by employing other QDs more 

adapted to p-type semiconductors. 
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1.6.3 Electrolytes 

In order to be used in a p-QDSSC, this element of the cell should fulfill the following 

conditions: (1) appropriate redox potential to harvest the excited electron from the QD 

and provide a VOC as high as possible, (2) to be transparent in the most part of the solar 

spectrum so as not to hinder light absorption by the sensitizer, (3) fast withdrawal of 

the photogenerated electrons, which is particularly crucial considering the very short 

lifetime of the charge-separated state in most p-type sensitized photocathodes, (4) high 

mobility of the redox shuttle, and (5) chemical inertness and compatibility with the 

other components of the cell. 

The main redox electrolytes employed for sensitized photocathodes are those 

commonly used for sensitized photoanodes, that is, the iodine-based organic 

electrolyte for DSSCs and aqueous polysulfide for QDSSCs. This limits the maximum 

VOC achievable by p-type devices. In the case of DSSCs, there is an increasing 

utilization of cobalt-based electrolytes.
205-209

 The more negative potential of these 

redox mediators in comparison with the classical  II3
electrolyte, leads to higher 

open circuit potentials. Bach and co-workers reported on a NiO cell employing the 

Thioph-PMI dye and tris(1,2-diaminoethane)cobalt(II/III) complexes ([Co(en)
3
]

2+/3+
) 

as redox mediators.
204

 An impressive VOC of 0.709 V was obtained resulting in PCE 

values up to 1.3%, which is, to the best of our knowledge, the highest efficiency value 

published so far for p-DSSCs. Although to a lesser extent, the 
TT2  redox couple in 

organic solution has been used lately coupled to Cu(I)-based delafossite compounds, 

also yielding higher open circuit potential values than the iodine-based electrolyte and 

interesting PCEs.
204

 Regardless of the electrolyte, in all p-SSCs the CE used par 

excellence is Pt on conducting glass. 
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1.6.4 Tandem QD-devices 

The quest for efficient p-SSCs is mainly driven by the possibility of using sensitized 

photocathodes in association with n-type photoanodes in a tandem configuration. The 

simplest way to implement this device concept consists in the series connection of 

both photoactive electrodes (Figure 1.20).
181

 This design has some potential 

advantages. Theoretically, the maximum PCE when two different semiconductors are 

employed is 42%, being just 31% for a single junction cell.
210

 In addition, in a series 

connection the overall photopotential of the cell is the sum of the component subcells 

and the maximum VOC is given by the difference of the quasi-Fermi levels of each 

semiconductor (see Figure 1.20). As a drawback, the photocurrent is restricted by the 

least efficient subcell. However, this is not always the case when the fill factors of the 

component subcells are very different.
211

 

To date, no study on tandem QDSSCs has been published. In the case of DSSCs, its 

number is limited.
190,212,205,189

 In all cases, the devices explored were mounted in series. 

Although the VOC of tandem DSSCs exceeds that of their component subcells, their 

overall performance is usually worse than that of the best subcell (the TiO2-based 

subcell). This can be understood in terms of the low photocurrents obtained for the 

sensitized photocathodes, which restrict the overall photocurrent of tandem devices 

mounted in series. Such poor short circuit currents stem from (i) low sensitizer 

loadings and (ii) fast recombination processes between the reduced light harvesters 

and the injected holes and between the holes traveling through the nanoporous p-type 

semiconductor and the reduced species in the electrolyte. These processes are certainly 

favored by the low carrier mobilities exhibited by p-type semiconductors and by an 

inappropriate combination of materials, that is, the LUMO level of the sensitizer and 

the redox potential of the electrolyte are very close to the VB edge of the 

semiconductor (or vice versa). To the best of our knowledge, there is only one work 

wherein the PCE reported for a tandem cell (1.91%) is higher than that of its n-type 

subcell (1.79%).
189

 However, this cell efficiency still remains far behind that of the 

PCEs of conventional DSSCs (> 12%). 
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Figure 1.20 Schematic representation of the operational mechanism of a tandem QDSSC 

mounted in series. Voc max in the figure refers to the theoretical maximum open circuit voltage 

achievable by the cell. 

1.7 The importance of interface modification 

Obviously, the minimization of deleterious recombination and enhancement of charge 

separation has attracted a lot of attention in QDSSCs. Thus, nowadays the deposition 

of a blocking layer over the electron collector is a standard procedure to avoid electron 

leakage to the HTM (see section 1.5.1). Similarly, QD-sensitized photoanodes are 

commonly coated with ZnS by two SILAR cycles in liquid-junction cells.
46-49,90

 

Guijarro et al. demonstrated that the role played by this surface treatment was dual.
213

 

On the one hand, the ZnS layer passivates the surfaces of both the QDs and the 

electron acceptor, reducing recombination with the electrolyte. On the other hand, it 

enhances electron injection from the QD as revealed by the transient grating 

measurements carried out. Although to a lesser extent than in the case of ZnS, post-

treatments based on inorganic layers of SiO2,
214

 and more recently of Al2O3
215,216

 and 
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MgO
217

, have also been investigated. In this sense, the coating of the wide bandgap 

semiconductor with Al2O3 has given very good results in p-DSSCs.
218,219

 

Regarding charge separation, the adsorption of benzenethiol derivatives on the QD 

surface has been found to shift upward the energy levels of the sensitizer with respect 

to the TiO2 bands increasing the driving force for electron injection.
220,221

 Likewise, as 

will be seen in Chapters 4, 5, and 6, QD-anchorage modes leading to a more intimate 

contact between the light harvester and the electron acceptor favor charge transfer 

processes at the interface. In fact, linker removal in QD-sensitized photoanodes under 

mild conditions has been demonstrated to boost the performance of the final device.
48

 

1.8 Objectives and structure of this thesis 

This thesis aims at better understanding some fundamental aspects of QDSSCs as well 

as contributing to their optimization. For this purpose, the behavior of photoanodes, 

photocathodes, and complete devices sensitized with semiconductor nanocrystals have 

been explored. Concretely, the main objectives can be summarized as follows: 

 To shed some light on the in situ growth process of QDs on metal oxide 

surfaces by SILAR. 

 To gain more insight into how the way in which the QDs are anchored to the 

oxide matrix affects the charge transfer and recombination reactions at the 

oxide/sensitizer interface, and therefore the overall performance of the device. 

To optimize the QD-deposition method on the oxide surface. 

 To examine different semiconductor oxides as electron acceptors for QDSSCs 

assessing the effect of using ordered nanostructures. 
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 To investigate new, low-cost, easily processable, and stable HTMs to be 

integrated into solid-state devices. 

 To evaluate cathode sensitization as an alternative to the standard solar cell 

configuration (based on a photoactive anode), with a view to its future 

utilization in tandem devices. 

 To study the electron transfer kinetics at QD/oxide interfaces by means of an 

ultrafast spectroscopic technique (OPTP), analyzing at the same time how the 

QD stoichiometry can be exploited to passivate the sensitizer surface, 

improving the response of the cells. 

 

Throughout this chapter, a brief introduction to QDSSCs has been presented. First, the 

existing photovoltaic technologies and the prospects of using QDs have been 

addressed. Second, the working principle and main recombination routes of standard 

SSCs have been described. Third, the components (requirements and materials 

employed) of conventional QDSSCs have been reviewed. Fourth, photocathode-based 

QDSSCs have been introduced, highlighting their potential (future integration into 

tandem solar cells) and main drawbacks. In the same way, the materials used for this 

kind of cells have also been reviewed. Finally, the importance of interface 

modification to improve the device efficiency has been highlighted. 

Chapter 2 covers the procedures and techniques employed in this work for the 

fabrication and characterization of electrodes and complete cells. The experimental 

results obtained in the framework of this thesis are presented from Chapter 3 to 

Chapter 7. Chapter 3 is dedicated to the study and optimization of the SILAR method 

to deposit CdSe QDs on ZnO nanoparticulate films. Chapter 4 deals with the same 

ZnO/CdSe system, but analyzing other ways to tether QDs and other ZnO 

architectures. Chapter 5 explores the implementation of a solid-state CdSe-sensitized 

device using a low-cost HTM fully processed in air without further precautions. The 
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cell is optimized for different modes of attachment. In this case, TiO2 is utilized as an 

electron transporting phase. In Chapter 6, the possibility of using NiO photocathodes 

sensitized with colloidal CdSe QDs in future tandem devices is assessed. The limiting 

steps of this system under operating conditions are analyzed. Chapter 7 examines the 

carrier dynamics at QD-oxide interfaces prepared by SILAR by means of OPTP 

spectrosopy, evaluating how the nanocrystal surface stoichiometry can be used for 

improvement of the overall device performance (through passivation). The interplay 

between the nanocrystal structure and stoichiometry, and the electron transfer is 

carefully evaluated for the SnO2/PbS system. Finally, in Chapter 8 conclusions are 

drawn together with an outlook on QDSSC future research. 
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2.1 Introduction 

The experimental procedures and techniques used in the context of this thesis are 

detailed herein. The first part of the chapter is focused on the preparation of the 

different electrodes, electrolytes, and photovoltaic cells employed. The second part 

continues with the electrochemical, spectroscopic, and microscopic tools used to 

characterize them, indicating the utilized equipment and experimental conditions. In 

order to assist the reader, some experimental details are reviewed in each chapter. 

2.2 Materials and sample preparation 

In this section, the protocols followed for the preparation of nanostructured oxide 

films sensitized through different routes, as well as the surface treatments carried out 

on these samples before or after QD deposition, are described in detail. The 

preparation of ZnO single crystals as substrates is briefly reviewed. Finally, the 

syntheses of polysufide and cobalt-complex electrolytes are carefully explained. 

2.2.1 Preparation of nanoporous oxide (TiO2, ZnO, SnO2, NiO, and ZrO2) films 

based on commercial nanopowders. Blocking layers 

Commercial nanopowders of ZnO (Aldrich, < 100 nm), TiO2 (Degussa P25), ZrO2 

(Tecnan, 10-15 nm), NiO (99.8%, Aldrich, < 50 nm), and SnO2 (Aldrich, < 100 nm) 

have been employed for preparing nanoporous oxide films. In Chapter 7, a different 
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ZnO commercial nanopowder (99%, Alfa Aesar, 20-30 nm) and a TiO2 commercial 

paste (Solaronix, Ti-Nanoxide) were used instead. Likewise, three different kinds of 

substrates have been used: indium- (ITO) and fluorine-doped tin oxide (FTO) 

conducting glass (Pilkinton TEC 15), and sandblasted fused silica (for optical pump-

terahertz probe spectroscopy measurements). Prior to their use, the substrates were 

cleaned in ethanol (30 min) and acetone (30 min) in an ultrasonic bath. For the 

fabrication of the cells in Chapter 7, the ITO substrates were (1) cleaned with water 

and detergent, (2) immersed in ethanol (10 min) in an ultrasonic bath (this procedure 

was repeated twice), and (3) dried with an Argon plasma (15 min). 

The films were prepared by doctor blading an aqueous slurry of the corresponding 

oxide nanopowder over the substrates and subsequently sintering in air in an oven for 

1 h. Typically, the slurry was prepared by grinding a mixture of 1 g of the oxide, 2 ml 

of ultrapure water (Millipore Elix-3), 30 µL of acetylacetone (99 + %, Aldrich), and 

30 µL of Triton X100 (Aldrich). Small variations of this slurry composition were used 

depending on the oxide or the desired film thickness. Table 2.1 summarizes the 

characteristic slurry compositions employed for preparing the different oxide films, 

together with the thermal treatment parameters. In the case of the TiO2 commercial 

paste, it was directly doctor bladed on the ITO substrates. 

 

Figure 2.1 Schematic depicting the preparation of semiconductor oxide films by doctor blade. 
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Table 2.1 Slurry content and annealing parameters for the preparation of the different oxide 

nanoporous films 

Chapter 3 and 4 5 5 6 7 

Oxide film ZnO TiO2 ZrO2 NiO 
SnO2, ZnO 

and TiO2 

Slurry preparation      

 Oxide nanopowder (g) 1 1 1 1 1 

 H2O (mL) 1.6 2 2 0.5-2 2 

 Acetylacetone (µL) 30 30 30 30 30 

 Triton X100 (µL) 20 30 30 30 30 

Annealing process      

 Temperature (°C) 400 (1h) 450 (1h) 500 (1h) 400 (1h) 

150 (30 

min) + 450 

(2h) 

 

In the case of the TiO2 films (Chapter 5), before deposition a compact blocking layer 

of this semiconductor oxide was grown on the substrates. A 0.1 M Ti(IV) 

isopropoxide solution in 2-propanol (99.8%, Panreac) was dropcast on the FTO 

substrates, and subsequently spin coated at 1000 rpm for 30 s. Afterward, the 

substrates were annealed in air at 500 °C for 1 h. The whole procedure was repeated 

twice. Similarly, TiO2 rutile nanowires of 2 nm in diameter grown on conducting glass 

before the deposition of the TiO2 nanoporous films were also used as a blocking layer. 

These one-dimensional nanostructures were obtained by following the chemical bath 

deposition method developed by Yamabi and Imai.
1
 The precursor solution was 

prepared by adding 3 mM TiOSO4 to an aqueous solution containing hydrochloric 

acid. After 1 h of stirring at room temperature, the pH of the solution was ~ 1. The 

substrates were vertically immersed in the solution at 60 °C for 6 h. Subsequently, 

they were rinsed with water and dried in air. Finally, for preparing the photovoltaic 

devices measured in Chapter 7, a compact blocking layer of spray-pyrolyzed TiO2 was 
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deposited on the conducting glass substrates (ITOs in this case) at 450 ºC using 

titanium diisopropoxide bis(acetylacetonate) in ethanol as a precursor solution. 

The thickness of the different oxide films was measured by means of a KLA Tencor 

D-100 profilometer. 

2.2.2 Preparation of ZnO nanowires 

The ZnO NW electrodes studied in Chapter 4 were provided by the IK4-CIDETEC 

Technological Centre. These oxide nanostructures were prepared as reported by Tena-

Zaera et al.
2
 Briefly, ZnO NWs were electrodeposited in a three-electrode cell with an 

FTO substrate acting as a working electrode, and a Pt wire and a Saturated Calomel 

Electrode (SCE) as counter and reference electrodes, respectively. The electrolyte was 

an O2-saturated aqueous solution of 5·10
-4

 M ZnCl2 and 3.4 M KCl (acting mainly as a 

supporting electrolyte) at pH 7. The oxide nanostructures were electrodeposited at 80 

ºC under -1.0 V vs. SCE. The duration of the experiment was adjusted so that a charge 

of 10 C/cm
2 

passed. As a result, ZnO NWs with a mean diameter of 500 nm and a 

length of 4 µm were obtained.
3
 

Prior to the ZnO NW array electrodeposition, the substrates were covered with a thin 

continuous buffer layer of ZnO. This buffer layer was obtained by spray pyrolysis 

from a zinc acetate solution keeping the substrate at ~ 350 ºC, and subsequent 

annealing in air at the same temperature for 45 min (in order to ensure the complete 

thermal decomposition of the zinc acetate).
4
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2.2.3 Preparation of ZnO single crystals
5-7

 

For studying QD deposition on well-defined surfaces by atomic force microscopy 

(Chapter 3), a ZnO (0001) single crystal substrate of 10 10 1 mm
3
 in size was 

purchased from PI-KEM. One of the crystal surfaces was mechanically polished with 

a polishing cloth (203 mm MicroCloth, BUEHLER) and aluminum oxide powder (0.3 

micron alpha alumina, BUEHLER) using a Teflon sample holder. Subsequently, the 

crystal was rinsed with acetone in an ultrasonic bath for 30 min. Afterward, it was 

annealed at 1000 ºC under an O2 gas flow for 3 h. This thermal treatment was repeated 

until a surface with atomic steps was obtained. 

2.2.4 Synthesis of colloidal dispersions of CdSe QDs 

Colloidal dispersions of CdSe QDs capped with trioctylphosphine were prepared by 

following the solvothermal route proposed by Q. Wang et al.
8
 Briefly, two solutions, 

one containing selenium and the other containing cadmium myristate (CdM2) as a 

cadmium precursor, were prepared and introduced into a sealed vessel (45 mL, Parr). 

The selenium solution was prepared by mixing 0.1 mmol of Se (99.5%, Sigma-

Aldrich) and 0.16 g of TOP (90%, Aldrich) with 2 mL of toluene (99.5%, Sigma-

Aldrich) in an ultrasonic bath for 30 min. CdM2 was synthetized by heating a reaction 

flask containing 15 mmol of CdO (99.99%, Sigma-Aldrich) and 33 mmol of myristic 

acid (99-100%, Sigma) at 220 ºC until an optically clear solution was obtained. The 

solution was allowed to slowly cool down to room temperature and the obtained 

product was recrystallized twice from toluene. For preparing the cadmium precursor 

solution, 0.2 mmol of CdM2, 0.26 mL of oleic acid, and 20 mL of toluene were loaded 

into a sealed autoclave and heated at 80 ºC for 30 min to ensure dissolution. Once this 

solution was cooled down, the selenium solution and 12 mL of toluene were 

introduced into the autoclave and subsequently heated at 180 ºC. The reaction time in 
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the sealed vessel allows controlling the QD size and, consequently, its band gap. All 

the colloidal CdSe QDs studied in this thesis have very similar sizes, corresponding to 

a reaction time of 15 h. 

In order to eliminate the excess reagents and by-products obtained in the as-prepared 

colloidal dispersion of QDs,
9
 it was purified at least three times prior to its utilization 

by (i) precipitation of the QDs with ethanol, (ii) isolation by centrifugation, (iii) 

decantation, and (iv) redissolution. Finally, the colloidal dispersion of CdSe QDs was 

obtained using either toluene or dichloromethane (99.6%, Sigma-Aldrich) as solvents 

depending on the metal oxide film to be sensitized and the sensitization method. 

2.2.5 Sensitization of semiconductor oxide films 

The metal oxide films were sensitized either by using colloidal dispersions of 

previously synthesized TOP-capped CdSe QDs or by growing QDs in situ by 

Successive Ionic Layer Adsorption and Reaction (SILAR). In the former case, the 

light harvesters were adsorbed on the oxide surface directly or by means of a 

bifunctional linker. 

For direct adsorption, the oxide films were immersed in a dichloromethane (toluene in 

the case of the ZnO films) dispersion of QDs for between 1 and 48 h. Linker-mediated 

adsorption was performed using cysteine (Cys) (97+%, Aldrich), cysteamine (95%, 

Aldrich), 3-mercaptopropionic acid (MPA) (≥ 99%, Aldrich), thioglycolic acid (TGA) 

(99+%, Aldrich), 1,2-ethanedithiol (EDT) (≥ 98%, Fluka) or 11-mercaptoundecanoic 

acid (MUA) (95%, Aldrich). Each linker was initially adsorbed on the oxide surface 

by soaking the oxide films in saturated solutions of Cys, Cysteamine or MUA in 

toluene, in a (1/10) (v/v) solution of EDT in ethanol, or in (1/10) (v/v) solutions of 

MPA or TGA in acetonitrile (99.5%, Sigma-Aldrich) for 24 h. Afterward, the samples 

were thoroughly rinsed (first with the solvent used to dissolve the corresponding linker 
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and subsequently with toluene) and immersed in toluene for at least 12 h to remove 

the non-adsorbed molecular wires from the pores of the oxide matrix. Finally, the QDs 

were immobilized/adsorbed by immersing the films in a toluene-based colloidal 

dispersion of CdSe QDs for between 0.5 and 48 h. 

CdSe, PbS, and PbSe QDs were also directly grown on the oxide films by SILAR. 

This method involves the sequential immersion of the samples in a series of solutions 

containing the cation (Cd
2+

 or Pb
2+

) and the anion (Se
2-

 or S
2-

) precursors of the 

desired chalcogenide (CdSe, PbS, and PbSe in this thesis) (Figure 2.2). In a SILAR 

cycle the sample is: (1) immersed in the cation source solution to allow the adsorption 

of Cd
2+

/Pb
2+

 metal ions, (2) soaked in a washing solution to remove the non-adsorbed 

cations retained in the pores of the oxide nanostructure, (3) immersed in the anion 

precursor solution for the reaction of the Se
2-

/S
2-

 ions with the corresponding metal 

cation previously adsorbed, yielding the corresponding semiconductor compound 

(CdSe, PbS, or PbSe), and finally (4) rinsed anew to remove the excess anions in the 

pores. This procedure is repeated in order to increase both the number and the size of 

the QDs. Table 2.2 summarizes the characteristic parameters of the SILAR processes 

carried out in the framework of this thesis. In the case of CdSe QDs, the light 

harvesters were obtained working in two different ways, viz. using aqueous or organic 

solutions. For PbS and PbSe QD deposition, the whole process was performed in a 

glove box. 
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Figure 2.2 Schematic illustrating the SILAR procedure for the in situ growth of quantum dots 

on metal oxide films. 
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Table 2.2 Solutions and dipping times of the different SILAR procedures performed in this 

thesis. 

In situ grown QD CdSe PbS PbSe 

 
Aqueous 

solutions 

Organic 

solutions
10

 
  

1) Cation adsorption 

Solution 
0.5 M 

Cd(CH3COO)2 

0.03 M 

Cd(NO3)2 

in ethanol 

0.02 M 

Pb(NO3)2 

in methanol 

0.02 M 

Pb(NO3)2 

in methanol 

Dipping time 2 min 30 s 1 min 30 s 

2) Cation washing 

Solution 
1 M 

NaCH3COO 
Ethanol Methanol Methanol 

Dipping time 1 min 1 min 1 min 1 min 

3) Anion reaction 

Solution 
~ 0.5 M 

Na2SeSO3 

0.03 M Se
2-

 

in N2-

saturated 

ethanol 

0.02 M Na2S 

in methanol 

0.03 M Se
2-

 

in N2-

saturated 

ethanol 

Dipping time 4 min 30 s 1 min 30 s 

4) Anion washing 

Solution 
1 M 

NaCH3COO 
Ethanol Methanol Ethanol 

Dipping time 1 min 1 min 1 min 1 min 

Number of cycles 5-40 2-5 1-6 2-2.5 

Last washing 
Ultrapure 

water 
- - - 

Sensitized Metal 

Oxides 

ZnO (Chapters 

3 and 4), TiO2 

(Chapter 5) 

NiO (Chapter 

6) 

SnO2, ZnO, 

and TiO2 

(Chapter 7) 

SnO2 

(Chapter 7) 
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The selenium precursor for SILAR in aqueous media was sodium selenosulfate 

(Na2SeSO3). The Na2SeSO3 aqueous solution was prepared by heating under reflux a 

mixture of 1.6 g of Se powder, 40 mL of 1 M Na2SO3 (98.0%, Alfa Aesar) and 10 mL 

of 1 M NaOH for 1 h. The resulting solution was cooled down to room temperature, 

and subsequently filtered and mixed with 40 mL of 1 M NaCH3COO (99.0%, Fluka). 

Finally, it was stored in the dark for at least 2 days prior to its use. It is important that 

the solution settles since the hydrolysis of the selenosulfate aqueous solution, which 

generates the required Se
2-

 ions (equations 3.1 and 3.2 below), is not an immediate 

process. 

     
                     

   (2.1) 

                        (2.2) 

For an optimum deposition of the CdSe QDs, the pH of the selenosulfate solution was 

adjusted to 10 or 8 depending on whether SILAR was conducted on ZnO (Chapters 3 

and 4) or TiO2 (Chapter 5),
11

 respectively. In order to adjust the pH, small volumes of 

0.25 M H2SO4 (95-98%, Sigma-Aldrich) and/or 0.1 M NaOH (99.0%, Scharlau) were 

added to the solution while it was stirred. 

When SILAR was performed using organic solutions, the selenium source was 

prepared by following the method described by Klayman et al.
12

 Concretely, 0.355 g 

of Se powder were stirred with 150 mL of ethanol in a round bottom flask under N2 

atmosphere. Subsequently, 0.17 g of NaBH4 (98%, Alfa Aesar) were added to the 

suspension. After 15-20 min, the solution turned from black to colorless indicating the 

formation of Se
2-

 in solution. This solution was kept under N2 to prevent the oxidation 

of selenide. 
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2.2.6 Surface treatments with ZnS, SiO2, and Al2O3 

In some cases, the oxide nanoporous films were coated with ZnS, SiO2, or Al2O3 

before or after being sensitized. 

The deposition of ZnS over CdSe-modified ZnO electrodes (Chapter 3) was carried 

out by following the procedure proposed by Diguna et al.
13

 The substrates were 

alternatively dipped twice in 0.5 M ZnCH3COO (98%, Sigma-Aldrich) and 0.5 M 

Na2S (Sigma-Aldrich) aqueous solutions for 1 min, washing thoroughly with ultrapure 

water between immersions to remove the excess non-adsorbed/unreacted ions. 

In the case of SiO2, the coating was applied over either CdSe-modified TiO2 (Chapter 

5) or bare NiO (Chapter 6) films. The samples were dipped in a 0.1 M tetraethyl 

orthosilicate (98%, Aldrich) ethanolic solution for 1 minute, hydrolyzed naturally in 

air for 30 min, and then heated at 60 ºC for 2 h.
14

 

For Al2O3 deposition, NiO films (Chapter 6) were immersed before being sensitized in 

a 0.15 M aluminium tri-sec-butoxide (97%, Aldrich) in 2-propanol solution at 60 ºC 

for 20 min.
15

 Afterward, they were heated at 200 ºC for 30 min.
16

 

2.2.7 Preparation of polysulfide and cobalt complex-based redox electrolytes 

The polysulfide electrolyte, 1 M Na2S + 0.1 M S + 1 M NaOH, was prepared by 

mixing Na2S (98%, Sigma-Aldrich) and NaOH in ultrapure water. The solution was 

stirred and kept at 80 °C in a round bottom flask, while sulfur powder (99.98%, 

Aldrich) was slowly added. 

The cobalt complex-based redox electrolyte, 0.005 M Co
2+

 complex + 0.005 M Co
3+

 

complex + 0.1 M LiClO4 (  95%, Sigma-Aldrich) in propylene carbonate (99.7%, 

Sigma-Aldrich), was prepared by sonicating the cobalt complexes and LiClO4 in the 
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organic solvent for at least 2 h. Tris( , ’-di-tert-butyl- , ’-bipyridine)cobalt(II/III) 

perchlorate complexes ([Co(dtb-bpd)3)](ClO4)2/3 or Co(II) and Co(III) complexes) 

were obtained by following the syntheses reported by E. A. Gibson et al.
17

 For the 

Co(dtb-bpy)3(ClO4)2 complex synthesis, 5.5 mmol of  , ’-di-tert-butyl- , ’-bipyridine 

(ligand) (98%, Sigma-Aldrich) and 2 mmol of CoCl2 (  98.0%, Sigma-Aldrich) were 

dissolved in methanol (99.9%, Scharlau). The solution was heated to near boiling 

point in a round bottom flask and then stirred for 30 min. Subsequently, 18.3 mmol of 

LiClO4 in methanol were added to the reaction mixture. After stirring for 30 min, a 

fine yellow-brown precipitate was formed. The as-obtained product was (i) isolated by 

vacuum filtration, (ii) rinsed three times with methanol and three times with diethyl 

ether (  99.5%, Sigma-Aldrich), and finally (iii) dried in air. 

The corresponding trivalent complex, Co(dtb-bpy)3(ClO4)3, was obtained by 

suspension of the ligand and Co(NO3).6H2O (98+%, Sigma-Aldrich) in the mole 

quantities stated above (this time Co(NO3).6H2O was used instead of CoCl2) in a 5:1 

(v/v) water/methanol mixture. The suspension was heated (to near boiling) and stirred 

for 30 min. Afterward, 20.1 mmol of H2O2 (30% solution in water, Panreac) was 

added to the reaction mixture, changing the solution color from clear yellow-brown to 

dark brown. After 20 min of stirring, concentrated HCl (37%, Scharlau) was slowly 

added, stirring for some minutes between each drop, until the solution turned pale 

yellow. The solution was allowed to cool down to room temperature and then 18.3 

mmol of LiClO4 in methanol/water solution were added. The suspension was stirred 

for an additional hour. The pale yellow precipitate was obtained by (i) filtration, (ii) 

washing six times with water and three times with diethyl ether, and finally (iii) drying 

in air. 

  



Experimental Methods 

93 

2.3 Fabrication of QD photovoltaic devices 

In the following, the set of steps carried out to prepare the QD-sensitized solar cells 

explored in Chapter 5 is described: 

1) TiO2 films with a compact blocking layer (BL) of the same material (section 

2.2.1) were sensitized (i) with CdSe QDs by direct adsorption, Cys- or MPA-

linker adsorption or (ii) by SILAR (point 2.2.5). Subsequently, the films were 

coated with SiO2 (section 2.2.6). 

2) A hole transporting material (HTM) was deposited on top of the CdSe-

modified TiO2 substrates. In the dark, the samples were immersed for at least 

3 h in a 1 mg·mL
-1

 solution of  , ’’’-didodecyl-quaterthiophene (QT12) 

(97%, Aldrich) in toluene, containing 0.2 M 4-tert-butylpyridine (4-TBP) 

(96%, Aldrich). This treatment seeks the adsorption of QT12 oligomers in 

order to increase the hydrophobicity of the pores and facilitate the subsequent 

penetration of a concentrated QT12 solution (20 mg·mL
-1

 in toluene), which 

was spin coated at 1000 rpm for 30 s. The pretreatment was particularly 

important in the case of samples sensitized by SILAR in aqueous media. 

Afterward, the FTO/BL/TiO2/CdSe/SiO2/QT12 substrates were annealed in an 

oven at different temperatures (60-180 ºC) for 10-20 min. 

3) A solution of 0.2 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) 

(97%, Aldrich) and 0.2 M 4-TBP in 1-ethyl-3-methylimidazolium 

bis(trisfluormethylsulfonyl) imide ionic liquid (Aldrich) was dropcast onto the 

annealed FTO/BL/TiO2/CdSe/SiO2/QT12 samples, which were then stored in 

the dark for 24 h. Before the measurements, the excess ionic liquid (IL) on the 

electrode surface was carefully wiped off using laboratory paper, being the 

photoanodes + HTM ready to be clamped to the corresponding counter 

electrodes. 
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4) CdSe QD-sensitized photoanodes (with the HTM) fabricated according to 

steps 1-3 were clamped to freshly prepared counter electrodes and covered 

with a 0.1 cm
2
 mask using two binder clips (Figure 2.3). For the counter 

electrode fabrication, a thin triphenylamine (TPA) (98%, Aldrich) layer was 

spread over FTO substrates by spin coating at 1000 rpm for 30 s a 20 mg·mL
-1

 

TPA solution in dichloromethane. The TPA was electropolymerized (leading 

to polytriphenylamine, pTPA) in the solid state at 1 V (vs. Ag/AgCl/KCl sat) 

in a conventional three-electrode cell containing a 0.5 M LiClO4 aqueous 

electrolyte. FTO/pTPA working electrodes were removed from the 

electrochemical cell at controlled potential (1 V) when a 20-25 mC/cm
2 
charge 

passed. Removal at +1 V guarantees that the film is extensively doped, as 

indicated by the blue coloration. New and freshly prepared counter electrodes 

were employed for every single solar cell measurement. 

 

Figure 2.3 Schematic on how to set up a photoanode and a counter electrode in a sandwich cell 

configuration. 
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For the electrochemical impedance spectroscopy measurements shown in Chapter 6, 

solar cells based on NiO films sensitized with directly adsorbed colloidal CdSe QDs 

were prepared. These photoactive cathodes were clamped together to platinum counter 

electrodes using two binder clips. A cobalt complex-based redox electrolyte (section 

2.2.7) in propylene carbonate was dropcast on the modified oxide surface before 

assembling the cell. Platinum counter electrodes were fabricated by spin coating 0.01 

M hexachloroplatinic acid (H2PtCl6.6H2O,   37.50% Pt basis, Sigma-Aldrich) in 2-

propanol on FTO substrates three times at 1000 rpm for 30 s, prior to annealing at 380 

ºC for 30 min. 

Finally, the photovoltaic devices characterized in Chapter 7 were fabricated as 

follows. The hole conductor spiro-OMeTAD was introduced into the pores of the 

PbS-modified TiO2 films by spin coating 40 µL·cm
-2

 of 0.17 M spiro-OMeTAD, 10 

mM Li(CF3SO2)2N (bis(trifluoromethane)-sulfonamide lithium salt 99.5%, Aldrich), 

and 19 mM 4-tert-butylpyridine (96%, Aldrich) in chlorobenzene (99.8%, Aldrich). 

The hole transporting solution was allowed to penetrate for 1 min before spin coating 

it at 1000 rpm for 1 min. Afterward, a thin layer of Au (counter electrode) was 

deposited on the ITO/TiO2/PbS/spiro-OMeTAD assemblies by thermal evaporation. 

2.4 Photoelectrochemical measurements 

The (photo)electrochemical techniques employed in this thesis are detailed below. It is 

important to highlight that these techniques were applied so as to study either the 

behavior of an electrode (anode or cathode) separately or that of the complete 

photovoltaic device. In the former case, a three-electrode cell (or electrochemical cell) 

(section 2.4.1) was utilized to make the measurements, whereas in the latter, a two-

electrode closed cell was used instead. 
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2.4.1 (Photo)electrochemical cell 

The three-electrode cell employed to carry out (photo)electrochemical measurements 

is shown in Figure 2.4. It has two compartments. The main compartment includes the 

working and counter electrodes, the gas inlet and outlet, and a quartz window aligned 

with the working electrode in order to properly illuminate it. The other compartment is 

where the reference electrode is placed. In all experiments, an Ag/AgCl/KCl (sat.) 

electrode (E = 0.199 V vs. SHE) was used as a reference, whereas a Pt wire was used 

as a counter electrode. 

The electrochemical measurements using this kind of configuration were made using a 

computer-controlled Autolab PGSTAT30 potentiostat. 

 

Figure 2.4 Three-electrode cell employed for (photo)electrochemical measurements. The 

different elements of the cell configuration are indicated in the figure. 
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Five different electrolytes have been employed depending on both the 

(photo)electrochemical measurement and the sample. They can be divided into two 

groups: (i) electrolytes with either an electron or a hole acceptor and (ii) electrolytes 

containing a reversible redox couple. Thereby, a 0.5 M Na2SO3 aqueous solution was 

used as an efficient hole scavenger for ZnO sensitized films (Chapters 3 and 4), while 

a 1 mM methyl viologen (MV
2+

) + 0.5 M NaOH aqueous solution or a 0.005 M Co
3+

 

complex + 0.1 M LiClO4 propylene carbonate solution were employed as electron 

scavengers for QD-modified NiO films (Chapter 6). In those cases, the absence of one 

of the redox species in solution prevents the recombination pathways with the 

electrolyte. In contrast, a 1 M Na2S + 0.1 M S + 1 M NaOH aqueous solution 

(polysulfide) or a propylene carbonate solution of 0.005 M Co
2+

 + 0.005 M Co
3+

 

complexes + 0.1 M LiClO4 were used as reversible electrolytes for ZnO (Chapter 3) 

and NiO (Chapter 6), respectively. In those cases, the presence of reduced and 

oxidized species in solution promotes both electron and hole withdrawal from the 

sample, allowing for the possibility of recombination with the electrolyte. All 

solutions were purged with N2 30 min before and during the measurements in the 

three-electrode cell. In the case of the aqueous electrolytes, ultrapure water was 

employed. 
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Table 2.3 Electrolytes employed in this thesis 

Type Composition 
Metal 

oxide 
Chapter 

Hole scavenger 0.5 M Na2SO3 aqueous solution ZnO 3 and 4 

Electron 

scavenger 

1 mM MV
2+

 + 0.5 M NaOH aqueous 

solution 
NiO 6 

0.005 M Co(III) complex + 0.1 M LiClO4 

propylene carbonate solution 
NiO 6 

Reversible redox 

electrolyte 

Na2S + 0.1 M S + 1 M NaOH aqueous 

solution (polysulfide) 
ZnO 3 

0.005 M Co(II) + 0.005 M Co(III) 

complexes + 0.1 M LiClO4 propylene 

carbonate solution 

NiO 3 

 

For sample illumination, Xe arc lamps of 150 W (Osram) and ozone-free of 300 W 

(Newport) equipped with condenser lenses to produce a collimated beam and a water 

filter to suppress IR irradiation were used. Figures 2.5 and 2.6 show the typical 

spectral irradiance of these lamps.
18

 A UV filt r (cutoff λ <  70 nm) was plac d 

between the light source and the cell. The light intensity was measured with an optical 

power meter (Oriel model 70310) equipped with a thermopile (Thermo Oriel 71964). 

Incident photon-to-current efficiency measurements were carried out by placing a 

monochromator (Oriel Model 74100) to select the wavelength between the light 

source and the cell. In this case, the intensity was measured with the same optical 

power meter, but coupled with a photodetector (Thermo Oriel 71608) instead. All the 

samples were illuminated in the substrate-electrode (SE) direction (Figure 2.7). 
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Figure 2.5 Typical spectral irradiance of a 150 W Xe arc lamp at a distance of 0.5 m according 

to reference [18]. The table shows the % of total irradiance in the UV, visible, and near-IR 

ranges. 

 

Figure 2.6 Typical spectral irradiance of a 300 W Xe ozone-free arc lamp at a distance of 0.5 

m according to reference [18]. 
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Figure 2.7 Schematic of the two different electrode illumination directions: substrate-electrode 

(SE) or electrolyte-electrode (EE). 

2.4.2 Cyclic voltammetry (CV)
19-21

 

Cyclic voltammetry is an electrochemical technique whereby the potential of the 

working electrode (controlled vs. a reference potential) is varied linearly with time 

between two limits (Figure 2.8 A), while the current flowing between the working and 

the counter electrodes is recorded. First, the applied potential is varied from initial 

value E1 to final one E2 (forward scan), and subsequently, the potential is swept in the 

opposite direction from E2 to E1 (reverse scan). Although it is rarely done, the scan 

rate can be changed on reversal. This procedure can be repeated multiple times. The 

resulting current vs. potential plot is termed as cyclic voltammogram. In a cyclic 

voltammogram the current is often normalized to the electrode geometric area and 

referred to as current density (j) (Figure 2.8 B). 
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Figure 2.8 (A) Schematics of the variation of the potential with time during a cyclic 

voltammogram. (B) Voltammetric response for a reversible redox process during a single 

cycle. 

This technique allows the distinction between the electrochemical processes taking 

place at the electrode interface, which can be divided into Faradaic and non-Faradaic. 

Faradaic processes involve a redox reaction of solution species at the electrode 

surface, and result in a charge transfer across the electrode-electrolyte interface. This 

redox reaction can be expressed as O + e   R, where O and R are the oxidized and 

reduced forms of the redox couple, respectively. If the electron transfer in both the 

forward and the reverse directions is fast, the process is considered reversible. 

However, if one of the processes is substantially faster than the other, the overall 

process is described as irreversible. In both cases, Faradaic reactions are diffusion 

controlled processes, and therefore, the current peaks obtained are proportional to the 

square root of the scan rate. 

On the other hand, non-Faradaic processes take place when the (either specific or 

non-specific) adsorption/desorption of ions on/from the electrode surface results in a 

current due to the charging/discharging of the double layer. Those processes give rise 

in many occasions to a linear relationship between the current and the scan rate 
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because they are not diffusion controlled. We must distinguish here between 

capacitive processes exclusively associated with the charging/discharging of the 

double layer, and pseudo-capacitive processes which are also accompanied by a 

change in the oxidation state of the material constituting the electrodes or of the 

absorbed species. The electrodes studied in this work, nanostructured oxide layers on 

FTO substrates, show pseudo-capacitive currents associated with changes in the 

oxidation state of the oxide.  

In the following, the processes occurring at these electrodes during a cyclic 

voltammogram in the dark and in the absence of Faradaic currents, are described. 

Firstly, we will analyze the case where (i) the working electrode is an anode, i.e. an n-

type nanoporous semiconductor oxide film deposited on a conducting substrate and 

sensitized (or not) to the visible with quantum dots (QDs), (ii) and there is no electron 

acceptor in solution. Note that as already mentioned in the introduction chapter 

(section 1.5.2.1), these electrodes are characterized by the absence of a space charge 

region, due to the small size of the constituent nanoparticles and the electrolyte 

penetration. Initially the system is at a potential positive enough that no charge 

transfer process occurs (Figure 2.9a). Then the FTO potential is ramped in the 

negative direction (from the initial potential to a more negative one, forward scan) and 

thus, its Fermi level (EF) shifts upward. Eventually, the conducting glass Fermi level 

reaches the oxide semiconductor CB or surface states (in case there are any) or traps 

below it, that is, empty oxide states available for electron transfer. At that point, there 

is a charge transfer from the FTO substrate to the semiconductor oxide (Figure 2.9b). 

This charge transfer continues as the FTO EF keeps going upward and there are 

available empty states in the oxide (Figure 2.9c). A cathodic current is measured. In 

the reverse scan, the FTO potential is swept in the opposite direction (from lower to 

higher potentials) and its EF shifts downward. As a consequence, there is a charge 

transfer from the oxide to the FTO (Figure 2.9d). This time an anodic current is 

recorded. The FTO EF keeps going downward until it goes back to its initial value 

(Figure 2.9e). 
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Figure 2.9 Schematic depicting the charge transfer processes occurring in an FTO/n-type 

semiconductor (SC) oxide anode during a cyclic voltammogram in the dark in the absence of 

an electron acceptor in solution. Initially the system is at equilibrium (a). In the forward scan, 

the potential is swept in the negative direction and electron transfer from the FTO to the 

semiconductor oxide CB takes place (b and c). In the reverse scan, electron transfer occurs in 

the opposite direction (from the semiconductor oxide CB to the FTO) (d). Finally, the system 

returns to the initial situation (e). Note that in this figure an idealized structure for the SC, with 

no interfacial surface states or grain boundary traps, has been considered. 

It should be noted that in the previous discussion and Figure 2.9, several 

simplifications have been made. An ohmic contact between the conductive substrate 

and the SC is considered. Also, the VB and CB edges are assumed to be pinned. 

In the case of photoactive cathodes based on p-type semiconductor oxides, the FTO 

potential is usually scanned the other way around. In the forward scan, the conductive 

substrate potential is ramped in the positive direction, from the initial potential (where 

no charge transfer takes place) toward a more positive one (its EF shifts downward in 

the potential energy scale). At the moment that the FTO EF reaches the oxide valence 

band (or eventually other filled electronic states), there is an electron transfer from the 

semiconductor oxide to the conductive substrate. In the same way, when the FTO 

potential is scanned back to the starting point, its EF is shifted upward and the charge 

transfer takes place in the opposite direction, from the conductive substrate to the 

oxide. 
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In both cases, the charging/discharging processes experienced by the semiconductor 

oxide during a cyclic voltammogram are accompanied by the adsorption/desorption of 

ions at/from the oxide structure to preserve the electroneutrality. Additionally, as these 

processes (in the time scale of the experiments) are restricted to the interfacial area of 

the electrodes, CV measurements can be considered as a tool to evaluate this area in 

the absence of faradaic currents. For example, a partial blockage of the nanoporous 

oxide structure of an electrode after a certain treatment will be reflected in a reduction 

of its voltammetric charge. 

In the framework of this thesis, the dark voltammetric response of the electrodes 

studied has been utilized to qualitatively evaluate their electrochemical active area. 

This has allowed us to compare electrodes with similar interfacial active areas and/or 

to identify possible changes in these areas after a treatment. 

2.4.3 Photoelectrochemical potentiostatic chronoamperometry 

This technique consists in recording the current vs. time at a constant applied potential 

during transient illumination (Figure 2.10). In such a way, the charge transfer and 

recombination kinetics of the photogenerated charge carriers at a certain potential can 

be studied. 
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Figure 2.10 Schematic of a photocurrent transient for a photoactive anode. 

The charge transfer processes occurring in a QD-sensitized photoanode during a 

potentiostatic chronoamperometry experiment will be briefly analyzed below. In the 

dark, no charge transfer processes are likely to occur in the electrode at a positive 

enough applied potential. However, under illumination with visible light, electron-hole 

pairs are photogenerated in the QDs. In the presence of an efficient hole scavenger in 

solution (there is no electron acceptor), the photogenerated electrons are mainly 

injected into the oxide and collected by the underlying conducting substrate, while the 

holes are scavenged by the electrolyte. As a result an anodic current, known as 

photocurrent, is recorded. Nevertheless, if the oxidized form of the redox couple 

(electron acceptor) is also present in solution, electron-electrolyte recombination 

routes are opened and the number of electrons collected by the FTO (recorded 

photocurrent) diminishes. Comparing the photocurrents obtained in both cases, with 

and without oxidized species in solution, information about the importance of 

recombination processes with the electrolyte can be extracted. 

An analogous situation takes place when a photocathode based on a p-type 

semiconductor oxide is used as a working electrode and a sufficiently negative 
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potential is applied. In the presence of an electron acceptor, when electron-hole pairs 

are photogenerated in the QDs, the holes are mainly injected into the semiconductor 

oxide VB, and the electrons transferred to oxidized species in the electrolyte. A 

cathodic photocurrent is recorded. If the reduced form of the redox couple (hole 

acceptor) is also present in solution, the photogenerated holes can also recombine with 

it in their way to the back-contact, and the recorded photocurrent diminishes. 

By illuminating the photoactive electrodes with monochromatic light, the so-called 

incident photon-to-current efficiency (IPCE) or external quantum efficiency can be 

obtained. The IPCE is one of the most extended parameters for solar cell 

characterization. It refers to the charge collected per incident photon and can be 

expressed as: 

)cmW(P)nm(

)cm·A(j1240
)(IPCE

2
in

2
sc









  (2.3) 

where scj  is the stationary current density measured under illumination,   

corresponds to the wavelength of the monochromatic light irradiating the electrode, 

and inP  refers to the incident irradiance. 

2.4.4 Open circuit potential under transient illumination measurements 

This photoelectrochemical method consists in measuring the working electrode 

potential under open circuit conditions before, during, and after illumination (Figure 

2.11). From these measurements valuable information about charge carrier 

concentration in the semiconductor oxide and recombination kinetics (carrier lifetime) 

can be obtained. 
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Figure 2.11 Schematic of the open circuit potential for a photoanode before, during, and after 

irradiation.  

In the following, the processes occurring during a VOC experiment are described. As in 

previous sections, QD-modified photoanodes acting as working electrodes are first 

analyzed (Figure 2.12). Upon immersion of the electrode in the working electrolyte, 

its EF acquires a constant value dictated by the species present in solution 

(voltammetric profile before illumination Figure 2.11 and Figure 2.12a). When the 

electrode is irradiated with visible light, the photogenerated electrons are primarily 

injected into the oxide matrix whereas the holes are (i) scavenged by the electrolyte, 

and/or (ii) trapped at the QD-QD, QD-oxide, and/or QD-electrolyte interfaces. The 

accumulation of electrons in the oxide, shifts the FTO EF upward and the VOC becomes 

more negative (illumination Figure 2.11 and Figure 2.12b). The difference between 

the steady-state potential before and after illumination is the so-called photopotential. 

Once illumination is interrupted, the VOC relaxation is recorded. The concentration of 

electrons accumulated in the oxide decreases as they recombine (i) with the holes 
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trapped and/or (ii) with oxidized species if they are present in solution. As a result, the 

EF of the conducting substrate gradually decreases and the VOC becomes more positive 

(Figure 2.12c). The kinetics of electron recombination can be evaluated by analyzing 

the VOC vs. time profiles upon light interruption (voltammetric profile after 

illumination Figure 2.11).
22

 It should be mentioned that the photopotential achieved by 

a photoanode is larger in the absence of oxidized species in solution (i.e. if only the 

reduced form of the redox couple is present) since their presence allows new electron-

electrolyte recombination processes to occur. 

 

Figure 2.12 Schematic illustrating the main charge transfer processes and recombination 

pathways during an open circuit potential measurement. (a) Initially the system is at 

equilibrium. (b) Under illumination with visible light, the photogenerated electrons in the QDs 

are mainly injected into the semiconductor oxide, whereas the photogenerated holes are 

trapped at the different QD interfaces and/or scavenged by the electrolyte. As a consequence, 

the conducting substrate EF shifts upward. (c) Once the light is interrupted, the electrons 

accumulated in the oxide recombine with oxidized species of the redox couple if they are 

present in the electrolyte and/or with the trapped holes. Vph denotes photopotential. 

In the case of photoactive cathodes, the photogenerated holes in the QDs under 

illumination are mainly injected into the p-type semiconductor oxide, whereas the 

photogenerated electrons are either scavenged by the oxidized species in solution or 

trapped. As the holes are accumulated in the oxide matrix, the conductive substrate EF 
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shifts downward and the VOC becomes more positive. Upon light interruption, the 

accumulated holes can recombine (i) with electrons trapped at QD-QD, QD-oxide, 

and/or QD-electrolyte interfaces, and/or (ii) with reduced species in solution (if they 

are present). 

2.4.5 Electrochemical impedance spectroscopy (EIS)
23,24

 

Electrochemical impedance spectra are obtained by applying a potential perturbation 

to an electrochemical system at equilibrium and measuring the resulting current. 

Normally, a small excitation signal is employed in order to obtain a linear response of 

the system. The perturbation signal usually has a sinusoidal waveform. Under these 

conditions, the current response of the system is a sinusoid with the same frequency as 

the potential perturbation but shifted in phase. 

The potential sinusoidal signal can be expressed as a function of time as: 

)tsin(E)t(E 0    (2.4) 

where )t(E  is the potential perturbation at a time t , 0E  is the signal amplitude, and 

  is the radial frequency, which is related to the frequency by f2  . 

In a linear system, the current response to that perturbation has the form: 

)tsin(I)t(I 0    (2.5) 

)t(I  being the current at a time t , 0I  the current amplitude, and   the phase shift 

by which the voltage lags the current. 
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Figure 2.13 Current response to a small potential perturbation for an electrochemical system 

near the stationary functioning point. 

The impedance ( )t(Z ) is defined as the ratio: 
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  (2.6) 

In complex notation, it can be expressed as: 

ZiZ)sini(cosZ)(Z 0
   (2.7) 

where )1(i  , and Z   and Z   are the real and imaginary parts of the impedance, 

respectively. 

By varying the frequency of the excitation signal, it is possible to get the impedance of 

a system as a function of the frequency (impedance spectrum). In EIS experiments, 

rather large frequency ranges are commonly employed. The most popular ways for 

presenting impedance data are the Nyquist and the Bode plots. In this thesis, Nyquist 

plots have been employed to represent impedance data (Figure 2.14). In a Nyquist plot, 
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the real part of the impedance is plotted on the X-axis and the corresponding 

imaginary part on the Y-axis. The Y-axis is negative and each point represents the 

impedance at one frequency. Low frequency data are represented on the right side of 

the plot and high frequency data on the left. 

 

Figure 2.14 Nyquist plot with impedance vector 

From a Nyquist plot valuable information about the electrochemical processes taking 

place in the system can be gathered. One of the most useful strategies to extract this 

information involves the fitting of the impedance data to an equivalent circuit model 

(Figure 2.15). These models consist of a network of electrical circuit elements 

(resistors, capacitors, inductors, etc.) that show the same behavior as the system under 

study. The elements of the circuit should be assigned to a certain physico-

electrochemical process in the system. The major drawback of the EIS technique is 

related to the possible ambiguities in these assignments and therefore, in the 

interpretation of the results. 

The EIS experiments reported in Chapter 6 have been conducted using two different 

configurations: a three-electrode (section 2.4.1) and a sandwich photovoltaic cell 

(section 2.3). In both cases, a propylene carbonate solution of 0.005 M Co(dtb-
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bpd)3(ClO4)2 and 0.005 M Co(dtb-bpd)3(ClO4)3 + 0.1 M LiClO4 was used as an 

electrolyte. Measurements were carried out in the frequency range between 1 mHz and 

100 kHz with a small sinusoidal signal of amplitude 10 mV. Regarding the three-

electrode cell, the experiments were performed in the dark at 0 V (vs. Ag/AgCl/KCl 

(sat)). In the case of the closed cell, impedance data were obtained (i) by illuminating 

from the photocathode side at 1 sun (AM 1.5 G) (see next point for further details) 

using a Sun 2000-11018 solar simulator from Abet Technologies at open circuit, and 

also (ii) in the dark, applying the bias observed upon irradiation. 

The circuit model utilized to analyze the impedance data gathered for the three-

electrode cell is shown in Figure 2.15 a. In this model: 

 Rs represents the series resistance of the cell, which includes the sheet 

resistance of the substrate and the resistance of the electric contact of the 

working electrode, 

 DX is a diffusion-recombination transmission line representing the impedance 

of the semiconductor oxide layer, 

 and Zd corresponds to the redox species diffusion impedance. 

It should be noted that the processes occurring in the mesoporous oxide films of the 

semiconductor sensitized solar cells are commonly modeled by diffusion-

recombination transmission lines.
25,26

 These circuit elements are composed of a 

network of resistive and capacitive elements that describe the transport and interfacial 

transfer of charges in the oxide. Concretely, in Figure 2.15 a, rct refers to the 

recombination charge transfer resistance and cµ to the chemical capacitance at the 

working electrode/electrolyte interface, and rt to the transport resistance in the oxide 

film. 
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Figure 2.15 Equivalent circuit models employed to fit impedance data in Chapter 6 using a 

three-electrode cell (a) or a closed cell (b) configuration. 

Figure 2.15 b depicts the circuit model employed to fit the data obtained in the case of 

the sandwich cell. This circuit is very similar to that used for the three-electrode 

configuration, but including the charge transfer resistance (Rpt) and the double layer 

capacitance (Cpt) elements associated with the counter electrode. Zd does not appear in 

the model because, in this case, the impedance data due to the diffusion of electrolyte 

species were excluded from the fits. 
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2.4.6 Current (density)-voltage (I-V) curves
27

 

The performance of a solar cell is generally evaluated by means of the so-called 

current (density)-voltage curves (I-V or j-V curves according to the nomenclature 

employed in this thesis). They entail the measurement of the current given by the 

closed cell as a function of the applied bias under illumination. In order to properly 

compare the performance of different devices and laboratories, standard conditions 

have been established for the measurement of these characteristic curves. Solar cells 

are illuminated with the solar spectrum at 100 mW·cm
-2

, which corresponds to the 

radiation reaching the surface of the Earth when the sun angle is 48.2° from its zenith. 

This is commonly known as standard illumination at AM1.5 or 1 sun. As can be seen 

in Figure 2.16, several characteristic parameters can be extracted from the j-V profiles: 

 The short circuit current density ( scj ), which is the current density attained at 

zero bias, 

 The open circuit potential ( ocV ) denoting the bias at which the current flowing 

through the device is zero, 

 and mj  and mV  representing the current density and the potential at the point 

of the curve where the power generated is maximum. 
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Figure 2.16 Schematic of a typical j-V profile for a solar cell. The characteristic parameters 

that can be extracted from these curves are indicated in the figure: short circuit current density 

)( scj , open circuit potential )( ocV , and current density )( mj  and potential )( mV  at the point 

of the curve where the power is maximum. 

The fill factor ( FF ) is another important parameter used to characterize a solar cell. 

This parameter is related to the curvature of the j-V profile, and can be obtained by the 

following expression: 

ocsc

mm

Vj

Vj
FF   (2.8) 

From these values, the power conversion efficiency (PEC,  ) of a photovoltaic device 

can be determined as the ratio between the maximum electric power attained by the 

cell and the solar irradiance: 
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P
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  (2.9) 



Chapter 2 

116 

where inP  is the incident power intensity. 

The j-V curves shown in Chapter 5 were measured using a computer-controlled 

µAutolab III (EcoChemie B.V.). The complete solar cells fabricated as described in 

Section 2.3 were illuminated at 1 sun with a Sun 2000-11018 solar simulator from 

Abet Technologies. 

2.5 Spectroscopic techniques 

In this section, the steady-state and time-resolved spectroscopic techniques employed 

in this thesis are briefly discussed. As will be seen below, these tools have been 

utilized for very different purposes: composition determination, light harvesting 

evaluation, and study of the electron injection kinetics, among others. 

2.5.1 Steady-state UV-vis absorption spectroscopy 

Light harvesting is an important issue in the field of photovoltaics. UV-vis absorption 

spectroscopy studies the amount of light absorbed by a sample when it is irradiated 

with light in the visible and adjacent (near-UV and near-IR) ranges. The light of this 

region of the electromagnetic spectrum has enough energy to cause transitions 

between different electronic energy levels in some molecules and materials (such as 

the QDs studied here). Therefore, the UV-vis spectrum of a given semiconductor 

contains information about possible inter- and intraband transitions. 

The amount of light absorbed is expressed as (i) either transmittance or absorbance in 

the case of transparent samples, or (ii) diffuse reflectance for scattering samples. 
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Transmittance (T) is the fraction of the incident light at a specified wavelength () that 

passes through a sample: 

0I

I
T=  (2.10) 

where I0 is the intensity of the incident radiation and I is the intensity of the light 

coming out of the sample. 

Absorbance (A) is defined as follows: 

0I

I
logT=logA   (2.11) 

For most applications, absorbance values are used since the relationship between the 

absorbance at a particular  and both the concentration of absorbing species in the 

sample (c) and the path length (l) (distance that the light travels through the sample) is 

normally linear. Thus, the absorbance at a given wavelength can be expressed by the 

so-called Lambert-Beer law as: 

    clA    (2.12) 

where    is the molar absorptivity (or extinction coefficient) of the absorber. 

In the case of samples with strong light scattering, the amount of light absorbed cannot 

be merely evaluated in terms of the intensity of light before and after passing through 

the sample. In those cases, there are other mechanisms (apart from absorption) that 

hamper the arrival of light to the detector and should be taken into account. 

Concretely, when the incident light reaches the surface of scattering samples, one part 

of it is absorbed, another part transmitted, and another part reflected. Conservation of 

energy requires that: 
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1RTA   (2.13) 

where A, T, and R are the portions of light absorbed, transmitted and reflected by the 

sample, respectively. The reflected radiation can be specular (the angle of incidence 

equals the angle of reflection) and/or diffuse (the radiation is dispersed in many 

directions). For scattering samples, diffuse reflectance is measured to assess the 

amount of harvested light. For such a purpose, it is necessary to use an integrated 

sphere coated with a highly dispersive material with poor light absorption properties 

that concentrates all the radiation scattered by the sample in a detector (Figure 2.17). 

The diffuse reflectance data acquired in such a way can be transformed with the 

Kubelka-Munk function: 

R2

)R1(
)R(F

2
  (2.14) 

If the sample is thick enough, the data transformed with this function can be easily 

correlated to the absorption of the sample. Kubelka-Munk spectra resemble typical 

absorption spectra, which facilitates their analysis and comparison with other true 

absorption spectra. 

 

Figure 2.17 Schematic illustrating an integrating sphere. 
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UV-vis absorption spectra have been utilized in this thesis to characterize the colloidal 

dispersions of CdSe QDs employed. From the first excitonic absorption peak shown in 

the spectra, the size of the CdSe nanoparticles
28

 as well as their band gap can be 

obtained (see section 1.3.1). The measurements were made with a Shimadzu UV-2401 

PC spectrophotometer taking the solvent as reference. In the case of highly dispersive 

nanoporous oxide films sensitized with QDs, diffuse reflectance spectra have been 

used to qualitatively evaluate the QD-coverage degree. An integrating sphere covered 

with BaSO4 (background) was coupled to the spectrophotometer to carry out these 

measurements. 

2.5.2 Steady-state emission spectroscopy 

By this technique the intensity of the light emitted by a sample irradiated with 

monochromatic light is recorded as a function of the wavelength. As in the case of the 

absorption spectra, the emission spectra result from electronic transitions in the 

sample, but in this case from excited states to lower energy states. 

In order to perform these measurements two monochromators are necessary. One is 

placed between the lamp and the sample to select the excitation wavelength, and the 

other between the sample and the detector to separately analyze the intensity of the 

emitted light at different wavelengths. In this work, a FluoroMax-4 spectrometer has 

been utilized. The emission spectra recorded for different FTO/semiconductor 

oxide/QD electrodes have allowed us to study the charge transfer and recombination 

processes taking place once the light harvesters are excited. 
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2.5.3 Raman spectroscopy
29-31

 

Raman spectroscopy analyzes the inelastic scattering of strong monochromatic light, 

usually from a laser source, upon interaction with a sample. Inelastic scattering takes 

place when the frequency of the photons of the laser light changes after interaction 

with the sample. This frequency shift provides information about vibrational, 

rotational, and other low frequency modes of the system under study. This 

spectroscopic technique can be used to identify substances from their characteristic 

Raman spectral patterns and to quantitatively or semi-quantitatively determine the 

amount of a substance in a sample from the intensity of the Raman peaks obtained in 

the spectra. 

Let us analyze the Raman effect more deeply. When a sample is illuminated with 

monochromatic light, the photons which make up the light (i) may interact with the 

sample and be absorbed or scattered, or (ii) may not interact and pass straight through 

it. As noted in the introduction, if the energy of the incident photons is equal to or 

higher than the energy gap between the ground and an excited state of the system 

under study, the photons may be absorbed and the system promoted to a higher energy 

state. However, if the energy of the incident photons is not enough to promote the 

system to a higher energy state, they may also interact with the matter and be scattered 

from it. In the latter case the energy of the system is raised for an instant to a non-true 

energy state widely referred to as a “virtual stat ”, from which it relaxes almost 

instantaneously to the ground state. This process gives rise to the scattering of the 

incident light, which has three contributions (Figure 2.18): 

 Rayleigh scattering: formed by emitted photons of the same energy as that of 

the incident photons. It occurs when excited species promoted to the virtual 

state return back to their original energy state (elastic scattering) and, 

therefore, bears no information about vibrational or rotational energy levels of 

the sample. Light is predominantly scattered by this process. 
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 Raman-Stokes scattering: composed of scattered photons of lower energy than 

that of the excitation photons. In this case, excited species initially at the 

ground energy state relax to an excited vibrational/rotational energy level. 

 Raman-antiStokes scattering: consists of photons of higher energy than that of 

the incident photons. Most systems have at least a small population of species 

in an excited level. When excitation initiates from this excited level, relaxation 

to the ground state is possible. 

In both Raman scattering processes (Stokes and antiStokes) there is an energy 

exchange between the system and the photons of the excitation light, and as a 

consequence the excited species return to a different energy level (inelastic scattering). 

The energy difference between incident and emitted photons is that existing between 

the two involved energy levels (rotational or vibrational). As the number of species in 

excited energy levels in a sample is normally very small at room temperature, the 

Raman-Stokes signal is usually higher than the antiStokes one and thus, it is 

commonly represented in the Raman spectra. It should be taken into account that only 

about 0.001% of the incident light produces inelastic Raman signal. This fact does not 

make the process too weak to be detected since with current lasers and microscopes, 

very high power densities can be delivered to specific locations in the sample. In 

addition, modern technology also allows a significant reduction in the predominant 

Rayleigh signal, making the Raman effect more clearly distinguishable. The latter is 

considered one of the major issues in Raman spectroscopy. 
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Figure 2.18 Illustration of the different scattering processes. The width of the arrows is 

proportional to the intensity of each of the contributions. 

A Raman system typically consists of four major components: (1) a powerful 

excitation source (commonly a laser), (2) a sample illumination system and light 

collection optics, (3) a wavelength selector (interference (notch) filters or 

spectrophotometers), and finally (4) a detector (photomultiplier tubes (PMTs), 

photodiode arrays (PDAs) or charge-coupled detectors (CCDs)). Usually, the 

wavelength of the excitation signal (in the visible and near-IR ranges) is far from the 

electronic absorption peaks of the analyte. 

The Raman spectra shown in Chapter 3 were obtained to confirm the composition and 

crystallinity of the CdSe QDs deposited on ZnO films by SILAR. The experiments 

were performed using a LabRam spectrophotometer from Jobin-Yvon Horiba coupled 

with a confocal microscope and a 17 mW He-Ne laser at 632.8 nm as an excitation 

source. 
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2.5.4 Inductively coupled plasma – atomic emission spectroscopy (ICP-AES)
29,32

 

ICP-AES, which can be considered as a step forward in traditional atomic emission 

spectroscopy, allows for the identification and quantification of the elements of a 

sample, even at the level of traces, by means of an inductively coupled plasma source. 

The sample, in liquid state, is transformed into an aerosol by a nebulizer system and 

transferred by an argon flow to the heart of the ICP-AES, where an argon plasma is 

generated. This plasma is created when the argon flow is subjected to the action of an 

oscillating magnetic field induced by high frequency currents passing within a coil. 

Inside the plasma, temperatures of up to 10000 K are reached. In such a way, the 

aerosol droplets of the sample are volatilized, atomized, and excited. When these 

excited atoms return to their ground state, they emit characteristic electromagnetic 

radiation in the UV-vis range. By separating the emitted radiation by its wavelength 

with an optical system, the different elements comprising the sample can be identified. 

In addition, by analyzing the intensity of the radiation, the concentration of these 

elements can also be quantified. 

In Chapters 3 and 6, ICP-AES has been employed to determine the Cd content of the 

sensitized nanoporous oxide films, which was subsequently related to their CdSe QD 

coverage. The light harvesters deposited on the samples were dissolved in a 4% H2O2 

(30%, Merck) solution containing 3% of HNO3 (65%, p.a., Merck). A Perkin-Elmer 

Optima 7300 DV spectrophotometer was employed for these measurements. 

2.5.5 Optical pump-teraherz probe (OPTP) spectroscopy 

The final response of a QDSSC is determined by a number of charge transfer, 

transport, and recombination processes occurring in the cell under working conditions. 

A thorough understanding of these fundamental processes is essential in order to 
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improve the performance of these photovoltaic devices. In this sense, OPTP 

spectroscopy has demonstrated to be a well-suited tool to study the electron transfer 

kinetics from photoexcited QDs toward semiconductor oxides.
33-36

 OPTP is a time-

resolved technique (with subpicosecond resolution) that allows us to measure the real 

and imaginary parts of the complex photoconductivity of a sample over a spectral 

range extending up to a few THz upon selective excitation with monochromatic light. 

When this tool is applied to a semiconductor oxide/QD system, a first UV-visible 

pump pulse is used to photogenerate charge carriers in the QDs, whereafter a second 

pulse of THz frequency is used to probe these carriers. Due to the low bandwidth of 

the THz probe signal (0-2 THz in this case, equivalent to 0-8 meV), it can only be 

absorbed by free electrons. In such a way, as long as the photogenerated carriers 

remain confined in the light harvesters (Figure 2.19, case I), no real conductivity is 

recorded (the THz signal before and after photoexcitation is identical). However, as 

soon as they are transferred to the metal oxide (Figure 2.19, case II), the real 

conductivity becomes finite (the THz probe beam is somewhat bleached after passing 

through the sample since it is absorbed by free carriers populating the oxide). 

Additionally, there could be an instantaneous contribution to the real conductivity 

coming from free carriers populating QD aggregates. The obtained OPTP 

photoconductivity   is defined as: 

  eN  (2.15) 

where N  is the electron density, e  is the electron charge, and   the mobility of the 

carrier in the oxide CB. By varying the time of arrival of the THz pulse with respect to 

the probe (pump-probe delay), the photoconductivity of the sample can be determined 

as a function of time. This measurement can be made with ultrafast time resolution, 

since both the pump and the probe have subpicosecond time duration. In such a way, 

both the rate and the efficiency of the electron transfer process from the excited QDs 

to the metal oxide films can be unambiguously evaluated by means of this technique. 
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Figure 2.19 (A) Schematic illustrating the working principle of OPTP spectroscopy on QD-

sensitized oxides. (B) Variation of the real conductivity component as a function of the pump-

probe delay in these systems. While the rise of the signal after photoexcitation resolves the 

electron transfer (ET) dynamics from the QD to the oxide, the real conductivity value at the 

plateau (when ET has ended) is an indication of the process efficiency. 

Figure 2.20 shows a layout of the OPTP spectrometer used to obtain the data 

presented in Chapter 7. The light source used to operate the spectrometer is a pulsed 

laser system based on a Ti:sapphire regenerative amplifier (Spitfire ACE by Spectra-

Physics). The amplified output of the laser system is centered at 800 nm, has a pulse 

duration of 110 fs and a repetition rate of 1 kHz. Approximately 900 mW of the output 

power are used to run the pump-probe OPTP setup. For THz generation and detection, 

10% of the incoming laser beam is used (90 mW). THz radiation is generated in a 
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phase-matched manner by optical rectification in a ZnTe crystal (<110> orientation, 

10x10x1 nm thickness, purchased from MaTeck). The THz light exits the ZnTe 

generation crystal slightly divergent, and is first collimated and subsequently focused 

on the sample using a pair of off-axis parabolic mirrors. The transmitted THz pulses 

are recollimated and focused on a second ZnTe detection crystal by another pair of 

parabolic mirrors, where the instantaneous THz field strength is detected through 

electro-optical sampling. Regarding the pump beam line, it employs the remaining 

90% of the incoming laser beam (810 mW). 

 

Figure 2.20 Layout of the optical pump-terahertz probe spectrometer used to obtain the data 

shown in Chapter 7. 
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For monitoring the carrier dynamics of the SnO2/PbS samples studied in Chapter 7, a 

800 nm pump was used to selectively excite PbS QDs (no real conductivity was 

recorded for identical pump conditions on bare SnO2 films). The sample area pumped 

was ~ 16 mm
2
, and typical fluences of 80 µJ·cm

2
 were employed. The THz probe 

beam utilized in this setup comprised frequencies of between 0 and 2 THz (0-8 meV), 

well below the inter and intraband electronic transitions of the studied quantum-

confined semiconductors. In this way, the THz probe only interacts with free charge 

carriers in the sample (mainly those populating the oxide CB). In order to avoid QD 

(photo)oxidation, sample measurements were made under N2 atmosphere. All these 

measurements were carried out in collaboration with the group of Dr. Enrique 

Cánovas/Mischa Bonn. 

2.6 Microscopic techniques 

In the framework of this thesis, microscopic techniques have been utilized for 

obtaining detailed information about the topography, morphology, and composition of 

the systems under study. These techniques can be divided into two main categories: 

electronic and scanning probe microscopies. Electron microscopes use a focused beam 

of highly energetic electrons to scan the samples, whereas scanning probe microscopes 

employ a sharp tip instead. 

2.6.1 Scanning electron microscopy (SEM)
29,37

 

In SEM, a finely focused beam of electrons of   1-30 keV is scanned in a raster 

pattern across the sample by a deflection coil system. Therefore, the electrons interact 

with the atoms at or close to the sample surface producing different signals that 
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contain information about topography, composition, and other properties. The types of 

signals produced include backscattered, secondary, and Auger electrons, X-ray 

fluorescence photons, and other photons of different energies (Figure 2.21). Of these, 

SEM instruments mainly analyze backscattered and secondary electrons. Secondary 

electrons are produced as a result of interactions between the energetic beam electrons 

and weakly bound electrons near the surface of the sample, which leads to the ejection 

of conduction band electrons with a few electron volts of energy (< 50 eV). These 

electrons are not associated with a specific atom and therefore, do not contain specific 

elemental information. They offer information about the surface topography. On the 

other hand, backscattered electrons (BSE) are beam electrons reflected from the 

sample by scattering and, as a consequence, are more energetic than the secondary 

electrons (from 50 eV up to the energy of the incident beam). From these electrons, a 

compositional analysis of the sample surface can be performed. Since the intensity of 

the BSE signal is related to the atomic number of the species, BSE images can also 

provide a map of the distribution of the different elements in the sample. In addition, 

many modern SEMs also have X-ray detectors that allow qualitative and quantitative 

compositional determinations to be made by means of X-ray fluorescence. 

 

Figure 2.21 Schematic depicting some of the signals generated by electron microscopes. The 

signals typically detected by SEM instruments are circled with a dot line. 
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In the electron column of a conventional SEM, the electron beam is generated by an 

electron gun located at the top of the column. This beam is accelerated by an anode 

and reduced to a very fine spot on the sample with a magnetic condenser and an 

objective lens system. The scanning is performed by two pairs of electromagnetic 

coils within the objective lenses. When the electron beam hits the sample, 

backscattered and secondary electrons are generated and then collected using an 

electron detector. The image of the sample is produced by applying the output of the 

electron detector to the grid of a cathode-ray tube (CRT). The whole beam path 

through the column operates under vacuum so that the density of molecules interfering 

with it is minimized. The magnification in a SEM image ranges from about 10  to 

100,000 . 
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Figure 2.22 Schematic of an SEM with both electron and X-ray detection. 

The samples analyzed in SEM must be conductive, because in such a way the electron 

flow to the ground is not impeded, and therefore artifacts associated with the buildup 

of charges are minimized. A variety of approaches have been developed for obtaining 

SEM images of nonconducting samples. The most common ones involve coating the 

surface of the sample with a thin metallic film produced by sputtering (with Au) or by 

vacuum evaporation (with carbon). 
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In Chapter 3, this technique was used to analyze the topography of the ZnO films 

studied as well as to determine their thickness. The images were obtained with a JEOL 

JSM-840. This microscope is able to produce a magnification of 10  to 300,000 . 

The ZnO films were coated with a thin film of Au by sputtering before being 

analyzed. 

2.6.2 Transmission electron microscopy (TEM)
29,37

 

Transmission and scanning electron microscopy have many similarities. However, in 

TEM a more energetic beam of electrons of   50-200 keV is used to scan the sample 

under study, and the electrons passing through it are the ones utilized to create the 

sample image on a fluorescent screen. The formation of the TEM contrast image can 

be understood as follows. When the incident electron beam is transmitted through the 

sample, part of its intensity is lost due to different interactions with the sample. This 

intensity loss is greater for thicker regions of the sample or regions with specimens of 

higher atomic number. The greater the intensity loss, the darker the corresponding area 

on the fluorescent screen. Thus, the complete image of the sample surface consists of a 

wide range of grays because of the different scattering processes and interactions 

experienced by the electron flux when passing through the different regions of the 

sample. 

TEM instruments also enable the study of crystal structures and elemental 

composition through electron diffraction pattern and X-ray analysis, respectively. In 

these microscopes, the electron beam is generated by an electron gun at the top of the 

electron column and focused as a very fine spot on the sample with magnetic 

condenser lenses. Once the beam impinges on the sample, the transmitted part of it is 

employed to form the sample image by using the objective lenses. This image is 

magnified with the intermediate and projector lenses before striking the fluorescent 

screen at the base of the column. As in the case of SEM, the inside of the column is 
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maintained under vacuum. Magnifications of up to 1,000,000 are routinely achieved 

with these microscopes. 

Due to the limited penetration of electrons in solids, the samples analyzed with this 

tool should be very thin. Thicknesses of 100-1000 Å are acceptable for conventional 

microscopes. 

In this thesis, this technique has allowed us to (i) determine the particle size 

distribution of ZnO and NiO commercial nanopowders employed to prepare 

nanoporous oxide films, (ii) study the evolution in the number and size of QDs 

deposited on thin oxide layers as the number of SILAR cycles grows (ZnO + CdSe 

and SnO2 + PbS systems), (iii) examine the morphology of ZnO NWs sensitized with 

CdSe QDs, and (iv) analyze the size and distribution of CdSe QDs deposited on NiO 

films by different sensitization methods. The transmission electron microscope 

employed was a JEOL JEM-2010 capable of producing magnifications from 2,000

to 1,500,000 . This instrument is equipped with an OXFORD INCA Energy TEM 

100 X-ray detector, which was used to qualitatively analyze the elemental composition 

of CdSe QDs grown by SILAR on ZnO NWs. In order to prepare the samples, the 

films were mechanically detached from the substrates, dispersed in ethanol, and then 

dropcast onto lacey carbon-coated copper films. 

2.6.3 Atomic force microscopy (AFM)
29,37

 

This technique is included within the scanning probe microscopies (SPMs). SPMs are 

based on a nanometric sharp tip sensitive to small variations of certain measurable 

magnitudes (tunneling current, magnetic force, ion conductance, etc.) when the sample 

is scanned. Through these techniques, the surface topography of the samples can be 

explored with very high resolution not only on the lateral x- and y-axes, but also on 

the z-axis perpendicular to the surface. 
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AFM senses the forces between the tip and the sample. In these microscopes, the sharp 

tip (a few microns long) is located at the end of a cantilever (usually, 100-200 microns 

long). The interatomic forces (electrostatic, Van der Waals, capillarity forces…) 

between the tip and the atoms at the surface of the sample cause the cantilever to 

deflect. Several techniques can be used to detect the displacements of the cantilever. 

The reflection experienced by a laser beam from the rear side of the cantilever is the 

most commonly employed. Typically, deflections as small as 0.01 Å can be detected. 

In such a way, by measuring the deflection of the cantilever while the sample is 

scanned, the surface topography can be mapped with atomic resolution. The tip 

motion over the sample (or the sample motion over the tip) is achieved with a 

piezoelectric tube. With this technique, conducting, semiconducting, and insulating 

surfaces can be studied. 

 

Figure 2.23 Schematic representation of the most common method for monitoring the 

cantilever deflection in an AFM instrument, consisting in measuring the reflection of a laser 

beam from the rear side of the cantilever on a segmented photodiode. 
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Three modes of operation are used in AFM: 

 Contact mode. The tip-sample separation is maintained constant in the order 

of a few Å. Thus, the tip is in physical contact with the sample and subjected 

to repulsive forces. In order to avoid damaging the probed surface, the 

cantilever should not be stiff. Tip-sample interactions cause the cantilever to 

bend following the changes in the surface topography. 

 Non-contact mode. In this case, the tip-sample separation is of the order of 

tens to hundreds of Å, i.e., the cantilever is affected by weak attractive forces. 

In fact, this mode is only applicable if long range forces are present. The 

cantilever is kept vibrating near its resonance frequency by a feedback system 

that controls the scanner height. By recording the height changes, the 

topographic image of the sample can be obtained. 

 Tapping mode. This mode is similar to the non-contact mode, the only 

difference being that the cantilever tip barely touches the sample surface at the 

bottom point of its oscillation. With this mode of operation, the image of 

rough surfaces with high topographical corrugations can be achieved. 

The AFM images presented in Chapter 3 have allowed us to study the growth of CdSe 

QDs on the surface of ZnO nanoparticulate films with the number of SILAR cycles. 

Also, in order to know more about the number and distribution of these light 

harvesters during the first stages of the growing process, AFM images of a ZnO single 

crystal before and after being sensitized with a few SILAR cycles were obtained. A 

Nanoscope III (Digital Instruments) operated at room temperature in air was used to 

perform the measurements. The images were obtained in tapping mode by using 

silicon tips at a driving frequency of ~ 270 kHz. 
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2.7 Physical adsorption of gases 

The physical adsorption of gases and vapors on solids is the most popular technique 

for studying their porous structure, which is mainly characterized by the specific 

surface area, and the pore volume and size distribution. 

This technique is based on the analysis of the adsorption isotherm of N2 or CO2 on the 

solid under study. The adsorption isotherm of a solid is the representation of the 

amount of gas adsorbed (n) on the solid at a constant temperature as a function of the 

relative pressure (P
0
/P). For obtaining the specific surface area, as well as the volume 

and size distribution of the pores, several methods have been developed. The most 

widely used is the Brunauer-Emmett-Teller (BET) method. This semi-empirical model 

is based on several assumptions, one of which is that there is no limit on the number of 

molecular layers of gas that can be adsorbed. The following equation describes this 

isotherm: 
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where P and P
0
 are the equilibrium and saturation pressures of the adsorbed species at 

the temperature of adsorption, n the amount of gas adsorbed, nm the maximum amount 

of gas that can be adsorbed on a monolayer, and C an empirical parameter related to 

the free energy of the adsorption and gas condensation processes. With this model, nm 

can be determined from the adsorption isotherm, and then the specific surface area 

(SBET) can be calculated by the following expression: 
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where a is the area occupied by a molecule of adsorbed gas and NA Avogadro´s 

number. Note that in equation 2.17, mn  is expressed as the maximum amount of gas 

adsorbed on a monolayer in moles per gram of adsorbent. 

In Chapters 3 and 6, this tool has been utilized to determine the specific surface area 

of the ZnO and NiO nanoporous layers studied by applying the BET model. This 

parameter was necessary to calculate the degree of QD coverage in these films. The 

isotherms were obtained with an automatic volumetric Autosorb-6 from 

Quantachrome using N2 at 77 K. The samples were prepared by collecting the oxide 

films from the conducting substrates after annealing. 
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3.1 Introduction 

The final response of a complete QDSSC is a balance between the charge 

transfer/transport processes through the different components and the undesired 

recombination reactions taking place. The study of one of the elements of the cell such 

as the photoanode separately, with no interferences from the other components of the 

cell, allows optimizing it prior to its integration in the complete device. 

As mentioned in the introduction, apart from the commonly used TiO2, other wide 

band gap semiconductors such as ZnO and SnO2 have also been explored as electron 

conductors in semiconductor-sensitized photoanodes/devices. In this context, ZnO is a 

semiconductor with energy band positions similar to those of TiO2, but with higher 

bulk electron mobility.
1,2

 In addition, its crystallization in a great variety of 

morphologies (especially quasi-1-D architectures) is rather straighforward.
3,4

 In spite 

of these interesting properties and the huge amount of studies based on this metal 

oxide, the reported efficiencies for DSSCs based on this material are far from their 

TiO2 counterparts. One of the reasons for this striking difference stems from the fact 

that most of the dyes exhibit complications when used with ZnO. Molecules with 

acidic groups or including complexing moieties may easily react with the metal oxide. 

On the other hand, dyes that do not react with ZnO are prone to get detached from its 

surface in the presence of certain electrolytes and additives. Recently, electron 

injection limitations have been pointed out as the foremost cause for the low 

performances achieved with this semiconductor.
5
 The lower dielectric constant of ZnO 

with respect to TiO2 leads to the formation of electrically bound dye cation-electron 

(at the oxide) pairs that hinder charge separation at the dye-ZnO interface. 

The sensitization of ZnO with semiconductor QDs instead of dyes can be an 

interesting option. In principle, there is no need to use an acidic media to 
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generate/anchor them on/to the oxide surface and they get strongly tethered. Among 

the typical QD materials used to sensitize wide band gap semiconductors, we find 

CdSe. This light harvester can be easily synthesized and its size tuned to absorb in a 

broad range of the UV-vis spectrum. In addition, CdSe QDs are rather stable and have 

shown a good performance in TiO2-based sensitized cells.
6-9

 

As seen in section 1.5.3.2, the SILAR method is encompassed within the sensitization 

approaches that grow the QDs directly on the oxide nanostructure. Compared with 

sensitization routes using presynthesized QDs, this technique allows obtaining a 

minimized distance between the QD and the metal oxide, favoring electron injection. 

In addition, SILAR leads to higher degrees of QD coverage. However, when in situ 

growth procedures like SILAR are carried out, recombination channels are also 

enhanced. The intimate contact QD-oxide, the existence of QD-QD multiple interfaces 

(multilayers and aggregates are more easily formed), and the fact that QDs are not 

passivated, are responsible for the latter.
10

 

This chapter and the next are dedicated to the study of ZnO photoanodes sensitized 

with CdSe QDs. Concretely, the following sections deal with the application of the 

SILAR method for sensitizing ZnO nanoparticulate electrodes, whereas in Chapter 4 

different modes of QD attachment and other ZnO nanoarchitectures are analyzed. 

3.2 Experimental Section 

Let us briefly recall here some experimental details carefully described in Chapter 2. 

Nanoporous ZnO thin films on conducting glass substrates were prepared as described 

in section 2.2.1 using commercial nanoparticles and sensitized with CdSe QDs by 

SILAR. The different steps followed to generate the CdSe material are detailed below: 
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1) The substrates were immersed in a 0.5 M Cd(CH3COO)2 solution for 2 min, 

leading to the adsorption of the Cd
2+

 cations on the oxide surface. 

2) Subsequently, they were rinsed in a 1 M NaCH3COO solution for 1 min in 

order to eliminate the excess of non-adsorbed Cd
2+

 in the pores. 

3) To generate the CdSe nanoparticles, the electrodes were dipped in a 

selenosulfate solution (see section 2.2.5 for preparation details) containing the 

Se
2-

 precursor, which reacted with the pre-adsorbed cadmium yielding the 

semiconductor compound. The pH of the selenosulfate solution was adjusted 

to 10-11 (see section 3.3.5). 

4) Finally, the ZnO substrates were rinsed anew in a 1 M NaCH3COO solution 

for 1 min to remove the unreacted selenium ions from the pores. 

This set of steps (SILAR cycle) was repeated from 5 to 40 times. 

 

Figure 3.1 Schematics depicting the SILAR process for the deposition of CdSe QDs from 

aqueous media. 
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3.3 Results and discussion 

3.3.1 Zinc oxide nanoparticulate films 

In Figure 3.2, lateral cross section and top view SEM images for a ZnO electrode are 

shown. A clear ZnO nanostructured film of about 29 µm in thickness composed of 

interconnected nanoparticles can be observed. 

 

Figure 3.2 SEM images for a cross section (a) and a top view (b) of a ZnO nanoporous 

electrode. 

To gain further information about the nanoparticle morphology, ZnO thin films were 

detached from the FTO substrates and analyzed by TEM (Figure 3.3a). As observed, 

the ZnO nanoparticles present polyhedral shapes, being some of them pellets or rods, 

while other are hexagonal prisms. There is a relatively broad particle size distribution. 

Figure 3.3b shows the histogram of the ZnO particle size distribution. It is 

characterized by its asymmetry and large dispersion, with a maximum at around 30 

nm. 
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Figure 3.3 (a) TEM image of the ZnO nanopowder after thermal treatment, and (b) histogram 

of the particle size distribution of the oxide. The nanoparticles size was calculated as the 

minimum diameter of a circle that contains the projected nanoparticle. 

By removing mechanically the ZnO layer from the substrate, it was also possible to 

gravimetrically evaluate its porosity. Considering the film thickness, a value as high as 

60% was obtained. In addition, the BET analysis of the detached ZnO powder 

revealed a surface area of 10.31 m
2
·g

-1
. Combining these results and taking into 

account the ZnO density, the real surface area of the electrodes was estimated to be 

around 650 times the geometric area. 

3.3.2 Optical characterization of the CdSe-sensitized ZnO electrodes 

As described in Chapter 2, the SILAR procedure involves the application of a set of 

steps that can be repeated any number of times. The QD growth with the number of 

SILAR cycles can be easily followed by measuring the UV-vis spectra of the QD-

modified electrodes. Figure 3.4A shows the diffuse reflectance spectra for a series of 

ZnO/CdSe photoanodes sensitized with different number of SILAR cycles. Diffuse 
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reflectance is measured instead of absorbance because of the light scattering of the 

oxide nanoporous films (see section 2.5.1). In order to facilitate the analysis of the 

data, the reflectance spectra were subjected to the Kubelka-Munk transformation and 

are presented in Figure 3.4B. There is a sharp absorption increase below 400 nm 

associated to interband excitation of the oxide. As the sensitization procedure is 

repeated, the QD loading increases, which is evidenced by an increment in the 

absorption range between 400 and 600 nm. Additionally, the absorption edge slightly 

shifts toward longer wavelengths with the number of cycles. This fact is a 

consequence of the size quantization effect and indicates that the already generated 

QDs are growing. This is one of the disadvantages of this deposition method: it does 

not allow decoupling size and coverage control. However, the shape of the spectra 

reveals a certain degree of size control. Even after 40 cycles, the spectrum presents a 

shoulder, pointing to the fact that the CdSe nanoparticle distribution is relatively 

narrow. 
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Figure 3.4 (A) Reflectance spectra for CdSe-sensitized ZnO photoanodes with different 

number of SILAR cycles. (B) Kubelka-Munk transformation of the corresponding reflectance 

spectra. (C) Evolution of the light absorption at 550 nm with the number of cycles. 

3.3.3 Raman spectroscopy 

The chemical nature of the CdSe deposit was investigated by means of Raman 

spectroscopy (Figure 3.5). In Figure 3.5a, the Raman spectrum for a nanoporous ZnO 

film before being sensitized is shown as a reference. The peaks at 381 and 442 cm
-1

 

have been attributed in the literature to the ZnO wurzite E2 and A1 first-order 

vibrational modes, respectively. Besides, the bands at 207 cm
-1

 and 332 cm
-1

 have 

been assigned to second-order Raman modes arising from zone-boundary phonons.
11,12
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The presence of CdSe nanoparticles upon SILAR deposition was clearly evidenced in 

the Raman spectra of the sensitized films shown in Figure 3.5b. For ZnO/CdSe films 

prepared with more than 10 SILAR cycles, there appears the CdSe longitudinal-optical 

(LO) mode at about 212 cm
-1

, together with its overtones at 418 and 623 cm
-1

.
13,14

 As 

expected, increasing the number of cycles leads to an increment in the intensity of the 

CdSe LO mode. However, although some degree of quantization is expected on the 

basis of the UV-vis absorption spectra, no significant redshift was observed in the 

Raman peaks.
15,16

 Probably, the spectra are dominated by the larger CdSe 

nanoparticles. In this sense, the full width at half maximum value of the peak at 212 

cm
-1

 is broader than for bulk materials. This reveals a dispersion in the particle size 

distribution. No additional peaks coming from other species are observed, which 

indicates that the SILAR method mostly generates crystalline CdSe. 

 

Figure 3.5 Raman spectra for ZnO thin films before (a) and after (b) different number of 

SILAR cycles. 
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3.3.4 Morphological analysis of the CdSe deposit 

The shape and distribution of the CdSe deposit was characterized by TEM and AFM. 

Figure 3.6 shows the TEM images of small portions of the nanoparticulate films 

mechanically detached from the conducting glass substrates. For comparison 

purposes, TEM images for a native ZnO film are also shown (Figure 3.6a-b). For the 

first cycles (Figures 3.6c-f), it is not clear whether a homogeneous CdSe deposit is 

formed on the oxide surface due to resolution limitations of the instrument. Only small 

CdSe nanoparticles can be discerned at the ZnO nanoparticulate junctions. In contrast, 

most of the ZnO nanoparticles seem to be completely covered by CdSe after 15 cycles 

(Figure 3.6g-h), as evidenced by their increased surface roughness. In addition, a 

number of larger aggregates and discrete CdSe nanoparticles can be observed. 

Increasing further the number of SILAR cycles (Figures 3.6i-n), the amount and size 

of these CdSe aggregates grow, being some of them as large as ~ 100 nm (Figure 

3.6k). The images also reveal that these aggregates are actually composed of many 

nanocrystals as it is possible to distinguish sets of randomly oriented crystallographic 

planes (inset of Figure 3.6i). 
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Figure 3.6 TEM images of ZnO samples detached from the FTO substrates either non-

sensitized or sensitized with different number of SILAR cycles (indicated along the figure). 

AFM was also employed to further study the morphology of the CdSe deposit. In the 

first place, ZnO nanoparticulate films before and after 40 sensitization cycles were 

analyzed with this technique (Figure 3.7). As observed in Figure 3.7A, the nanoporous 

oxide is characterized by a broad particle size distribution. This was also evidenced in 

the TEM images (Figures 3.3a and 3.6a). After 40 SILAR cycles, the surface of the 

oxide nanoparticles becomes rougher because of the CdSe coverage (Figure 3.7B). 

The CdSe layer thickness should be significant as the boundaries of small oxide 

nanoparticles on top of larger ones are lost. Only large or isolated oxide particles can 

be clearly discerned. 
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Figure 3.7 Tapping-mode AFM images for a ZnO thin film before (A) and after (B) being 

sensitized with 40 SILAR cycles. 

In the second place, a well-defined ZnO (0001) single crystal was employed to study 

the initial steps of CdSe deposition. The initial deposition stages are important as they 

will define the subsequent growth mode and, particularly, the nature of the 

solid/solution interface. The AFM images obtained for the single crystal prior and 

after 2 and 5 SILAR cycles are presented in Figure 3.8. Initially, the surface is 

characterized by nanometric steps and terraces around 100 nm wide (Figure 3.8A). 

After two SILAR cycles (Figure 3.8B), the surface is completely covered of flat 

nanoparticles around 30 nm in diameter and 1.5 nm in height. This specific 

nanoparticle morphology has been previously described for other SILAR 

deposits.
10,17,18

 Increasing the number of SILAR cycles up to 5 (Figure 3.8C), induces 

the growth of the CdSe nanoparticles in both diameter (~ 40 nm) and height (~ 2.5 

nm). 
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Figure 3.8 Tapping-mode AFM images of a bare ZnO(0001) single crystal (a), and after 2 (b) 

and 5 (c) CdSe SILAR cycles. 
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As the Bohr exciton radius of CdSe is 11.2 nm,
19

 CdSe nanoparticles with one 

dimension smaller than 11 nm should show sizable quantum confinement effects. 

From the AFM measurements presented in Figure 3.8, the initial CdSe deposition can 

be described as a mixture of QDs and quantum wells, which is in agreement with the 

UV-vis absorption spectra. In the same way, the morphology of the CdSe growth can 

be correlated with the evolution of the absorption spectra with the number of SILAR 

cycles (Figures 3.4C). Light absorption grows slowly at the first stages of the 

sensitization process, while a thin layer of CdSe covering nearly completely the oxide 

surface is being generated. Subsequently, light absorption increases as the CdSe 

deposition occurs on the surface of already formed CdSe nanoparticles, leading to 

nanocrystal growth and the formation of aggregates/multilayers. This indicates that 

CdSe tends to deposit on CdSe rather than on the oxide surface. Importantly, the fact 

that the SILAR method can be applied to a single crystal indicates that the porosity of 

the sample is not playing a key role, and allows us to conclude that the process can be 

carried out with ZnO films regardless their morphology or architecture. Moreover, the 

particular morphology of the CdSe layer points out that this sensitization technique 

could be easily utilized in the field of ETA solar cells.
20,21

 

3.3.5 Effect of the selenosulfate solution pH 

The SILAR method is based on the adsorption of anions and cations on the surface of 

a metal oxide.
22

 Consequently, when this method is implemented in aqueous media, it 

is influenced by the pH of the solutions containing the ionic precursors. The pH will 

determine not only the oxide surface charge (and subsequently its tendency to adsorb 

anions or cations), but also the predominant species in the solutions of the ionic 

precursors. In this section, the effect of this parameter on the performance of the 

resulting ZnO/CdSe electrodes is analyzed. 
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Figure 3.9 presents the Pourbaix diagrams for both Zn and Cd/Se. As observed, ZnO 

is stable in the pH range between 7 and 13, approximately. 

 

Figure 3.9 Pourbaix diagrams for Zn (A), and for Cd (red solid lines) and Se (black solid lines) 

(B). 

A

B
Cd2+

Cd(OH)2

Cd
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In the first step of the SILAR method, the electrode is immersed in a 0.5 M 

Cd(CH3COO)2 solution with a pH around 6-7. At this pH, ZnO is close to the low pH 

boundary of its stability region. In addition, since the isoelectric point of ZnO is 9.5,
23

 

its surface will be positively charged, hampering the adsorption of cadmium cations. 

However, higher pH values will lead to the precipitation of Cd
2+

 ions as Cd(OH)2 (see 

Figure 3.9B). For that reason, it makes no sense to increase the pH of the 

Cd(CH3COO)2 solution. It should be noted that the presence of cadmium-acetate 

complexes in solution cannot be ruled out.
24

 These species may allow the adsorption 

of cadmium in the form of complexes, even at basic pH values. 

On the other hand, the selenium source for the generation of CdSe on the oxide 

surface is a selenosulfate aqueous solution. The hydrolysis of this selenosulfate 

solution generates the required Se
2-

 ions according to the equations: 

     
                     

   (3.1) 

                        (3.2) 

Note that in this solution, apart from 2
3SeSO  and 

-HSe ions, Se
2-

 may coexist with 

other ionic selenium species ( 2
3SeO  and 2

4SeO , Figure 3.9B). The pH of this solution 

prepared as described in Chapter 2 (section 2.2.5) is ~ 13. In the third step of the 

sensitization process, the Se
2-

 ions contained in this solution (and/or any of its ionic 

precursors) approach the ZnO surface and react with previously adsorbed Cd
2+

 ions 

yielding the CdSe semiconductor. In this case (pH=13), the surface of the oxide is 

negatively charged provoking the electrostatic repulsion of anionic species and partly 

hindering their adsorption. Moreover, at this pH, Cd
2+

 can react not only with Se
2-

 

(and/or any of its precursors), but also with OH
-
 ions present in solution. In view of 

the above, the effect of the selenosulfate solution acidification on the response of the 

QD-sensitized ZnO films was studied. 
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The ability of the SILAR-deposited CdSe nanoparticles to sensitize ZnO to the visible 

was evaluated by quantifying the number of electrons collected per incident photon. In 

Figure 3.10, the IPCE spectra for ZnO/CdSe photoanodes sensitized by employing 

selenosulfate solutions with pHs between 8 and 11 are shown. Albeit the differences 

between the electrodes being compared are small, better results are obtained by using 

selenosulfate solutions of higher pH. In addition, the visual observation of the 

sensitized electrodes allowed us to confirm a more homogeneous QD coverage across 

the ZnO layer when higher pH values were employed. It seems that more basic pH 

values slow down the adsorption of Se
2-

, favoring their penetration through the 

nanoporous oxide network. As a consequence, CdSe will be more easily generated at 

the internal part of the ZnO layer (from which the electrodes are illuminated during 

IPCE measurements). Accordingly, all the results presented in this chapter were done 

working with selenosulfate solutions of pH around 10-11. 

 

Figure 3.10 IPCE spectra for CdSe-modified ZnO electrodes sensitized with 20 SILAR cycles 

by employing selenosufate solutions of different pH. An N2-purged 0.5 M Na2SO3 solution was 

used as a working electrolyte. Applied potential: 0 V. 
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3.3.6 Photoelectrochemical behavior of the sensitized electrodes 

The IPCE spectra for ZnO/CdSe photoanodes with different number of SILAR cycles 

are plotted in Figure 3.11. As the QD deposition increases, more light is absorbed and 

consequently, more electrons are collected. The IPCE spectra also shift toward the red 

in agreement with the QD size increment observed in the absorption spectra (see 

Figure 3.4B). Remarkable efficiencies are obtained, with a maximum IPCE of about 

70% for the 40-SILAR-cycle electrode in the range of 400 to 600 nm. For this 

electrode, the IPCE spectrum edge is located at about 700 nm, which is very close to 

the band gap of bulk CdSe (~ 730 nm).
25

 It is noteworthy that these measurements 

have been carried out in the presence of a non-regenerative electrolyte, which means 

that electron-electrolyte recombination mechanisms are excluded in these 

measurements. Concretely, a nitrogen-purged 0.5 M Na2SO3 aqueous solution was 

employed as an efficient hole scavenger.
26

 Under such conditions, we can expect that 

the IPCE values are only limited by the injection and carrier recombination properties 

of the ZnO/CdSe electrode (usually transport is not a limiting factor). 

 

Figure 3.11 (A) IPCE spectra for CdSe-modified ZnO electrodes with different number of 

SILAR cycles. An N2-purged 0.5 M Na2SO3 aqueous solution was used as a working 

electrolyte. Applied potential: 0 V. (B) IPCE at 550 nm as a function of the Kubelka-Munk 

function. Beside each point the corresponding number of SILAR cycles is indicated. 
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The increase in the efficiency obtained with the amount of QDs deposited is not steady 

(Figure 3.11B). For the first cycles, when presumably a first monolayer of CdSe QDs 

on the oxide surface is being generated, the IPCE steeply grows. Once the QD 

monolayer is nearly complete, multilayers and nanoparticles with a tendency to form 

aggregates start to appear (see Figure 3.6). On the one hand, these multilayers and 

aggregates mean more light being absorbed. On the other hand, they lead to a 

progressive increment of the recombination processes via QD-QD interfaces and QD 

surface states (the QDs are not passivated). Note that the QD interfacial and surface 

states may act as electron traps, retarding electron transfer, and therefore favoring 

recombination. As a consequence, the IPCE continues improving, but at a slower pace. 

Although not observed in Figure 3.11, if the amount of QDs keeps on growing, the 

efficiency achieved by the corresponding electrodes is expected to diminish at some 

point. Eventually, (i) the increment in the recombination processes due to the 

formation of multilayers and aggregates of non-passivated QDs, and/or (ii) the 

blockage of the ZnO pores, should lead to an IPCE decay. Interestingly, it seems that 

the optimum number of SILAR cycles from which an increase in the QD loading will 

not correspond with a better response of the electrode is near 40. 

The cyclic voltammograms of the electrodes prior and after sensitization were 

measured in the dark. These measurements enabled us to confirm (i) that the 

electrodes had equal interfacial areas,
27,28

 and (ii) that the mesoporous oxide layer was 

not blocked after sensitization. In Figure 3.12, the dark voltammetric responses for 

two ZnO electrodes before and after being sensitized with 20 and 40 SILAR cycles are 

shown. It is observed that the profiles are dominated by a chemical capacitance. This 

voltammetric response in the negative-going direction is usually interpreted as the 

filling of the CB states of the wide band gap semiconductor and/or a surface state 

distribution below the CB.
28-30

 After sensitization, the voltammetric curves shift by 

around 0.1 V toward more positive potentials. This observation points to a shift of the 

CB edge/surface states of the oxide toward lower energies in the potential energy 

scale. This can be tentatively ascribed to either a partial removal of the negative 

charge density present on the oxide surface at the working pH, or to an alteration of 
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the semiconductor-electrolyte interface due to the sensitizer presence. In this case, 

considering the isoelectric point of the ZnO (9.5) and the pH of the working 

electrolyte (10.2), the former effect is expected to have a weaker influence in the 

bands shift. Besides, in the case of the electrode with 40 SILAR cycles, an irreversible 

cathodic current appears at sufficiently negative potentials, which could be associated 

to the reduction of either CdSe yielding Cd
0
 and Se

2-
 or synthesis residues. The former 

probably entails the existence of QDs in direct contact with the FTO substrate. 

In any case, the fact that the voltammograms of the ZnO/CdSe electrodes keep on 

being characterized by a well-defined accumulation region proves that there is no 

substancial clogging of the oxide mesopores after sensitization. Such a blockage 

would hinder the electrolyte access to the pores, diminishing the capacitive current in 

the accumulation region.
31,32

 This observation contrasts with the results obtained with 

the chemical bath deposition method.
33

 In this sense, the SILAR procedure allows for 

a better distribution of the QDs throughout the whole mesoporous electrode thickness. 

The size of the ionic precursors, together with the heterogeneous nature of the reaction 

should be responsible for this fact. On the other hand, it should be noted the key role 

of the SILAR rinsing steps to guarantee the control of the ionic layer adsorption and 

reaction processes. If the precursor solution is not completely eliminated from the 

pores, a massive precipitation of the light absorber inside the oxide semiconductor 

network could take place, leading to the mentioned pore blockage. 
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Figure 3.12 Cyclic voltammograms in the dark for ZnO electrodes before (solid lines) and 

after (dashed lines) being sensitized with 20 and 40 SILAR cycles. Electrolyte: N2-purged 0.5 

M Na2SO3 aqueous solution. Scan rate 50 mV·s
-1

. 

3.3.7 Implications for QDSSCs 

The good results obtained for ZnO/CdSe electrodes sensitized by SILAR cannot be 

directly extrapolated to a complete device. This is primarily due to the fact that 

QDSSCs necessarily employ an electrolyte containing a reversible redox couple (or a 

solid hole transporting material), and there was no electron acceptor in solution when 

the IPCE measurements shown above were undertaken. Additionally, in these 

measurements the effect of the counter electrode is not taken into account.
34

 In this 

sense, the photoanodes explored in this chapter have been tested with a number of 

electrolyte-counter electrode combinations in a sandwich cell configuration, being the 

efficiencies obtained in all cases very small. Bearing in mind the high efficiencies 

obtained for the isolated photoanodes, it can be derived that significant recombination 

processes with the electrolyte are taking place. This was clearly shown in the 
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photocurrent transients obtained for the ZnO/CdSe electrodes in the absence and in the 

presence of an electron acceptor in solution. 

Figure 3.13 presents the photocurrent transients for ZnO electrodes sensitized by 

SILAR using either a 0.5 M Na2SO3 aqueous solution (no electron acceptor in 

solution, henceforth sulfite) or a 1M Na2S + 0.1 M S + 1 M NaOH aqueous solution 

(containing a redox pair, henceforth polysulfide) as working electrolytes. The 

electrodes were illuminated at 550 nm in order to avoid the absorption of light by the 

polysulfide electrolyte. The potential was chosen to promote the extraction of 

photogenerated electrons, being 0 V and -0.5 V for the sulfite and polysulfide 

electrolytes, respectively. As observed, the achieved photocurrent diminishes 

drastically when an electron acceptor is present in solution (polysulfide), which 

confirms the importance of recombination processes via the electrolyte. In addition, in 

the presence of polysulfide, a dark current is observed, which indicates that an 

oxidation process is taking place directly through the conductive glass. Finally, with 

this electrolyte the photocurrent obtained decreases progressively. 

 

Figure 3.13 Photocurrent transients for ZnO/CdSe photoanodes using N2-purged sulfite (at 0 

V) and polysulfide (at -0.5 V) as electrolytes. The electrodes were illuminated at 550 nm. 
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To further analyze this photocurrent diminution in the presence of polysulfide, the 

dark voltammetric response of these electrodes (using this electrolyte) was measured 

repeatedly, waiting 30-60 minutes between successive measurements (Figure 3.14). 

The accumulation region of the cyclic voltammograms decreases with every scan, 

indicating a diminution of the interfacial active area of the electrode with time. This is 

consistent with the fact that the oxide layer was completely delaminated from the FTO 

substrates after the measurement. As the ZnO film detaches progressively, the FTO-

electrolyte contact area increases, and so does the electron leakage toward the 

electrolyte. Another possible explanation for the diminution of the capacitive current 

in Figure 3.16, is the generation of a ZnS insulating layer on the oxide surface in the 

presence of polysulfide. Probably, both processes are taking place simultaneously. 

 

Figure 3.14 Evolution of the cyclic voltammograms in the dark for CdSe-modified ZnO 

electrodes using N2-purged polysulfide as a working electrolyte. Scan rate 50 mV·s
-1

. 

Figure 3.15 shows the photopotential transients for the ZnO/CdSe photoanodes using 

either sulfite or polysulfide as electrolytes. In the latter case, the electrodes were left 

for some hours in the solution media before the measurement. In this kind of 
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measurements (see section 2.4.4), the open circuit potential values under illumination 

indicate the concentration of photogenerated electrons in the oxide film. Besides, once 

the illumination is interrupted, the potential relaxation gives information on the 

kinetics of electron recombination.
35,36,28

 Interestingly, the magnitude of the 

photopotential when the electrodes are immersed in polysulfide (Figure 3.15B) is 

larger than that obtained with sulfide (Figure 3.15B). In addition, the potential decay 

upon light interruption is also faster in the presence of polysulfide. The latter can be 

understood in terms of the different recombination pathways existing in each case. In 

the absence of an electron acceptor in the working electrolyte (sulfite, Figure 3.15A), 

the electrons in the oxide can only recombine with the holes trapped in (i) QD-QD and 

(ii) QD-ZnO interfaces, and (iii) QD surface states (see section 2.4.4). However, when 

an electron acceptor is present in solution (polysulfide, Figure 3.15B), electron 

leakage toward the electrolyte is also possible, and therefore the open circuit potential 

relaxation is expected to be faster than in the former case. Regarding the magnitude of 

the photopotential, the larger value obtained with polysulfide supports the hypothesis 

of the generation of a ZnS layer on the nanoporous film. This layer would passivate 

the ZnO and CdSe surfaces reducing recombination reactions from the oxide and the 

sensitizer, which results in higher photopotentials.
37,38

 

 

Figure 3.15 Photopotential transients for ZnO/CdSe photoanodes using N2-purged sulfite (A) 

and polysulfide (B) as working electrolytes. 
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At this point, it is important to clarify that the results presented in this chapter (and the 

next) were undertaken a few years ago. Throughout the last years, the implementation 

problems of SILAR-based CdSe-modified ZnO electrodes in QDSSCs unveiled in this 

section have been successfully solved through different strategies. In fact, as 

mentioned in the introduction, nowadays the maximum efficiencies obtained for 

QDSSCs based on ZnO almost equal those obtained for TiO2-based ones (traditionally 

higher).
39-41

 Today, ZnO electrodes sensitized with in situ grown CdSe (by CBD or 

SILAR) are generally used in combination with polysulfide and Cu2S on brass foil as 

electrolyte and counter electrode, respectively. In addition, a thin layer of CdS QDs is 

usually deposited by SILAR between the ZnO and the CdSe QDs. The role of this CdS 

mid-layer seems to be crucial for the good performance of these devices. Apart from 

the fact that a larger portion of the solar spectrum can be absorbed after co-

sensitization,
39

 the amount of CdSe deposited on the nanoporous electrode is larger 

when it is previously modified with CdS.
42

 This results in an increase of the harvested 

light, and thus, in the photocurrent achieved by the cells. More importantly, the CdS 

layer (i) passivates the ZnO surface states, blocking the recombination of injected 

electrons with holes in the QDs and in the redox electrolyte,
43,44

 and (ii) protects the 

oxide from the chemical attack by the polysulfide electrolyte.
45,44

 

Although in most cases ZnO is used in the form of well-organized nanostructures 

(especially 1-D architectures), there are a number of works employing ZnO 

nanoparticulate films as electron conducting phase in QDSSCs.
46-49,43,50-55

 In this sense, 

Cao and co-workers reported on a CdS/CdSe co-sensititized solar cell based on a ZnO 

mesoporous photoelectrode achieving a PCE of 4.68%.
51

 The authors developed a 

facile passivation strategy based on the immersion of the FTO/ZnO nanoparticulate 

substrates (prior to co-sensitization) in an aqueous solution of 0.04 M H3BO4 and 0.1 

M (NH4)2TiF6 for some minutes. Apparently, this simple method not only enlarged the 

apertures of the ZnO nanoporous layer facilitating higher QD loadings, but also 

introduced a thin TiO2 passivation layer on the oxide surface decreasing the surface 

charge recombination reactions. It is noteworthy that after this treatment, the 

efficiency of the cells doubled. More recently, the same group has presented a 
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CdS/CdSe co-sensitized device based on a ZnO bilayer photoelectrode constructed by 

a ZnO nanoparticulate film at the bottom and a ZnO microsphere scattering layer on 

top.
54

 The microspheres were used to increase the light scattering and thus, light 

harvesting, enhancing the photogenerated current. As in the previous case, the 

treatment of the FTO/ZnO bilayered substrates with an aqueous solution of H3BO4 and 

(NH4)2TiF6, led to an increase in the resulting PCE of the cells from 2.89 to 5.08%. In 

both works, after being co-sensitized, the electrodes were coated with a thin 

passivation layer of ZnS by 2 SILAR cycles. 

In general, it can be stated that the good behavior of ZnO-based QDSSCs using 

polysulfide as electrolyte is linked to the use of interfacial layers between the different 

materials making up the photoanode. The main role of these layers is to (i) reduce the 

recombination of electrons injected/collected with holes in the QDs or with the redox 

electrolyte and (ii) protect the ZnO against the electrolyte and/or the CdSe deposition 

environment.
49

 In addition, the coating of the FTO substrate with a compact layer of 

TiO2 or ZnO, before the deposition of the ZnO nanoporous film, not only can prevent 

current leakage, but also can improve the adherence between these two 

components.
48,43

 Likewise, the optimization of the sensitization process
46,52

 and the 

employment of a counter electrode with a high electrocatalytic activity toward the 

electrolyte,
50,52

 seem to be essential to obtain high efficient devices. Also, when 

nanoparticulate ZnO films are used as electron transporting phase, strategies to 

enhance light scattering
46,54

 or charge transport
48,53,55

 at the oxide layer, improve the 

cell performance. Finally, it has been reported that the utilization of a quasi-solid-state 

gel polysulfide electrolyte not only enhances substantially the long-term stability and 

durability of the devices but also their response.
46,40

 In this sense, it is important to 

note that the concentration of NaOH in the polysulfide electrolyte employed in this 

chapter is higher than that usually employed for ZnO-based QDSSCs. In these cells, to 

improve the conductivity of polysulfide, KCl is preferably used instead of NaOH as 

background electrolyte. In the few cases where NaOH is utilized instead,
56-60,55

 its 

concentration is generally 0.1 M. 
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3.4 Conclusions 

In this chapter, the SILAR method from aqueous solutions has been developed for the 

sensitization of ZnO mesoporous films with CdSe QDs. In the same way, the 

feasibility of SILAR-based CdSe-sensitized ZnO photoanodes to be integrated in 

complete devices has been investigated employing photoelectrochemical techniques in 

a three-electrode cell. 

 The CdSe growth process has been characterized by different techniques, 

paying particular attention to its morphology. At the first stages of the 

sensitization process, the generation of the light harvesters is slower. AFM 

images of a ZnO(0001) single crystal have shown a thin CdSe layer covering 

evenly most of the oxide surface after the first few deposition cycles. Further 

SILAR cycles lead to an increase in the CdSe deposition rate. The CdSe layer 

gets thicker and a large number of discrete nanoparticles with an important 

tendency to form aggregates appears. 

 As the number of SILAR cycles increases, so does the QD loading and 

subsequently, the number of photogenerated electrons collected by the 

substrate. Interestingly, remarkable IPCE values as high as 70% have been 

obtained, similar to those reported for TiO2 electrodes.
61

 This efficiency value 

corresponds to a ZnO electrode sensitized with 40 CdSe SILAR cycles. It 

seems that the optimum number of cycles for which the electrodes under study 

give the best results is presumably close to this value (40). 

 However, these high efficiencies were not translated to complete photovoltaic 

cells. Photoelectrochemical measurements (cyclic voltammetry, and 

photocurrent and photovoltage transients) of the ZnO modified electrodes 

showed important recombination processes with the electrolyte in the presence 

of an electron acceptor in solution (polysulfide electrolyte). At the same time, 

they also revealed the possible formation of a ZnS layer on the oxide surface 



Sensitization of ZnO nanoparticulate films with CdSe QDs by SILAR 

171 

after remaining for some time in polysulfide, which would passivate the ZnO 

surface, hindering the corresponding recombination reactions. In addition, the 

mesoporous ZnO layers were found to be instable in the presence of this redox 

electrolyte. 

 In a more general vein, the results presented along these lines together with 

the recent works found in the literature emphasize the importance of using 

barrier layers through the different interfaces of the photoanode to reduce 

charge recombination and protect the oxide nanoporous layer against chemical 

attack when ZnO is used as an electron transporting phase in combination 

with polysulfide. In the same way, they also highlight the importance of 

controlling the pH when it comes to choosing (mainly the electrolyte) and 

processing the different materials making up a QDSSC based on ZnO, since 

this oxide is stable under a narrow range of pH values. 
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4.1 Introduction 

Solar energy seems to be the most viable choice to meet our future CO2 free energy 

demands.
1-3

 For this to happen, photovoltaic devices more cost-effective than the 

current ones are needed. The third generation solar cells, including the QDSSCs, are 

promising for inexpensive and large-scale energy conversion. However, their 

efficiencies are still lagging behind those obtained with current commercial photon-to-

energy conversion devices. 

A possible strategy to improve the performance of QDSSCs is the use of organized 

nanostructured oxide semiconductors as an electron conducting phase.
4
 In 

nanoparticulate films, the photogenerated electrons have to percolate through a 

random polycrystalline oxide network by particle-to-particle hopping before reaching 

the contact. In constrast, one dimensional (1D) single crystalline nanostructures (such 

as nanotubes, nanocolumns, nanowires, etc.) provide a direct pathway for the rapid 

collection of the electrons.
5
 In fact, the electron diffusion coefficient can be several 

hundred times larger when the wide band gap semiconductor adopts 1D 

morphologies.
4,6

 In addition, these ordered oxide architectures can supply large surface 

areas through which both the sensitizer and the electrolyte/HTM can easily penetrate. 

In this sense, ZnO has the advantage, over other oxide semiconductors such as the 

commonly used TiO2, of easily forming organized nanostructures. Under conventional 

conditions, ZnO crystallizes in the wurtzite structure, presenting a charge asymmetry 

along the (0001) axis. This favors the anisotropic growth of this material along this 

direction. As a consequence, ZnO can be produced in a wide variety of 

nanoarchitectures (nanowires, nanotubes, nanobelts, nanosheets, nanotips, etc.), by 

means of multiple synthetic routes.
6-8
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On the other hand, the response of the QD-modified photoanodes is influenced by the 

anchoring mode of the light harvesters to the oxide surface.
9
 Sensitization methods 

based on presynthetized colloidal QDs (such as direct adsorption and linker-assisted 

adsorption) present some advantages over other commonly used techniques such as 

CBD or SILAR. Recombination processes are diminished when colloidal QDs are 

employed, since (i) the capping molecules surrounding the sensitizer passivate their 

surface, and (ii) it is easier to form a single monolayer of QDs on the oxide surface, 

preventing the formation of clusters (especially when the sensitizers are tethered 

through a bifunctional linker).
10

 In addition, these sensitization techniques allow for a 

separate control of the QD coverage and size. However, the electron injection rate is 

faster when in situ grown QDs cover the oxide semiconductor, as the donor-acceptor 

distance is minimized.
11

 

In this chapter, two different strategies to improve the efficiency of the CdSe-

assembled ZnO electrodes studied in the preceding chapter are explored. On the one 

hand, nanoparticulate films are substituted by ordered nanostructured materials (in this 

case ZnO nanowire arrays) as electron conducting phase. On the other hand, 

presynthetized colloidal CdSe QDs instead of the in situ grown QDs (SILAR) used in 

Chapter 3 are employed to modify the ZnO surface. 

4.2 Experimental Section 

In this section, some experimental details about the preparation of the samples are 

very briefly reviewed. A more exhaustive description of the followed preparation 

protocols can be found in Chapter 2. 
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4.2.1 ZnO nanowire electrodes 

ZnO NW electrodes were provided by the IK4-CIDETEC Technological Centre. The 

oxide nanostructures were electrodeposited on conducting glass substrates as reported 

by Tena-Zaera et al.
12

 The charge density passed at -1.0 V vs. SCE was 10 C/cm
2
. 

Previously, the substrates were covered by a spray pyrolized ZnO buffer layer.
13

 The 

mean diameter and length of the nanowires were 500 nm and 4 µm, respectively.
14

 

Afterward, CdSe QDs were grown in situ on the ZnO NW electrodes by SILAR. 

4.2.2 ZnO nanoparticulate (NP) electrodes 

ZnO NP electrodes ~ 29 µm thick were prepared as described in section 2.2.1. 

Colloidal dispersions of CdSe QDs in toluene were used to sensitize the oxide (section 

2.2.4).
15

 The light harvesters were anchored to the oxide surface directly or by means 

of a molecular wire. In the latter case, five different molecular wires were employed as 

linkers: cysteine (Cys), cysteamine, 3-mercaptopropionic acid (MPA), thioglycolic 

acid (TGA), and 1,2-ethanedithiol (EDT) (Figure 4.1). Saturated solutions of Cys and 

Cysteamine in toluene, 1/10 (v/v) solutions of MPA and TGA in acetonitrile, and a 

1/10 (v/v) solution of EDT in ethanol were prepared. The electrodes were first 

modified with the linker by immersion in the corresponding organic solution for 24 h. 

Then, they were thoroughly rinsed (first with the solvent used to dissolve the 

corresponding linker and afterward with toluene) and soaked in toluene for at least 12 

h to remove the excess of linker. Finally, the electrodes were immersed in a colloidal 

dispersion of CdSe QDs for 24 h (and between 0.5 and 24 h when TGA was used as a 

linker). For the direct adsorption of CdSe nanocrystals, ZnO nanoporous films were 

simply soaked in the dispersion containing the QDs for 24 h. 
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Figure 4.1 Molecular structure of the linkers used to sensitize ZnO nanoparticulate films. 

4.3 Results and discussion 

4.3.1 ZnO NW electrodes sensitized with CdSe QDs by SILAR 

4.3.1.1 Interfacial active area of the ZnO NWs 

The interfacial active area of the wide band gap semiconductor in a QD-sensitized 

electrode/cell is a very important parameter as it determines its ability to adsorb QDs, 

and therefore to absorb light. In order to compare the electrochemical active areas of 

the ZnO films studied in this section and composed of either NWs or NPs, their 

voltammetric responses were measured in the dark in an N2-purged 0.5 M Na2SO3 

aqueous solution (Figure 4.2). As discussed in Chapter 2 (section 2.4.2), in a typical 

cyclic voltammogram, the nanoporous semiconductor oxide shows a pseudo-

capacitive behavior involving charging/discharging processes. These processes are 

accompanied by the intercalation/deintercalation or adsorption/desorption of ions 

present in the electrolyte to preserve electroneutrality. In the time scale of our 

experiments, intercalation would be restricted to the outer part of the electrodes. In 

such a way and in the absence of faradaic processes, it can be considered that the j-E 

peak area of the cyclic voltammogram (i.e. the cathodic/anodic voltammetric charge) 

is proportional to the interfacial active area of the electrode. 
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As observed in Figure 4.2, the voltammetric charge of the nanoparticulate film (and 

therefore its electrochemical active area) is much larger than that of the oxide 

nanowires. This is to be expected bearing in mind that the length of the NWs (~4 µm) 

is approximately 7 times smaller than the nanoparticulate film thickness (~29 µm). 

Concretely, the ratio between the integrated anodic charges for the NP (3.17 10
-3

 

C/cm
2
) and NW (1.86 10

-4
 C/cm

2
) electrodes is equal to 17. This value approximately 

corresponds to the ratio of their interfacial active areas.
16

 In this case, the anodic 

charge was selected to estimate the active areas of the ZnO films due to the presence 

of faradaic cathodic currents in the case of NW electrodes (see inset of Figure 4.2a). 

These currents can be ascribed to traces of O2 in the electrolyte or impurities coming 

from the synthesis on the oxide surface, which are reduced at negative potentials. The 

small voltammetric response recorded for ZnO NWs, makes it possible to appreciate 

them. 

 

Figure 4.2 Cyclic voltammograms in the dark for ZnO NW (a) and NP (b) films in an N2-

purged 0.5 M Na2SO3 aqueous solution. Scan rate: 50 mV·s
-1

. The inset of panel a shows a 

magnification of the cyclic voltammogram. 
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4.3.1.2 TEM images of the sensitized electrodes 

Figure 4.3 presents the transmission electron microscopy images of ZnO nanowires 

sensitized with CdSe after 34 SILAR cycles, once mechanically detached from the 

FTO substrate. Individual and aggregated QDs, coating completely the oxide surface, 

are observed. The size of the aggregates ranges between 59 and 110 nm, being their 

mean size around 86 nm, whereas the individual QD size is about 4.5 ± 0.8 nm. The 

CdSe crystallographic planes observed in Figures 4.3c and d evidence the crystalline 

nature of the QDs. On the other hand, the images allow us to verify that the mean 

diameter of the wires agrees with that reported by Tena-Zaera and co-workers (~ 500 

nm). Finally, energy-dispersive X-ray (EDX) spectrometry for the region shown in 

Figure 4.3d reveals the presence of Cd and Se in approximately stoichiometric 

amounts. Concretely, the Cd:Se ratio is 1.18:1. 
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Figure 4.3 TEM images of ZnO NWs sensitized with CdSe after 34 SILAR cycles (a and b). 

Views of the modified NW wall (c) and of an aggregate formed by CdSe small nanoparticles 

(d). 

4.3.1.3 Optical characterization 

The Kubelka-Munk transformation of the reflectance spectra obtained for the CdSe-

modified ZnO NW films is represented in Figure 4.4. As observed, the presence of 



Chapter 4 

186 

QDs shifts the spectrum of the wide band gap semiconductor to the visible. As the 

number of SILAR cycles increases, so does the absorption between 400 and 600 nm, 

which is consistent with the progressive increment in the amount of adsorbed QDs. In 

the same way, the absorption onset also shifts toward higher wavelengths. The latter is 

in agreement with an increase of the average QD size. 

 

Figure 4.4 Kubelka-Munk transformation of the corresponding reflectance spectra obtained for 

ZnO NW films sensitized with CdSe QDs by SILAR. 

It should be noted that light absorption by CdSe-modified ZnO NW electrodes (Figure 

4.4) is substantially lower than that by nanoparticulate electrodes (Figure 3.4B). This 

can be attributed not only to the smaller surfaces areas for QD loading of the former, 

but also to lower light scattering effects. The latter can be easily observed in Figure 

4.5, where the diffuse reflectance spectra for unmodified NP and NW films are 

plotted. This fact will influence the final response of the sensitized electrodes. As the 

light scattering of the oxide film increases, so does the possibility of an incident 

photon to be absorbed. 
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Figure 4.5 Diffuse reflectance spectra for bare ZnO NP and NW thin films. 

4.3.1.4 Performance of SILAR-based ZnO NW/CdSe photoanodes 

Figure 4.6 shows the IPCE spectra for ZnO NW electrodes sensitized with different 

number of SILAR cycles. The measurements were carried out in a standard three-

electrode cell using an N2-purged 0.5 M Na2SO3 aqueous solution as a hole 

scavenger.
17

 The efficiency of the photoanodes increases with the number of cycles up 

to a certain point, and then decreases. 
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Figure 4.6 IPCE spectra for CdSe-modified ZnO NW electrodes at 0 V and using an N2-

purged 0.5 M Na2SO3 aqueous solution. 

As already mentioned in Chapter 3, this drop in the efficiency of the sensitized 

electrodes is probably due to a clogging of the pores of the oxide matrix and/or to an 

increase of the recombination processes via QD-QD interfaces as the amount of CdSe 

nanoparticles grows. The cyclic voltammogram in the dark for the 40-SILAR-cycle 

photoanode (Figure 4.7) suggests that the blockage of the oxide network can be 

discarded in this case. When in situ growth techniques such as SILAR are employed, 

the easy formation of multilayers and aggregates of non-protected light harvesters as 

the sensitization process proceeds causes a rapid increase of the aforementioned 

recombination channels. 
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Figure 4.7 Cyclic voltammograms in the dark for a ZnO NW electrode before (solid line) and 

after (dashed line) being sensitized with 40 SILAR cycles. Working electrolyte: N2-purged 0.5 

M Na2SO3 aqueous solution. Scan rate: 50 mV·s
-1

. 

The behavior of the nanoparticulate electrodes (Figure 3.11A) is far superior to that of 

the NW electrodes (Figure 4.6). It is somehow expected considering that the former 

electrodes have both larger surface areas for QD loading and increased light scattering 

effects. In Figure 4.8, the IPCE spectra for the electrode giving the best results in 

Figure 4.6, together with that of a nanoparticulate ZnO electrode sensitized with the 

same number of SILAR cycles (34), is represented. The ratio of the integrated IPCE 

curves for both photoanodes is 13.5, which is lower than the ratio of the interfacial 

active areas obtained for these electrodes (17). This unveils the potential of organized 

nanostructures for the achievement of higher efficiencies. However, for this to happen, 

larger surface areas are needed. 
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Figure 4.8 IPCE spectra for ZnO NP and NW electrodes sensitized with CdSe by means of 34 

SILAR cycles in contact with an N2-purged 0.5 M Na2SO3 aqueous solution as a working 

electrolyte. Applied potential: 0 V. 

In this sense, it should be noted that nowadays, QDSSCs using ZnO as an electron 

acceptor are usually based on ordered nanostructures of the oxide, thereby exploiting 

the ease of this material to form them. Nanorods/nanowires are the most commonly 

used ZnO architectures.
18-45

 They are usually prepared by depositing a compact ZnO 

seed layer on the conducting substrates, and subsequently growing the 1D structures 

from the nucleation seeds (traditionally by chemical bath deposition). Apparently, this 

compact layer prevents the direct contact between the substrate and the electrolyte, 

reducing the leakage of electrons. Apart from nanorods/nanowires, other ZnO 

micro/nanostructures (microspheres,
46-48

 nanosheets,
49-51

 tetrapods,
52

 nanotubes,
53

 

hexagonal nanocolumns,
54

 flower-like nanorod
55,56

 and nanosheet
57

 arrays, etc.), 

hierarchical architectures,
58-62

 and composites (combining different nanostructured 

layers)
 63-67,68

 have also been employed in ZnO-based QDSSCs. In all of these 

categories, interesting results have been reported. 
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In fact, the best efficiencies obtained so far for this kind of devices utilize a 

combination of two ZnO layers: tetrapods on top of nanorod arrays (5.24%
63

 and 

6.20%
69

) or microspheres on top of nanoparticles (5.08%)
68

. In these composites, an 

underlayer with high surface areas for QD loading is combined with a high light 

scattering top layer. As mentioned in the introduction of this thesis, in recent years this 

double-layer strategy has been extensively used in TiO2-based QDSSCs,
70-72

 which 

underlines the importance of having electron transporting phases with high light 

scattering effects as discussed in the previous section. Interestingly, Kim et al. have 

recently reported on a highly durable and efficient (5.45%) QDSSC based on a single 

ZnO NW array layer as electron acceptor and a gelled polysulfide electrolyte.
44

 

4.3.2 ZnO NP electrodes sensitized by colloidal CdSe QDs 

In the former part of this chapter, the utilization of organized 1D nanostructures as 

electron transporting phase has been explored as a strategy to improve the 

performance of SILAR-based CdSe-modified ZnO NP electrodes (studied in Chapter 

3). Next, we will assess other sensitizer anchoring modes based on colloidal QDs as an 

alternative to enhance the efficiency of these photoanodes. 

4.3.2.1 Optical characterization 

In this section and in the following, ZnO nanoparticulate electrodes sensitized with 

colloidal CdSe QDs by means of different molecular linkers (Cys, cysteamine, MPA, 

TGA, and EDT) are studied and compared with electrodes modified by direct QD 

adsorption. In all cases, the ZnO films were immersed in the sensitizer dispersion for 

24 h. 
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Figure 4.9A shows the absorption spectrum for the toluene colloidal dispersion of 

CdSe QDs employed in this study. As observed, it presents a well-defined band at 542 

± 3 nm (first excitonic peak), corresponding to a narrow size (diameter) distribution 

centered at around 2.89 ± 0.05 nm.
73

 In Figure 4.9B, the Kubelka-Munk-transformed 

reflectance spectra for ZnO NP films modified with colloidal CdSe QDs are plotted. 

As a reference, the spectrum for a bare ZnO film is also included in the figure. The 

spectra for the sensitized thin films match well with that of the QD dispersion. In all 

cases, a clear band corresponding to the CdSe QD first electronic transition is 

observed, indicating that the CdSe nanoparticles retain their optical properties after 

deposition. This peak is slightly wider and blueshifted when the QDs are incorporated 

into the oxide matrix. This can be due to environmental changes. On the one hand, the 

absorption/reflectance spectra of dispersed and oxide-attached QDs are obtained in 

toluene and air, respectively. Therefore, there is a change in the dielectric constant of 

the media surrounding the sensitizer upon their adsorption.
74

 On the other hand, the 

CdSe nanoparticle surface will be modified after the linker attachment, and a partial 

removal of their capping molecules is likely to occur upon direct adsorption (Figure 

4.10). 

Upon the deposition of the colloidal QDs, there is an increase in the light absorption in 

the visible region below 600 nm for the ZnO films. The amount of adsorbed QDs 

depends on the mode of attachment and the linker nature. According to the intensity of 

the first excitonic peak, the attained QD coverage follows the trend: 

Cys > TGA ≈ MPA > Direct adsorption > Cysteamine > EDT 
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Figure 4.9 (A) Absorption spectrum for the CdSe QD colloidal dispersion used to sensitize the 

ZnO NP electrodes. (B) Kubelka-Munk transformation of the reflectance spectra obtained for 

bare and CdSe-modified ZnO thin films. Modification of ZnO was achieved by direct and 

linker-mediated adsorption for 24 h. 

 

Figure 4.10 Schematic representation of a CdSe colloid before and after being adsorbed on the 

oxide matrix by direct adsorption. 
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4.3.2.2 Performance of the ZnO NP/CdSe photoanodes based on colloidal QDs 

The effectiveness of the ZnO/CdSe photoanodes was analyzed by means of their 

action spectra (Figure 4.11). The IPCEs were obtained in a classical three-electrode 

cell by using an N2-purged 0.5 M Na2SO3 aqueous solution. The results follow the 

trend: 

TGA > MPA > Cys > Direct adsorption > Cysteamine > EDT 

As observed, the response of the electrodes depends on the sensitization method
9,75

 

(direct or linker-assisted adsorption) and the specific bifunctional molecule used to 

anchor the QDs to the oxide surface. Intrinsic characteristics of the molecular wire 

such as length, dipole moment, donor-acceptor ability and/or adsorption configuration 

have been reported to affect the behavior of QD-sensitized electrodes.
10,76

 In fact, 

higher QD loadings do not necessarily correspond to more efficient electrodes. Light 

absorption at the first excitonic peak for the electrode sensitized through Cys is higher 

than that attained with MPA and TGA (Figure 4.9B). However, the IPCE values 

obtained with the latter linkers are larger. Comparing TGA or MPA, the best results 

obtained with TGA could be due to an increased electron injection rate on account of a 

shorter molecular chain. 
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Figure 4.11 IPCE spectra at 0 V and using an N2-purged 0.5 M Na2SO3 aqueous solution for 

ZnO NP electrodes sensitized by direct and linker-mediated QD adsorption for 24 h. 

Apart from the particular physico-chemical properties of each linker, there are other 

factors that can influence the lack of correspondence between the absorption and IPCE 

spectra of the different modified electrodes. Figure 4.12 shows a picture of the 

sensitized photoanodes from both sides: the FTO and the ZnO side. As observed, there 

is a difference in the intensity of the reddish coloration of the electrodes depending on 

the side. This indicates that the QDs are not evenly distributed across the oxide layer. 

In addition, this difference in the red color intensity is more noticeable in some cases 

than in others, which means that the homogeneity of the sensitizer coverage 

throughout the ZnO film thickness depends on both the anchorage mode and the linker 

nature. This may explain the discrepancy between the light absorption and the IPCE 

values of some electrodes (e.g. in the case of the cysteamine-sensitized electrode, and 

more particularly, in that of the electrode modified using Cys as a linker). Note that 

the electrodes are illuminated from the oxide side during reflectance measurements, 

and from the other side (FTO) when IPCE spectra are recorded. 
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Figure 4.12 Pictures from both the oxide and the substrate side for ZnO NP electrodes 

sensitized with colloidal CdSe QDs by either direct or linker-assisted adsorption for 24 h. 

On the other hand, as mentioned in Chapter 3, the progressive deposition of QDs on 

the oxide surface eventually leads to the clogging of the pores of the nanoporous 

matrix. In the following, the possible influence of pore clogging on the discrepancy 

between higher QD loadings (inferred from absorption spectra) and more efficient 

electrodes will be assessed. The voltammetric response in the dark for ZnO NP 

electrodes prior and after being sensitized with colloidal QDs, both directly and by 

means of different molecular linkers, was measured in aqueous N2-purged 0.5 M 

Na2SO3 electrolyte. In the case of linker-mediated adsorption, the electrodes were also 

measured after the adsorption of the bifunctional molecule. The chemical capacitance 

typical of ZnO bare films (section 3.3.6) remains practically unaltered after the 

adsorption of the molecular cable. Only in the cases of Cys, MPA, and TGA (Figure 

4.13a), there is a minor shift (at most of ~ 75 mV) of the capacitive currents toward 

more positive potentials. This fact points to a shift of the ZnO CB edge toward lower 

energies. The ability of some adsorbates to shift the CB edge of TiO2 nanoporous 

layers have been described in the context of DSSCs.
77-79

 As noted in Chapter 3, for this 

system the displacement of the wide band gap semiconductor bands is probably due to 
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a reorganization of the electrolyte at the interface as a consequence of the linker 

attachment. However, although the pH value of the sodium sulfite electrolyte (10.2) is 

higher than the isoelectric point of the ZnO (9.5), the adsorption of the bifunctional 

molecules might also cause a partial removal of the negative charge of the oxide 

surface, which would also affect the semiconductor band location, shifting it in the 

observed direction. On the other hand, in the case of the ZnO modification with EDT 

(Figure 4.13b), there is a loss of reversibility in the accumulation region once the 

bifunctional molecule is adsorbed. This can be attributed to an increased difficulty for 

the cations of the electrolyte to penetrate in the oxide network. 

After the deposition of the light absorbers, a clear blockage of the oxide structure can 

be inferred from the change in the voltammogram when the QDs are attached to the 

ZnO through the EDT linker (Figure 4.13b). This can explain the low IPCE values 

obtained in this case. Probably the sensitizer is not bound to the oxide by means of the 

molecular wire but massively deposited forming aggregates instead. The direct 

adsorption of the sensitizer on the oxide surface also provokes the clogging of a large 

portion of the ZnO nanochannels with its corresponding important loss of surface 

active area (Figure 4.13c). It should be borne in mind that in the case of direct 

adsorption, the affinity of the light absorbers for already deposited ones is higher than 

their affinity for the bare oxide surface. In such a way, the appearance of QD 

aggregates, and therefore the clogging of the oxide nanochannels, is favored. In spite 

of this, the efficiencies obtained for this mode of attachment are not low, which points 

to its enormous potential. However, high QD coverages without the formation of 

aggregates need to be attained. 

 



Chapter 4 

198 

 

Figure 4.13 Cyclic voltammograms in the dark for ZnO nanoparticulate electrodes (solid line), 

modified with a molecular linker (dashed line), and after immersion in a colloidal dispersion of 

CdSe QDs for 24 h (dotted line). Electrolyte: N2-purged aqueous 0.5 M Na2SO3. Scan rate: 50 

mV·s
-1

. 

4.3.2.3 Degree of QD coverage and efficiency as a function of the adsorption time 

Next, we will explore the QD coverage and performance of ZnO NP/CdSe 

photoanodes based on colloidal QDs as a function of the adsorption time, taking the 

electrode giving the best result in Figure 4.11 (that using TGA as a molecular linker) 

as an example. In Figure 4.14A, the Kubelka-Munk transformation of the reflectance 

spectra for ZnO NP electrodes sensitized after different adsorption times (from 30 min 

to 24 h) are plotted. Initially, the amount of adsorbed QDs increases very fast, and 

then the adsorption rate slows down (Figure 4.14B). The strong interaction between 

the CdSe nanocrystals and the thiol groups of the linker favors their binding to the 

bifunctional molecules rather than to other already adsorbed QDs or to the bare oxide 

surface. As the QD coverage grows, less thiol groups are available and consequently 

the adsorption rate diminishes. 

For these experiments, the employed colloidal dispersion of QDs presented an 

excitonic peak slightly broader than in the case of Figure 4.9A, which can be 

attributed to small variations inherent to the followed synthetic process. The first 



ZnO/CdSe photoanodes: oxide architecture and anchoring mode of the sensitizer 

199 

excitonic band of this colloidal dispersion was located at 541 ± 9 nm (results not 

shown), corresponding to a sensitizer size distribution centered at around 2.88 ± 0.16 

nm. It is worth noting that the maximum observed in the absorption spectra for the 

modified photoanodes (corresponding to the excitonic peak of the CdSe QDs) does not 

suffer any shift as the amount of QDs increases. This indicates that the degree of 

quantum confinement is maintained, which is one of the advantages of using 

previously synthesized colloidal QDs to modify the wide band gap semiconductor 

surface. 

 

Figure 4.14 (A) Kubelka-Munk transformation corresponding to the reflectance spectra for 

ZnO electrodes sensitized by means of TGA for different adsorption times. (B) Evolution of 

the light absorption at 550 nm with the adsorption time. 

The IPCEs for the ZnO electrodes sensitized by TGA-mediated adsorption after 

different adsorption times can be found in Figure 4.15. The best result corresponds to 

an immersion time of 2 h 20 min. After that, the response of the CdSe-modified 

electrodes decreases. As it was shown in Figure 4.13a, the capacitive currents of the 

ZnO electrodes suffered no variation after 24 h sensitization when TGA was used as a 

linker. Therefore, in this case the drop in efficiency cannot be ascribed to the clogging 



Chapter 4 

200 

of the oxide nanochannels but rather to an increment of the recombination processes 

due to the formation of QD multilayers and aggregates. 

 

Figure 4.15 (A) IPCE spectra at 0 V and using an N2-purged 0.5 M Na2SO3 aqueous solution 

for ZnO/CdSe photoanodes sensitized by means of TGA after different adsorption times. (B) 

IPCEs at 550 nm as a function of the Kubelka-Munk transformed reflectance. 

4.3.2.4 Comparison with the SILAR sensitization method 

In this section, ZnO nanoporous electrodes modified with presynthesized QDs are 

compared with those sensitized by SILAR and explored in Chapter 3. Generally, 

ZnO/CdSe photoanodes sensitized by in situ grown light absorbers present higher QD 

loadings (see Figures 3.4B and 4.9B) and IPCEs in the presence of a hole scavenger 

(see Figures 3.11A and 4.11). In this context, it should be mentioned that most of the 

linkers have a carboxylic group to anchor to the ZnO surface, and this oxide is known 

to be chemically unstable in acidic media.
80

 In addition, the low Lewis acidity of the 

Zn
2+

 sites should not favor extensive linker adsorption. 
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To make a more quantitative comparison, Figure 4.16B shows the action spectra for 

ZnO/CdSe electrodes sensitized by means of either TGA-linker or SILAR with the 

closest QD loadings among the prepared samples (Figure 4.16A). The latter was 

evaluated taking into account the absorption spectra as a function of the adsorption 

time/number of cycles for both types of electrodes (Figure 4.14A for TGA-mediated 

adsorption and Figure 3.4B for SILAR). The electrode sensitized by SILAR absorbs 

light in a broader range of the solar spectrum than that sensitized using TGA as a 

molecular linker. This is not unexpected taking into account that the size distribution 

of the QDs is broader (and their mean diameter larger) when the SILAR method is 

applied. The IPCE values obtained with SILAR almost double those achieved by TGA 

linker adsorption. The broader light absorption range, can only partially explained the 

good results obtained for SILAR-sensitized electrodes. In this sense, it should be noted 

that the electron injection rates are also expected to be faster for these electrodes. 

When in situ growth techniques are employed, the donor(QD)-acceptor(ZnO) distance 

is minimized, favoring electron transfer between them.
11,75
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Figure 4.16 (A) Kubelka-Munk transformation of the corresponding reflectance spectra for 

ZnO nanoparticulate films sensitized with CdSe QDs by either TGA-mediated adsorption or 

SILAR. (B) IPCE spectra for the photoanodes at 0 V and using an N2-purged 0.5 M Na2SO3 

aqueous solution. 

As already noted in Chapter 3, the above results cannot be directly extrapolated to 

complete devices. The IPCEs where obtained in the absence of an electron acceptor in 

solution (eliminating the recombination pathways with the electrolyte). In this sense, it 

is worth noting that CdSe colloids are protected with a capping agent that assures a 

certain degree of passivation of the QD surface/interfacial states. When the SILAR 

method is carried out, the density of QD-ZnO, QD-QD and QD-electrolyte interfacial 

states is maximized. Such states can act as traps favoring electron recombination. In 

agreement, it has been reported that in TiO2 nanoporous samples sensitized with non-
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protected CdSe QDs by chemical bath deposition, there exist additional internal 

recombination losses, absent when using presynthesized QDs.
81

 This points to the 

potential benefits of using colloidal QDs in closed cells. 

The vast majority of QDSSCs based on ZnO employ in situ QD growth techniques. 

However, there is a small number of works exploiting the interesting properties of 

colloidal QDs.
18,20,82-85

 The maximum efficiencies obtained for ZnO-based QDSSCs 

using colloidal QDs (1-2%)
82,85

 are still far below those attained for devices employing 

QDs directly grown on the ZnO surface (5-6%)
63,69,44

. Nevertheless, it should be noted 

that, in the case of the cells based on presynthesized QDs, the reported devices are far 

from being optimized, which indicates that there is still plenty of room for the 

improvement of this kind of cells. In this context, it should be highlighted the recent 

work of Singh et al.
85

 These authors have reported on a QDSSC based on a 

nanoparticulate ZnO thin film sensitized with colloidal CdSe QDs directly adsorbed 

on the oxide surface, achiving a 2.06% PCE, which is the best efficiency value 

reported so far for this kind of devices. However, in this cell an iodine/iodide organic 

electrolyte was used as a redox shuttle. Apart from the fact that chalcogenide QDs 

(such as CdSe QDs) have been found to be unstable in the presence of this redox pair, 

it is rarely the best choice for ZnO-based QDSSCs. 

4.4 Conclusions 

In this chapter, two different strategies to improve the performance of SILAR-based 

CdSe-modified nanoparticulate ZnO electrodes (studied in Chapter 3) have been 

explored. On the one hand, ZnO NWs have been used instead of ZnO NP films as an 

electron transporting phase. On the other hand, ZnO NP films have been modified by 

other sensitization approaches based on colloidal QDs. 
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 Indirectly, by considering the electrochemical active areas (and the ability of 

the different structures for light scattering), it has been suggested that ordered 

morphologies give better results than random nanoparticulate films. This can 

be attributed to the direct pathway for electron transport/collection provided 

by the NWs. 

 Considering direct and linker-mediated adsorption of presynthesized QDs for 

24 h, both the amount of light harvested and the efficiency of the electrodes in 

the presence of a hole scavenger depend on (i) the anchoring mode and (ii), in 

the case of linker-assisted adsorption, on the specific bifunctional molecule 

employed (Cys, cysteamine, MPA, TGA, or EDT). 

 Uneven QD loading across the ZnO layer and/or clogging of the pores of the 

oxide matrix, have been identified as possible causes for the discrepancy 

between light absorption and performance. In this sense, despite the large 

blockage of the nanoporous oxide layer observed for the electrode modified 

by direct adsorption for 24 h, its efficiency is reasonable in comparison with 

linker-assisted photoanodes, which points to the high potential of this mode of 

attachment. 

 Finally, comparing sensitization techniques based on the adsorption of 

colloidal QDs (for 24 h) and SILAR, the latter method allows achieving 

electrodes with higher QD loadings and IPCEs. For a similar QD coverage, 

the efficiency obtained with the in situ growth method doubles that using 

TGA as a molecular cable, partly because the SILAR electrode absorbs in a 

wider range of the solar spectrum. Nevertheless, the good results obtained 

with the SILAR-sensitized electrodes (in the presence of a hole scavenger) 

cannot be directly extrapolated to closed cells with a regenerative redox pair 

or an HTM. In this context, the fact that the surface of the colloidal QDs is 

passivated should be an advantage, since the recombination processes via 

surface/interfacial states will be reduced. 
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5.1 Introduction 

During the last few years quantum dot sensitized solar cells (QDSSCs) have drawn a 

lot of attention due to the potential advantages of using semiconductor quantum dots 

as light harvesters.
1,2

 Among their promising properties, the possibility of both 

modulating the band gap through size control and taking advantage of the energy 

contained in hot electrons,
3,4

 should be mentioned. In addition, these materials exhibit 

large extinction coefficients.
5
 All these properties derive from the particular electronic 

structure brought about by size quantization (see section 1.3). 

Owing to concerns of solvent evaporation and leakage, as well as corrosion of the 

light absorbers, liquid-junction QDSSCs are evolving toward all solid-state designs 

where the liquid electrolyte is substituted by a solid hole transporting material (HTM). 

Organic p-type semiconductors are suitable candidates as HTM, both in polymeric and 

molecular forms.
6
 However, the use of molecular materials (with relatively small 

molecules) can facilitate, in principle, the difficult task of the HTM insertion into the 

porous oxide matrix typical of these solid configurations.
7-9

 Moreover, Tang and co-

workers have remarked specific advantages of conjugated oligomers compared to 

polymers: straightforward synthesis, well-defined chemical structure, good isotropic 

charge-transport, solution-processing ability, etc.
10

 

There are a number of studies dealing with solid-state quantum dot sensitized solar 

cells (ssQDSSC). In most cases, in situ growth techniques as successive ionic layer 

adsorption and reaction (SILAR) or chemical bath deposition (CBD) have been 

employed to sensitize the oxide semiconductor acting as an electron conductor.
11-14

 

However, the application of these sensitization procedures leads to a broad distribution 

of QD sizes and, probably, to a certain loss of quantization, which would preclude 

some of the advantages mentioned above. Particularly, when the CBD procedure is 
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carried out, a massive deposition of the sensitizer may take place, leading to a 

configuration close to that of an extremely thin absorber (ETA) cell. There is, 

however, little work done on ssQDSSCs prepared from colloids, although the 

corresponding solar cells should benefit from both the stability of solid-state devices 

and the possibility of taking advantage of quantization.
15-21

 Nevertheless, these cells, 

apart from poor fill factor values associated with solid-state designs, suffer from short 

circuit photocurrents (and thus power conversion efficiencies) lower than those 

obtained for cells sensitized by in situ growth techniques. In this sense, the work of 

Kim et al. should be underlined.
22

 The authors reported on a solid-state cell using co-

capped PbS colloidal QDs and P3HT as an HTM. The device showed a significant 

short circuit current (11 mA·cm
-2

) leading to an impressive conversion efficiency of 

3.3%. It should be noted that the second higher efficiency attained for this kind of cell 

reached a 0.5% PCE.
19

 However, in the device proposed by Kim et al. multiple layers 

of the sensitizer were stacked on the TiO2 electron transporting phase by repeatedly 

spin coating a solution of EDT, and subsequently spin coating a colloidal dispersion of 

PbS QDs. In such a way, the device configuration can be considered to be midway 

between a sensitized and a multijunction solar cell. 

To enable low-cost manufacturing, non sterile solution-based procedures for printing 

HTM thin films in solid-state designs would be highly desirable. Solution-processable 

regioregular poly(3,3’’-didodecyl quaterthiophenes) (pQT12) have shown good 

performance when casted in air, without further precautions, in thin film transistors.
23

 

The presence of unsubstituted thienylene moieties gives some rotational freedom to 

the QT12 both in their polymeric and oligomeric forms. This cuts the π-conjugation 

providing enough oxidative stability (the ionization potential of QT12 is around 0.4 

eV higher than that for regioregular P3HT).
24

 In addition, the QT12 is cheaper than 

other HTMs tested with success in QDSSCs, such as the spiro-OMeTAD. 

Herein, the performance of an ssQDSSC incorporating QT12 as a molecular HTM is 

tested. For this purpose FTO/TiO2/CdSe photoanodes covered by QT12 were 

sandwiched to polytriphenylamine/FTO counter electrodes. From a practical 
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viewpoint, the major relevance of this study lies in the fact that the whole device is 

fully processed under ambient conditions. The effect of thermal annealing after HTM 

deposition, as well as different modes of QD attachment are explored. Finally, the key 

role of using buffer layers in both electrodes is unveiled. 

5.2 Experimental section 

Next, the main steps followed for the preparation of the solid-state devices will be 

reviewed. Further details can be found in Chapter 2. Briefly: 

1) Nanoporous TiO2 electrodes were fabricated by doctor blading an aqueous 

suspension of commercial TiO2 P25 nanoparticles on a compact TiO2 

blocking/buffer layer (BL) previously deposited on FTO. The nanoporous 

TiO2 films (3 µm), once sintered at 450ºC, were sensitized with CdSe QDs 

either grown in situ by SILAR or using presynthetized QDs capped with 

trioctylphosphine (TOP). The SILAR method was carried following the 

procedure described in sections 2.2.5 and 3.2, but with a selenosulfate solution 

of pH 8.
25

 In the same way, colloidal CdSe QDs were adsorbed on the oxide 

semiconductor surface either directly or by means of bifuctional linkers such 

as cysteine (Cys) or 3-mercaptopropionic acid (MPA). For the direct QD 

adsorption, the CdSe colloids were dispersed in CH2Cl2.
26

 

2) The sensitized samples were dipped into an ethanolic 0.1 M tetraethyl 

orthosilicate solution and heated in air at 60 °C to grow a thin layer of SiO2. 

Such a SiO2 coating have been reported to act as an efficient blocking layer 

toward recombination, enhancing the performance of TiO2-based QDSSCs.
27

 

3) For QT12 deposition, the samples were first immersed in a diluted toluene 

solution of the HTM with 4-tert-butylpyridine (4-tBP) for several hours and 
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afterward, a concentrated solution of QT12 in toluene was spin-coated on the 

surface. The FTO/TiO2 BL/TiO2/CdSe/SiO2/QT12 samples were then 

subjected to a thermal treatment. 

4) A solution of 0.2 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) 

and 0.2 M 4-tBP in the ionic liquid 1-ethyl-3-methylimidazolium 

bis(trisfluoromethylsulfonyl)imide (EMimTFSI) was drop-casted on the 

samples. 

5) Finally, the QDSSCs were assembled by clamping the as-prepared 

photoanodes (including the HTM) with the counter electrode. Previously, the 

ionic liquid was wipped off using soft laboratory paper. The CE was a highly 

doped polytriphenylamine (pTPA) layer deposited on FTO. For that, a TPA 

thin film was previously deposited on the conducting glass substrates by spin-

coating and then electropolymerized in the solid state using a 0.5 M LiClO4 

aqueous solution as a working electrolyte. 

5.3 Results and discussion 

5.3.1 Device architecture 

The solid-state cell explored in this chapter possesses the following structure: 

FTO/TiO2 BL/TiO2/CdSe/SiO2/QT12/pTPA BL/FTO 

The electron conducting phase is constituted by a mesoporous TiO2 film deposited on 

an FTO with a compact layer of TiO2 acting as a blocking layer. On the other hand, a 

QT12 (Figure 5.1) layer deposited on top of the CdSe-sensitized TiO2 mesoporous 

matrix and a conducting glass substrate with a buffer layer of electrosynthesized pTPA 
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form the hole conducting phase. While the combination of CdSe QDs with TiO2 is 

classical, the elements of the internal hole pathway are novel. In the following, the 

rationale for this aspect of the cell architecture is discussed. 

 

Figure 5.1 Structure of the 3,3’’-didodecyl quaterthiophene (QT12) molecule employed as an 

HTM. 

Figure 5.2 shows the voltammetric response in the dark for a QT12 layer in a 0.5 M 

NaClO4 aqueous solution. The oxidation onset potential for the QT12 provides an 

approximate value for its HOMO energy level (0.83 V vs. Ag/AgCl), which, in the 

electron potential energy, scales to -5.47 eV. The dark voltammetric curve for pTPA is 

also represented in the figure. As observed, the oxidation onset for this polymer is 

around 0.1 V less positive than in the case of QT12 (0.73 V vs. Ag/AgCl) and, 

therefore, its valence band would be located at -5.37 eV. 
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Figure 5.2 Dark cyclic voltammograms in an N2-purged 0.5 M NaClO4 aqueous solution of 

both QT12 and pTPA layers supported on FTO conducting glass. Scan rate: 20 mV·s-1. 

The UV-vis spectrum for QT12 (Figure 5.3) allows us to estimate its HOMO-LUMO 

difference as 2.76 eV, which indicates that this molecule can be excited by solar light. 

Its photoexcitation could also contribute to the photocurrent generation with electron 

injection into the TiO2 mesoporous layer either directly or through the CdSe QD layer. 

Likewise, the spectroscopic band at 380 nm reported by Lana-Villarreal and co-

workers for pTPA corresponds to a band gap of 3.26 eV.
28
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Figure 5.3 Absorbance spectrum for a layer of QT12 spin-coated on a conducting glass 

substrate. 

On the other hand, the conduction band of TiO2 (at the isoelectric point) has been 

located at -4.2 eV.
29

 Kamat et al. reported an energy difference between the 

conduction band edges of TiO2 and MPA-capped CdSe QDs of approximately -0.55 

eV for CdSe particles with an excitonic peak at 570 nm (similar to those used in this 

chapter, see Figure 5.5 A).
30

 By considering these data and the band gap energy of the 

light harvesters (2.18 eV), the conduction and valence band edges of the CdSe QDs 

can be estimated to be at -3.65 and -5.83 eV, respectively. 

All these pieces of information allow us to depict the approximate energy band 

diagram of the QDSSC presented in this chapter (Figure 5.4). It is important to take 

into account that the formation of interfaces leads to changes in the position of the 

energy levels of the involved materials as a consequence of charge and dipole 

redistribution. Admittedly, the values in Figure 5.4 are not highly accurate since they 

do not consider such a shift, but they should serve to rationalize the design of the cell 

in a semiquantitative way. 



Chapter 5 

222 

 

Figure 5.4 Sketch describing the energy levels for the different materials constituting the 

FTO/TiO2/CdSe/QT12/pTPA/FTO photovoltaic device. 

It is apparent, from the position of the energy levels for the different materials (in a 

staircase arrangement), that the vectorial transport of electrons and holes in opposite 

directions is favored. Although the difference between the HOMO levels of QT12 and 

pTPA is only of 0.1 eV, the transfer of holes from QT12 to pTPA should be favored 

by electron delocalization in the polymer. Importantly, the maximum open circuit 

voltage of such a device would be as high as 1.17 V, which evidences its potential of 

application if significant values of short circuit photocurrent and fill factor can be 

achieved. 

It is noteworthy that the selectivity of the contacts is crucial in this type of devices. In 

this sense, the employment of buffer layers is routinary in the design of organic solar 

cells.
31

 The usage of a TiO2 blocking layer (in the anode) prevents an eventual transfer 

of electrons from the conducting glass to the hole transporting material. In this way, 
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electrons would be equilibrated between the TiO2 and the FTO layer of the conducting 

glass (the quasi-Fermi level of electrons in the TiO2 under illumination would be equal 

to the Fermi level of electrons in the FTO). The same ideas underlie the use of a pTPA 

layer on the FTO hole collecting electrode. As observed in the diagram of Figure 5.4, 

the eventual passage of photogenerated electrons to the FTO is avoided by the low 

electron affinity of pTPA. Furthermore, the transport of holes in the pTPA layer is 

favored. Lana-Villarreal et al. showed that a pTPA layer on conducting glass acts as a 

p-type semiconductor as demonstrated by the sign of the open circuit potential change 

caused by illumination with a Xe arc lamp.
28

 The fast and significant photopotential 

observed in that work would also indicate an efficient electronic communication 

between the FTO and the pTPA, as well as the poor characteristics of the polymer as 

electron transporting material. Thus, equilibration of the quasi-Fermi level for the 

holes in the pTPA and the Fermi level of the FTO is also possible. 

5.3.2 Photoluminiscence spectra 

The theoretically expected hole transfer from the CdSe nanoparticles to QT12 was 

effectively demonstrated by photoluminiscence measurements. Figure 5.5 shows the 

absorption and emission spectra of ZrO2 thin films modified with directly adsorbed 

colloidal CdSe QDs and QT12. For the sake of comparison, the absorption and 

emission spectra for the QD colloidal dispersion (capping agent: trioctylphosphine, 

TOP) employed here are also given (Figure 5.5A). The excitation wavelength (500 

nm) was chosen in order to selectively photoexcite the QDs and not the QT12 (Figure 

5.5B). As observed in Figure 5.5C, the adsorption of CdSe QDs on the nanoparticulate 

ZrO2 film does not trigger quenching of its emission due to the fact that the CdSe QDs 

are not able to inject photogenerated electrons into this oxide and radiative 

recombination is predominant. However, upon the introduction of QT12 into the film, 

a drastic quenching of the emission occurs (the fluorescence intensity is reduced by a 
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factor of 5-6), indicating that the holes are efficiently transferred to the organic HTM. 

It is worth noting that Zaban and co-workers reported electron injection from CdSe 

QDs into ZrO2.
32

 They assumed that in the presence of certain potential determining 

ions, the QD energy levels could shift upward with respect to those of ZrO2, making 

possible the electron injection into the oxide. The proposed mechanism would require 

an electrochemical environment or, at least, the presence of potential determining ions, 

which is not the case for the photoluminescence experiments in air presented here. 
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Figure 5.5 (A) UV-vis absorption and emission (excitation wavelength: 500 nm) spectra for a 

dispersion of CdSe QDs in CH2Cl2. (B) Absorption spectra for a ZrO2 thin film supported on 

conducting glass modified or not with directly adsorbed TOP-capped CdSe QDs and with a 

spin-coated QT12 layer. (C) Emission spectra (excitation wavelength: 500 nm) for a ZrO2 thin 

film supported on conducting glass modified with directly adsorbed TOP-capped CdSe QDs 

and with/without a spin-coated QT12 layer. 
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The relatively small size of the QT12 molecules together with their dodecyl chains 

presumably allows for their effective blend with the TOP capping agent molecules 

(through their octyl chains) surrounding the QDs. This would allow the organic 

molecules to approach the surface of the QDs with the chain of thiophene rings in a 

perpendicular orientation, which should be favorable to facilitate hole injection and 

hinder subsequent recombination. In this context, it is remarkable that Milliron et al. 

observed a similar quenching in the emission band of TOPO-capped CdSe QDs when 

using pentathiophene molecules containing phosphonic acid groups in a molar 

concentration at least 50 times that of the QDs.
33

 In this case, the high affinity of the 

phosphonic acid group for the CdSe surface was supposed to facilitate the 

displacement of the TOPO capping molecules by the oligothiophene. Similarly, 

substantial photoluminescence quenching has been reported in layer-by-layer thin 

films constituted by hexadecylamine-capped CdSe nanoparticles and sexithiophene 

molecules containing carboxylate groups.
34

 In contrast, the photoluminescence 

quenching observed in Figure 5.5C did not require the presence of a particular 

anchoring group in the quaterthiophene molecules. The displacement of TOP capping 

molecules by the QT12 molecules seems to be unlikely in this case, which points to an 

adequate self-assembly of QT12 and TOP through hydrophobic intermolecular 

interactions among the alkyl chains of these species. 

5.3.3 Thermal annealing after QT12 deposition 

With the aim of both facilitating the blend of QT12 with the oxide matrix and 

inducing a better assembly of its π-stacks,
35

 the CdSe-modified electrodes were 

thermally annealed after the HTM deposition. In this section the optimal conditions 

for this treatment are explored in a closed cell and using CdSe QDs directly grown on 

the TiO2. Figure 5.6 shows the effect of heating the FTO/TiO2 

BL/TiO2/CdSe/SiO2/QT12 assemblies at different temperatures for 10-20 minutes in 
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air. As evidenced, all the characteristic parameters of the cell improved after the 

thermal treatment, being the short circuit current particularly sensitive, with an 

increment of 65%. The best cell performance was obtained after annealing at 80 ºC. 

Longer treatments (up to 2 h) did not trigger any additional improvement. Therefore, 

the cells were annealed at 80 °C for 10-20 min. 

 

Figure 5.6 Effect on the solar cell performance of annealing the FTO/TiO2 

BL/TiO2/CdSe/SiO2/QT12 photoanodes at different temperatures for 10-20 min. The CdSe 

QDs were grown in situ at the oxide surface by 15 SILAR cycles. All the curves were obtained 

at 20 mV·s
-1

 and under 1 sun illumination. 

In this context, several groups have reported an enhancement in the performance of 

bulk heterojunction solar cells based on P3HT and other polymers upon annealing at 

moderate temperatures.
12,36

 Vanlaeke et al. correlated this improvement to an increase 

in the ordering and crystallinity of the P3HT solid phase.
37

 In this case, one should 

bear in mind that the melting point of QT12 is slightly lower than 60 °C. Annealing at 
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80 °C should provoke the melting of the organic material, which would increase in a 

drastic way its mobility, facilitating its penetration throughout the nanoporous 

structure. In addition, this should induce a better assembly of the QT12 oligomers into 

ordered domains. In such a way, an increase in the photocurrent obtained is expected, 

since both the extraction of the holes from the QDs and their subsequent transport 

through the HTM are favored. 

5.3.4 Different modes of QD attachment 

Figure 5.7 presents the j-V curves recorded under 1 sun (AM 1.5 G) illumination for 

ssQDSSCs in which the attachment of the QDs has been done in different ways. Both 

in situ grown and colloidal QDs have been employed as sensitizers. In the case of 

colloidal QDs, their anchoring to the TiO2 matrix was done either by direct adsorption 

or by the use of linker molecules such as MPA or Cys. As evidenced, in all cases the 

efficiency is maximum at an optimum QD loading (corresponding to 100-R% values 

at 550 nm for the sensitized photoanode ranging between 80 and 90% depending on 

the way of attachment). Beyond the optimum value, a significant decrease in 

efficiency is observed. The fact that systematic trends are observed in the four series 

of experiments employing different QD anchoring modes indicates that the degree of 

reproducibility of our measurements is relatively high. In any case, better 

performances are obtained when using colloidal dispersions of QDs, the direct 

adsorption methodology yielding the best results. The j-V curves corresponding to the 

best response for each sensitization method are depicted in Figure 5.8 and the 

corresponding parameters are tabulated in Table 5.1. 
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Figure 5.7 Current density-voltage curves and conversion efficiency vs. 100-reflectance % at 

550 nm (for the corresponding photoanodes) plots for ssQDSSCs with different QD loadings 

deposited by SILAR (a and b) and direct (c and d) or linker-assisted adsorption 

(mercaptopropionic acid, e and f; and cysteine, g and h) of colloidal QDs. The cells were 

illuminated with simulated solar radiation of 100 mW·cm
-2

 (AM 1.5G). The insets in b, d, f and 

h present UV-vis diffuse reflectance spectra for the corresponding FTO/BL 

TiO2/TiO2/CdSe/SiO2 photoanodes. 
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Figure 5.8 Effect of the mode of attachment of the CdSe QDs on the cell performance. The 

inset presents the UV-vis diffuse reflectance spectra obtained for each photoanode transformed 

according with the Kubelka-Munk function. The results correspond to the optimized solar cells 

shown in Figure 5.7. 

Table 5.1 Parameters corresponding to the j-V curves plotted in Figure 5.8. 

QD attachment 
scj  / μA·cm

-2
 OCV  / V FF (%)  (%) 

SILAR 325 0.95 0.34 0.11 

Direct Adsorption 917 0.98 0.38 0.34 

MPA-mediated 493 0.99 0.43 0.21 

Cys-mediated 682 0.95 0.35 0.23 

 

It is remarkable that the open circuit potentials of the devices giving the best response 

attain values ranging from 0.95 to 0.99 V. In fact, if one considers all the devices 

whose j-V curves are given in Figure 5.7, the OCV  varies between 0.9 and 1.0 V. 

These values are relatively high and demonstrate an adequate energy band alignment 

of the components of the cells. Taking into account that the maximum theoretical open 

circuit voltage on the basis of the data summarized in Figure 5.4 is 1.17 V, these 
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results suggest that there is, in fact, equilibration of the quasi-Fermi levels for 

electrons and holes in the device with the Fermi level of the corresponding FTO 

collector electrodes. 

The limited cell efficiency comes from the low values obtained for both photocurrent 

and fill factor. The fill factor values do not depend strongly on the attachment mode. 

The poor results obtained for this parameter will be analyzed in the following section. 

However, large differences are observed in the short circuit photocurrent. These 

differences are not directly connected with different degrees of light harvesting in the 

cell. It is apparent that the cells prepared by the SILAR method show a photocurrent 

much lower than that of the cells prepared from the colloidal QDs, in spite of the fact 

that light harvesting is much more efficient (see inset of Figure 5.8). This result seems 

to be at odds with previous reports of ssQDSSCs in which in situ growth techniques 

(SILAR or CBD) are systematically employed. The reason for this could be linked to 

the intrinsic limitations of the relatively thick SILAR deposits, in which the relatively 

large average distance between the sensitizer and the electron conducting phase, 

together with the existence of multiple surface and interfacial traps, enhances internal 

recombination of charge carriers. This would be particularly critical if hole extraction 

is not efficient as a consequence, for instance, of insufficient QT12 penetration. 

Otherwise, the better performance of the cells based on colloidal QDs could be linked 

to the hydrophobicity that the TOP capping agent imparts to the colloidal QDs. As 

mentioned above, one should expect an advantageous interaction between the long 

alkylic chains in both the capping and the QT12 molecules, which would help anchor 

the two components in spite of the fact that the HTM does not contain any head group 

with high affinity for the CdSe surface. It should be noted here that, although between 

the sensitized photoanode and the HTM there is SiO2, this layer should not be 

conformal, leading some parts of the photoanode not covered. In addition, when 

colloidal QDs are employed, the SiO2 should preferentially deposit on the surface of 

the TiO2 (due to its inorganic nature) than on the surface of the QDs surrounded by 

organic molecules. 
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The fact that direct adsorption is more effective than the linker-assisted attachment 

may be simply related to the fact that the optimum corresponds to a higher QD 

loading. In any case, studies of ultrafast carrier dynamics comparing these anchoring 

modes for liquid-electrolyte QDSSCs based on TiO2/CdSe thin films have 

demonstrated that the direct adsorption of colloidal QDs gives higher electron 

injection rates, probably due to the smaller electron donor-acceptor distance.
38

 

Furthermore, this enhanced electron injection was shown to correlate with the 

performance of the photoanode for liquid-electrolyte QDSSCs. As observed in Figure 

5.8, similar results were obtained when using MPA or Cys as a linker. However, the 

cells employing cysteine show a behavior slightly better in terms of photocurrent, 

although the optimum sensitizer loading is smaller than when MPA is used. Therefore, 

as in the case of the ZnO/CdSe electrodes studied in Chapter 4, the behavior of the 

photoanodes depends not only on the QD coverage, but also on the linker nature. 

In a general vein, the results presented in this section demonstrate that direct 

adsorption of QD colloids still has the potential for application in both liquid and 

solid-state QDSSCs, particularly if suitable ways to ensure a high coverage of the 

oxide matrix are found. From a fundamental point of view, similar tendencies are 

observed for photoanodes in liquid and solid environments as long as recombination is 

not largely enhanced, as would be the case for the SILAR deposit in the ssQDSSC. 

5.3.5 Anode and cathode buffer layers 

As noted above, the solar cells studied here employ anode and cathode buffer layers 

whose major role lies in preventing the transfer of holes and electrons, respectively, to 

the conducting glass. In this section, the importance of using these layers (particularly 

the pTPA film electrodeposited in the cathode), as well as their need to be optimized is 

addressed. 
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Figure 5.9 represents a typical I-V curve in the dark for an FTO/TiO2 

BL/TiO2/CdSe/SiO2/QT12/pTPA BL/FTO cell regardless of the way of QD 

attachment. As observed, important dark currents are shown under reverse bias 

(leakage currents). These shunt currents likely result from the existence of pinholes in 

the buffer layer at the photoanode that allow for the direct transfer of electrons from 

the FTO layer to the QT12. The currents are clearly non-ohmic, which indicates that 

they are linked to an electrochemical reaction like the partial dedoping of pTPA at the 

counter electrode, which will be analyzed below. In an indirect way, this demonstrates 

the effective penetration of the QT12 molecules through the oxide nanoporous layer, 

since they end up being in close contact with the FTO layer. The existence of these 

undesired currents is also responsible for the poor fill factor values obtained. 

Therefore, improving the compactness of the blocking layer at the photoanode should 

help suppress these shunt currents increasing, consequently, the fill factor of the cells. 

In fact, by simply replacing the anode blocking layer (composed of two spin-coated 

TiO2 layers) by a more compact one of TiO2 rutile nanowires of ~2 nm in diameter 

prepared by chemical bath deposition for 6 h,
39

 the FF increased by a 15% (Figure 

5.10). 

 

Figure 5.9 Typical dark I-V curve for an FTO/TiO2 BL/TiO2/CdSe/SiO2/QT12/pTPA BL/FTO 

solar cell regardless of the mode of attachment of the light harvesters to the TiO2. 
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Figure 5.10 Effect of substituting the anode blocking layer (two spin-coated TiO2 layers, solid 

line) by a new one with increased compactness (TiO2 rutile nanowires of 2 nm in diameter 

deposited by chemical bath deposition, dashed line). 

In the case of the pTPA film, its employment as a cathode blocking layer is crucial for 

the good performance of the ssQDSSC as shown in Figure 5.11. However, the pTPA 

is dedoped during illumination (as evidenced from the observed color change of the 

electrode, not shown) and, consequently, the cell efficiency significantly drops even 

from the first to the second j-V curve measurement (Figure 5.12). Accordingly, new 

and freshly prepared counter electrodes were employed for every single measurement 

reported in this chapter. It is worth noting that the drop in the cell response can be 

ascribed to the counter electrode since, when it was replaced by a new one, the cell 

performance was recovered. Therefore, to prevent degradation in the device 

performance, it is important to find ways to make more stable buffer layers for the 

hole-collector electrode. 
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Figure 5.11 Effect of using a cathode buffer layer of electrodeposited pTPA. 

 

Figure 5.12 j-V curves for the best performing photovoltaic cell corresponding to the first 

(solid line) and the second (dashed line) measurement under 1 sun illumination using the same 

FTO/pTPA counter electrode. 
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5.4 Conclusions 

Along these lines, the great potentialities of using a low-cost and air-compatible 

dialkylquaterthiophene as a molecular HTM in all solid-state QDSSCs have been 

unveiled. At the same time, the influence of several factors affecting the final response 

of the devices has been investigated. 

 The annealing temperature of the QT12 has been shown to influence the 

assembly and organization of the HTM, affecting, therefore, the final 

performance of the device. 

 For the four modes of QD attachment tested (SILAR, direct adsorption, and 

linker mediated adsorption through Cys and MPA), the efficiency of the cells 

was maximum at an optimum QD loading corresponding to 100-R% (for the 

photoanode) between 80 and 90%. Higher QD loadings give rise to a sharply 

drop in the response of all the devices, which highlights the importance of 

optimizing the sensitizer coverage in QDSSCs. 

 Colloidal QDs give rise to cells with output parameters superior to those 

resulting from SILAR deposits. Furthermore, anchoring the light harvesters by 

means of molecular linkers gives lower efficiencies than direct QD adsorption, 

which agrees with previous works with liquid-electrolyte QDSSCs.
26,38

 

 PCEs as high as 0.34% has been obtained for these devices fully processed in 

air. In general, low photocurrents and FFs but remarkable open circuit 

voltages (close to 1V) have been attained in all cases, which indicates an 

appropriate band engineering of the cell and gives room for future significant 

improvement. 

 In this sense, the optimization of the anode and cathode buffer layers is 

expected to be of great importance. On the one hand, increasing the 

compactness of the buffer layer at the photoanode should help reduce the 
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undesired leakage currents observed, enhancing the fill factor attained by the 

cells. On the other hand, more stable buffer layers at the hole-collector 

electrode will prevent its degradation. 

 In the same way, it is expected that much better results could be found by 

changing some of the elements of the cell, particularly the different interfaces. 

Thus, changing the morphology of the TiO2 matrix by employing one-

dimensional nano-objects (nanotubes, nanowires, etc.), changing the oxide 

particle size, and/or introducing a dispersive layer, could help both increase 

light harvesting and fill the pores with QT12. Conditioning the interface 

between the QDs and the QT12 by including surface dipoles or functional 

groups in the organic molecule with high affinity for the sensitizer surface, as 

well as optimizing the length of the alkyl chains of the QT12, may also lead to 

an improvement in the rate of hole transfer to the HTM.
2
 Im et al. reported 

that engineering the interface between the inorganic sensitizer and the HTM as 

to ensure an intimate contact between them is a key factor in the fabrication of 

high-efficiency semiconductor-sensitized solar cells.
14

 Moreover, employing 

other linear or 3D oligothiophenes (eventually including functional groups 

strongly anchored to the QDs), and/or inducing in situ solid-state 

polymerization of the QT12, and/or using other ionic liquids, could be 

alternative ways to enhance hole mobility in the HTM. 

 In a more general vein, this chapter highlights the large number of factors that 

influence the final response of a QDSSC under working conditions. 
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6.1 Introduction 

Since the advent of dye-sensitized solar cells in 1991,
1
 many studies dealing with the 

efficiency enhancement of these photovoltaic devices have appeared. In most cases, 

this research activity has been focused on the improvement of a photoactive anode, 

which is based on an n-type semiconductor. At the end of the 90s, the possibility of 

using p-type semiconductor photocathodes in DSSCs was first reported.
2
 Ever since, a 

number of relevant works have been published, proving the feasibility of this 

configuration.
3-9

 p-DSSCs operate in an inverse mode to their n-type counterparts (see 

Figure 1.19 for p-QDSSCs): upon light absorption and electron excitation, charge 

separation occurs by hole injection from the excited sensitizer into the VB of the wide 

band gap semiconductor. Subsequently, the dye is regenerated to its ground state by 

electron transfer to the oxidized species in the electrolyte. 

The main interest of these p-type semiconductor photocathodes lies in the fact that 

they can be combined with photoactive anodes in a tandem configuration (see Figure 

1.20 for tandem QDSSCs). In theory, the maximum photoconversion efficiency 

attainable increases from 31% for a photovoltaic device using a single junction to 42% 

when two semiconductors are employed.
10

 There are some studies dealing with 

tandem DSSCs mounted in series.
5,11,-13

 However, the efficiencies of such devices are 

substantially lower than those of typical DSSCs. In a series connection of a 

photoanode and a photocathode, the overall photopotential of the cell is given by the 

sum of the photopotentials of the component subcells (one formed by the photoanode 

and the other by the photocathode). However, the photocurrent is generally restricted 

by the least efficient subcell. It should be noted that the latter is not always the case 

when the fill factors of the component subcells are very different. Until now, the 

photocurrents achieved by photoactive cathodes are lower than those of common 
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photoanodes. This has been considered as the main reason for the poor performance of 

tandem solar cells. 

The p-type semiconductor most widely explored as a hole conductor in p-DSSCs (and 

in general in p-SSCs) is nickel oxide (see section 1.6.1). This is related to the paucity 

of stable low cost p-type metal oxides and to the use of NiO in a variety of 

applications, particularly as an electrochromic material for smart windows.
14

 Thus, 

this p-type oxide has been extensively studied and a great amount of information 

about the preparation of thin film (nanostructured) electrodes can be found in the 

literature.
15-20,3

 

The substitution of dyes by alternative light absorbers such as quantum dots appears as 

a promising strategy to improve the response of p-type photocathodes. As already 

mentioned, among their outstanding properties, they show higher extinction 

coefficients, which can be very advantageous bearing in mind the reported difficulty 

to prepare thick NiO films as compared with TiO2.
21

 However, up to date very few 

works have explored the feasibility of using QDs as sensitizers for p-SSCs (see section 

1.6).
22-25

 In all of them, the light harvesters were grown on the NiO surface by in situ 

growth techniques (SILAR, CBD, and electrodeposition). 

It should be considered that the use of QDs instead of dyes imposes some changes in 

the photocathode-based solar cells. For example, a redox couple different from the 

mostly used iodine/iodide is necessary, since most QDs are unstable in the presence of 

this redox couple.
26,27

 In addition, this redox shuttle has a potential close to that of the 

NiO VB edge, which limits to a great extent the theoretical open circuit voltage (Voc 

max) attainable by the cell (see Figure 1.19). In this respect, cobalt-based redox 

shuttles have been proposed as suitable alternatives for p-type solar cells based on 

NiO.
8,28,29

 As a drawback, mass transport limitations are usually associated with these 

electrolytes.
30,31

 

In this chapter, NiO photocathodes sensitized with directly attached presynthetized 

CdSe QDs are studied. Photoluminiscence and photoelectrochemical measurements 
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are carried out to prove the efficient QD sensitization of relatively thick NiO 

nanostructured films. In line with the results presented in previous chapters, other 

ways to prepare and anchor the sensitizer are compared. Electrochemical impedance 

spectroscopy is employed to analyze the limiting processes in the system under study. 

Likewise, the use of blocking layers between the metal oxide and the light harvesters 

to prevent recombination is also explored. Finally, a number of possible routes to 

improve the performance of these photoactive electrodes are pointed out, highlighting 

their potential use in tandem solar cells. 

6.2 Experimental Section 

As in previous chapters, in this section some experimental details will be briefly 

reviewed. An accurate description of the employed preparation protocols and 

experimental techniques can be found in Chapter 2. 

Nanoporous NiO films on conducting glass substrates were prepared as described in 

section 2.2.1 and then sintered at 400ºC for 30 min. In this case, the water content of 

the slurry employed for doctor blading the metal oxide on the FTO substrates was 

varied in order to obtain NiO film thicknesses from 50 nm to 10 µm. 

The metal oxide films were sensitized using presynthesized TOP-capped CdSe QDs or 

growing in situ the QDs by SILAR. The colloidal QDs were prepared following the 

solvothermal route described in section 2.2.4.
32

 These light harvesters were adsorbed 

on the NiO surface directly or by means of a bifunctional linker. For direct adsorption, 

the oxide films were immersed in the colloidal dispersion of the QDs in CH2Cl2 for 

times ranging from 1 to 24 h. In the case of linker-assisted adsorption, the molecular 

wires: L-Cysteine (Cys), 3-Mercaptopropionic acid (MPA) or 11-Mercaptoundecanoic 

acid (MUA), were initially adsorbed on the oxide surface by immersion of the NiO 

films in their respective organic solutions for one day. Afterward, the electrodes were 
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thoroughly washed and soaked in the colloidal dispersion of QDs in toluene for 24 h 

(1 h when the linker was MUA). SILAR-sensitization of the NiO electrodes was 

carried out following the route described by Lee et al.
33

 (section 2.2.5). In some cases, 

blocking layers of Al2O3 or SiO2 were grown on the NiO films prior to their 

modification with CdSe QDs (see section 2.2.6).
34,35

 

Electrochemical impedance measurements were carried out in two different 

configurations: a three-electrode cell and a sandwich-type cell. For the latter, the 

working electrode was clamped together with a platinum counter electrode using two 

binder clips. The electrolyte, 0.005 M [Co(dtb-bpd)3](ClO4)2 and 0.005 M [Co(dtb-

bpd)3](ClO4)3 + 0.1 M LiClO4 in propylene carbonate, was drop casted on the working 

electrode before assembling the cell. The measurements were undertaken illuminating 

from the NiO side at 1 sun and at open circuit, and also in the dark by applying the 

same bias observed under illumination. The frequency range was established between 

1 mHz and 100 kHz with an ac amplitude of 10 mV. For the three-electrode cell, the 

experiments were performed in the dark at 0 V (vs. Ag/AgCl/KCl(sat)) in the same 

frequency range. 

6.3 Results and discussion 

6.3.1 Sensitization of NiO nanoporous films 

Figure 6.1A shows the emission and absorption spectra of the colloidal dispersion of 

CdSe QDs employed to sensitize the NiO films. A well-defined absorption peak at 588 

nm is observed, corresponding to a QD diameter around 4.1 nm.
36

 The corresponding 

photoluminescence spectrum, as expected (see section 1.3.1), shows a peak at higher 

wavelengths (around 606 nm). In Figure 6.1B, the emission spectra of NiO 

nanostructured films sensitized by either direct adsorption for 1 to 12 h or linker-
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mediated adsorption for 1 h using MUA molecules are presented, along with that of a 

bare NiO electrode. When the sensitizer is anchored by means of the MUA linker, an 

intense emission signal is observed. This suggests that the long length of this 

bifunctional molecule favors radiative recombination of photogenerated electron-hole 

pairs over hole injection into the oxide. In contrast, there is a severe 

photoluminescence quenching for NiO films sensitized by QDs directly deposited on 

the oxide surface (the fluorescence intensity is reduced by a factor of ~ 7), indicating 

that holes are effectively transferred to NiO nanoparticles. In this regard, Wu and 

Yeow
37

 have shown similar results using CdSe-ZnS core-shell QDs and NiO 

nanoparticles. These authors also concluded that hole injection takes place upon light 

excitation, diminishing radiative recombination. Furthermore, as the amount of 

directly adsorbed QDs grows (by increasing the adsorption time), the 

photoluminescence also increases (inset in Figure 6.1B). This is probably related to a 

hindered hole injection from QDs not in direct contact with the oxide.
38
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Figure 6.1 (A) UV-vis absorption and emission spectra for the colloidal dispersion of CdSe 

QDs in toluene used to sensitize the NiO films. (B) Emission spectra for NiO films (~ 7 µm-

thick) supported on conducting glass and sensitized with CdSe QDs by either direct adsorption 

for 1 to 12 h or via MUA linker-mediated adsorption for 1 h. The excitation wavelength was 

450 nm. The inset shows a detail of the spectra corresponding to electrodes sensitized by direct 

adsorption. 

To corroborate that the significantly lower photoluminescence in the case of the NiO 

films sensitized by direct adsorption is not due to a lower amount of adsorbed QDs, 

the sensitizer surface coverage of the different electrodes shown in Figure 6.1 was 
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determined. For that, the ~ 7 µm-thick films were dissolved in an oxidant solution, 

containing nitric acid and hydrogen peroxide. The Cd content of the resulting solution 

was measured by means of inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) and then related to the amount of adsorbed QDs. Taking as an example the 

NiO film sensitized via MUA, the amount of cadmium after 1 h adsorption time was 

31 µg·cm
-2

 (NiO film geometric area =  1.78 cm
2
). Assuming a hexagonal packed 

monolayer of CdSe spherical nanoparticles 4.1 nm in diameter, the total surface area 

covered by the QDs would be equal to 36 cm
2
. Physical adsorption of gases was used 

to obtain the BET surface area (see section 2.7) and the pore volume of the NiO films, 

which were 60 m
2
·g

-1
 and ~ 0.16 cm

3
·g

-1
, respectively. Considering these values and 

the mass of the NiO film, it was possible to estimate the real surface area. Finally, the 

QD coverage was found to be equal to 2.61% by dividing the surface area covered by 

the CdSe by the real surface area of the semiconductor oxide. The surface coverage for 

the rest of the samples was calculated following the same procedure and the results 

obtained are summarized in Table 6.1. As observed, the QD coverage for the NiO film 

sensitized by means of the MUA linker is within the range of those obtained for direct 

adsorption using sensitization times from 1 to 6 h. Hence, the higher fluorescence 

intensity observed in the case of the NiO/MUA/CdSe electrode is not due to a larger 

amount of deposited QDs. In any case, the surface coverages in all cases are extremely 

low, ranging between 2-4%. The difficulty to attain high sensitizer loadings when QD 

colloids are employed has also been observed with n-type semiconductors.
39

 In this 

sense, it is noteworthy the remarkable sensitizer coverage (34%) obtained by Zang and 

co-workers
40

 for TiO2 electrodes modified with MPA-capped CdSe nanoparticles. 

  



Chapter 6 

250 

Table 6.1 QD coverage of NiO films sensitized with colloidal CdSe QDs by direct adsorption 

and via MUA linker. 

Sample QD surface coverage (%) 

MUA linker for 1 h 2.6 

Direct adsorption for 1 h 2.3 

Direct adsorption for 6 h 2.9 

Direct adsorption for 12 h 4.1 

 

6.3.2 Different sensitizer assembly modes 

In previous chapters, it has been shown that for n-type semiconductors such as TiO2 

and ZnO the performance of QD-sensitized photoanodes strongly depends on the 

mode of attachment of the light absorber to the metal oxide. Accordingly, different 

methods to sensitize NiO have also been compared: direct adsorption for 24 h, MPA- 

and Cys-assisted adsorption for 24 h, SILAR (5 cycles), and co-sensitization 

(combining direct adsorption for 24 h and 2 SILAR cycles). TEM images for the 

different electrodes are presented in Figure 6.2. In most cases, just a small fraction of 

the NiO surface is covered by CdSe QDs. Only for SILAR sensitization, high 

coverages have been attained. In fact, after 5 SILAR cycles a homogeneous CdSe 

layer seems to be formed on the NiO nanoparticles, while in the case of the co-

sensitized electrode a number of larger aggregates can be observed. Obviously, the 

QD size distribution is also wider for the SILAR method. 
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Figure 6.2 TEM images of NiO nanoparticles prior (a) and after being sensitized with CdSe 

QDs by: direct adsorption for 24 h (b), adsorption through MPA (c) and Cys (d) linkers for 24 

h, 5 SILAR cycles (e), and co-sensitization (f) combining direct adsorption for 24 h and 2 

SILAR cycles. For guiding the eye, a few CdSe QDs are marked with a red dotted circular line. 

In Figure 6.3, the photocurrent transients for the electrodes sensitized by different 

methods in contact with a Co
3+

 complex-based
 
electrolyte are compared. It should be 

taken into account that initially the reduced form of the redox couple is absent from 

the working solution (only a small amount of it is produced during illumination), 

which renders negligible the recombination with the electrolyte. The photocurrent 

varies from sample to sample with the amount of adsorbed QDs, which in turn, 

depends on the anchoring mode. In Table 6.2 the values of the maximum photocurrent 

(jph) and the QD coverage degree (θQD) attained in the different cases, together with 

those for the corrected photocurrent ((jph-jph
0
)/θQD, being jph

0
 the blank photocurrent 

delivered by an unsensitized NiO electrode), are presented. The ratio (jph-jph
0
)/θQD 

allows us to compare the relative performance of the different electrodes regardless 
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the sensitizer loading. From the values shown in the table, it is deduced that higher 

sensitizer loadings do not necessarily lead to higher photocurrents. This is particularly 

remarkable bearing in mind the very low coverage degree achieved in all cases. 

Paying attention to the (jph-jph
0
)/θQD ratio, it is observed that the electrode sensitized by 

direct adsorption is that giving the best response, followed far behind by that modified 

using Cys as a linker. In the case of electrodes sensitized by SILAR, the corrected 

photocurrent is reduced to half the value resulting from Cys-mediated adsorption. The 

superior performance of the modes of attachment using presynthesized colloidal QDs 

over SILAR was already observed in Chapter 5 when dealing with ssQDSSCs based 

on TiO2. In situ growth techniques such as SILAR are prone to the formation of QD 

multilayers and clusters with a large number of defects, which may retard hole 

injection and enhance recombination between holes in the oxide and electrons trapped 

at the QDs. The co-sensitized electrode shows a corrected photocurrent similar to that 

of the SILAR method, which can be related to the fact that the previous adsorption of 

colloidal QDs on the oxide surface triggers the subsequent massive deposition of the 

sensitizer when the SILAR method is applied. 

Comparing linker-mediated and direct adsorption, the higher corrected photocurrents 

obtained in the latter case can be explained in terms of a faster hole injection rate due 

to a smaller distance between hole donor and acceptor.
38,41

 Interestingly, the response 

of the electrode sensitized through the MPA linker is significantly lower than the rest. 

In Figure 6.4, the cyclic voltammograms in the dark for the NiO electrode prior and 

after being modified by CdSe QDs through MPA-mediated adsorption are shown. In 

this case, when the FTO is ramped in the positive direction (forward scan), Ni(II) is 

oxidized to Ni(III) and an anodic current is registered. Nickel oxidation entails the 

formation of holes in the oxide semiconductor, and therefore this zone can be referred 

to as a “hole accumulation region”. In the reverse scan, Ni(III) is reduced back to 

Ni(II) and a cathodic current is recorded. After sensitization with CdSe nanocrystals, 

the charge in the hole accumulation region is clearly reduced. This can be attributed to 

a diminution of the oxide interfacial active area due to a significant blockage of the 
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nanostructure by the QDs, which would explain the poor results obtained for the 

electrode modified through the MPA linker. 

 

Figure 6.3 Photocurrent transients measured at -0.1 V vs. Ag/AgCl under 260 mW·cm-2 of 

white light (Xe arc lamp with a cutoff filter,  > 370 nm) for NiO nanoporous films (~ 8.5 µm-

thick) before (dashed line) and after sensitization with CdSe QDs through different methods 

(solid lines). An N2-purged 0.005 M Co(dtb-bpd)3(ClO4)3 + 0.1 M LiClO4 propylene carbonate 

solution was used as a working electrolyte. 
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Table 6.2 Performance of the electrodes shown in Figure 6.3. 

Mode of attachment jph / µA·cm
-2

 θQD / % (jph-jph
0
)/θQD / µA·cm

-2
 

Direct Adsorption 107 0.8 114 

SILAR 72 1.3 42 

Co-sensitized 104 2.3 39 

Cys Linker 67 0.6 83 

MPA Linker 39 1.2 20 

 

 

Figure 6.4 Dark cyclic voltammograms for an NiO electrode before (solid line) and after 

(dashed line) being sensitized with colloidal CdSe QDs by MPA linker-mediated adsorption 

for 24 h. An N2-purged 0.005 M Co(dtb-bpd)3(ClO4)3 + 0.1 M LiClO4 propylene carbonate 

solution was used as an electrolyte. Scan rate: 50 mV·s
-1

. 
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It is important to point out that, for the attainment of significant photocurrents like 

those shown in Figure 6.3, it was necessary to work with relatively thick NiO films 

(about 8.5 µm). In general, the electrochromic and electrochemical properties of NiO 

films depend to a great extent on their thickness.
15

 An increase in film thickness 

results in an increment in the response obtained as a consequence of the higher active 

surface area and volume. However, the low hole diffusion coefficient of this metal 

oxide limits its maximum thickness when it is used as a hole transporting medium in 

p-DSSCs. In fact, the thickness of the NiO films typically used in that context is 

between 1 and 3 µm (substantially lower than that used for TiO2 films in n-DSSCs 

which is around 10 µm). Interestingly, in the case of the NiO nanoporous films studied 

here, an improvement on the electrode response was observed up to 10-µm thickness 

(results not shown). This is probably due to the low degree of QD coverage reached in 

these films. Note that substantial QD loadings were only achieved when thick oxide 

films were employed. 
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6.3.3 Incident Photon-to-Current Efficiency 

In Figure 6.5, the IPCE spectrum in a Co
3+

 complex-based electrolyte for an NiO 

electrode modified with CdSe QDs by direct adsorption can be found. Significant 

values are measured in a broad region of the solar spectrum, from 420 to 625 nm. As 

expected, the IPCE spectrum resembles the absorption spectrum of the colloidal 

dispersion of CdSe QDs in toluene (Figure 6.1A). However, there is a broadening of 

the IPCE maximum peak with respect to the excitonic peak of CdSe QDs in solution 

as a consequence of the more heterogeneous environment.
42

 Additionally, as 

mentioned in Chapter 4, subtle changes associated with a partial removal of the TOP 

molecules capping the QDs after their direct adsorption on the oxide surface cannot be 

discarded. No response was found for a bare NiO film at wavelengths higher than 420 

nm. Therefore, it can be concluded that the measured IPCEs are unequivocally a 

consequence of NiO sensitization with CdSe QDs. The IPCE reaches a maximum of 

17% at 420 nm. Kang et al.
23

 obtained an IPCE of 12% at 370 nm for NiO films 

sensitized with CdS QDs by SILAR using an aqueous electrolyte based on 

polysulfide. However, in that work, the IPCEs were substantially lower (less than 

0.1%) when a cobalt-based electrolyte was employed instead. It is worth noting that 

the NiO electrodes explored in this chapter were very unstable in the presence of 

aqueous electrolytes. Dalavi and co-workers
15

 also observed instability of the NiO 

films in contact with aqueous electrolytes. Moreover, the efficiency of the sensitized 

electrode shoots up below 420 nm, as a consequence of the excitation of the NiO 

(results not shown). 

By considering (i) the IPCE curve between 420 and 700 nm, (ii) the spectral irradiance 

of the Xe arc lamp employed for the photocurrent transient measurements shown in 

Figure 6.3, and (iii) the light absorbed by the electrolyte in the three-electrode cell, the 

theoretical maximum photocurrent attainable by the electrode being measured can be 

estimated to be around 2.4 mA·cm
-2

. Unfortunately, this value is much larger than that 

obtained experimentally (Figure 6.3), which can probably be attributed to mass 

transport limitations of the cobalt complex through the mesoporous metal oxide 
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network. This is one of the limitations reported for cobalt-based electrolytes.
30,31

 The 

use of a solvent such as propylene carbonate, much more viscous than water, could 

also play a role. 

 

Figure 6.5 IPCE spectra for an NiO nanostructured electrode prior (dashed line) and after 

(solid line) sensitization with CdSe QDs by direct adsorption for 24 h. Measurements were 

carried out in a three-electrode cell set-up at an applied potential of -0.1 V vs. Ag/AgCl and 

using an N2-purged solution of 0.005 M Co(dtb-bpd)3(ClO4)3 + 0.1 M LiClO4 in propylene 

carbonate as an electrolyte. 

6.3.4 Recombination in p-type quantum dot solar cells: the effect of blocking 

layers 

During p-type QDSSC operation, several recombination processes can limit the 

overall light-to-electric energy conversion yield of the device (Figure 6.6). Upon QD 

excitation, the reduced form of the redox couple in the electrolyte can transfer an 

electron into the QD HOMO level (R3 in Figure 6.6) before hole injection into the 

NiO (T1 in Figure 6.6). Once the hole has been injected into the semiconductor oxide 
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VB, prior to its extraction to the external circuit, it can recombine with either reduced 

species in the electrolyte or photogenerated electrons in the LUMO level of the QDs 

(R2 and R1 in Figure 6.6, respectively). The latter is considered to be the main 

recombination pathway in p-DSSCs.
21

 

 

Figure 6.6 Sketch depicting the charge transfer and recombination processes taking place in a 

CdSe-sensitized NiO photocathode under illumination (NiO))( gEh  . BL denotes 

blocking layer.

One possible strategy to reduce losses by recombination in this kind of devices 

involves coating the mesoporous oxide surface with a blocking layer (see Figure 6.6). 

In this sense, the response of p-DSSCs based on NiO has been improved by coating 

the oxide surface with a very thin layer of Al2O3.
7,43

 It is noteworthy that a careful 

control of the thickness of the alumina layer is critical to develop a positive effect on 

the photocurrent. Too thick layers lead to a decrease in photocurrent due to hole 

injection blocking.
43

 Herein, the effect of coating the NiO surface with Al2O3 before 

direct adsorption of colloidal CdSe QDs has been assessed in different media. A 
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positive effect is found only when an aqueous electrolyte based on methyl viologen is 

used (Figure 6.7). In this case, the photopotential enhances significantly upon Al2O3 

coating. However, no improvement was observed for the electrolyte based on cobalt in 

propylene carbonate. This different behavior could be related to the large difference in 

size between the species of both electron scavengers (Figure 6.8). The alumina layer 

(around 90 nm thick)
34

 could narrow the NiO pores, partially hindering the access of 

the electrolyte species. However, no improvement was observed in the photocurrent 

achieved by the NiO/CdSe photocathodes in contact with the methyl viologen based 

electrolyte after modification with Al2O3, which could be attributed to a hindered hole 

injection. In any case, it is important to mention that the magnitude of the photocurrent 

and the photopotential are larger when the Co-based electrolyte is employed. 

Moreover, as mentioned before, NiO films were found to be unstable in the methyl 

viologen-based aqueous electrolyte in the long term. 

 

Figure 6.7 Photopotential transients for NiO films: unsensitized (dashed line) and sensitized by 

direct adsorption from a CdSe QD colloidal dispersion in CH2Cl2 for 24 h without (solid line) 

and with (dashed dotted line) a blocking layer of Al2O3 deposited on the NiO nanoparticles 

before sensitization. An N2-purged aqueous solution of 1 mM methyl viologen + 0.5 M NaOH 

was used as an electrolyte. 
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Figure 6.8 Structural formulas of the cobalt complex (a) and the methyl viologen molecule (b) 

employed as electron scavengers. 

An alternative blocking layer based on SiO2 has also been tested in combination with 

the cobalt-based electrolyte. In this case, the coating was only around 5 nm thick.
35

 An 

increment of more than 30 mV in the photopotential is observed for NiO electrodes 

modified with directly adsorbed CdSe nanocrystals after depositing a thin layer of 

SiO2 between the wide band gap semiconductor and the sensitizer (see Table 6.3). 

Unfortunately, as in the case of Al2O3, no improvement was observed in the 

photocurrent. 
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6.3.5 Electrochemical impedance spectroscopy (EIS) studies 

To get further insights into the ionic and electronic processes limiting the final 

performance of the system under study, electrochemical impedance spectra have been 

measured. Two different configurations have been studied: a three-electrode cell and a 

sandwich cell set-up (referred to as solar cell in the following). For both 

configurations a regenerative electrolyte based on Co
3+/2+

 complexes has been 

employed. 

In Figure 6.9, the impedance spectrum obtained for a sensitized NiO electrode in a 

three-electrode cell set-up is shown. The measurement was conducted in the dark at an 

applied potential of 0 V (vs. Ag/AgCl/KCl(sat)), which corresponds to the onset of the 

hole accumulation region (see Figure 6.4). 

 

Figure 6.9 Nyquist plot for a CdSe-sensitized NiO electrode (direct adsorption for 24 h). The 

EIS measurement was carried out in a three-electrode cell at an applied potential of 0 V (vs. 

Ag/AgCl/KCl(sat)). A propylene carbonate solution of 0.005 M Co
2+

 and 0.005 M Co
3+

 

complexes + 0.1 M LiClO4 was used as a working electrolyte. 
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Two regions can be distinguished in the Nyquist plot, one at high frequencies (left side 

of the spectrum) which has been attributed to the contribution of transport and 

recombination in the mesoporous NiO film, and a straight line at low frequencies 

(right side of the spectrum) associated with the diffusion of redox species in the 

electrolyte. A large ohmic series resistance of the cell (over 90 Ω) is observed. This 

series resistance includes both the sheet resistance of the substrate (minor 

contribution) and the resistance of the working electrolyte (major contribution). The 

shape of the spectrum is clearly determined by diffusion-controlled processes. This 

can be further confirmed by fitting the spectrum to the equivalent circuit depicted in 

Figure 6.10, which includes the following elements: the series resistance (Rs), a 

diffusion-recombination transmission line representing the impedance of the 

mesoporous oxide layer (DX), and the redox species diffusion impedance (Zd). At the 

same time, DX consists of: the recombination charge transfer resistance and the 

chemical capacitance at the NiO/CdSe/electrolyte interface (rct and cµ, repectively), 

and the transport resistance in the NiO film (rt). The value obtained for the resistance 

to diffusion in the electrolyte is over 3000 Ω and for the resistance to transport in the 

NiO film is 206 Ω, meanwhile the value obtained for the charge transfer resistance is 

only of 61 Ω. These results confirm the mass transport limitations of the electrolyte. It 

is important to keep in mind that bulky redox species in propylene carbonate, a solvent 

which is ~ 7 times more viscous than acetonitrile, are being used. Another important 

conclusion of the analysis of the spectrum is that the resistance to hole transport is 

higher than the resistance to recombination. It is somehow expected considering the 

low hole diffusion coefficient that has been observed for NiO,
23,44

 and it is an 

indication that the distance traveled by holes before recombining (diffusion length) 

could be very short. This fact could limit to a great extent the performance of the NiO 

photocathodes in p-type cells, as it may decrease too much the optimal film thickness. 
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Figure 6.10 Equivalent circuit used for spectrum fitting of the three-electrode cell impedance 

measurements. See text for details. 

In the case of the solar cell configuration, three different types of electrodes have been 

studied: (1) one based on a bare NiO film, (b) another based on an NiO film sensitized 

with CdSe QDs by direct adsorption for 24 h, and finally, (3) a photocathode where a 

SiO2 layer was deposited on the NiO surface before sensitization. The charge transfer 

processes and recombination pathways taking place in the three studied cases are 

depicted in Figure 6.11. Note that in the sketches, the possibility of photoexciting the 

NiO substrate has been considered because the samples were illuminated with 1 sun 

(AM 1.5G), which includes wavelengths below 420 nm. Figure 6.12 shows the 

impedance spectra for the different cases mentioned above. The measurements were 

undertaken both under illumination (1 sun) at open circuit and in the dark at the same 

bias. Two different regions are observed in the Nyquist plots, a small semicircle at 

high frequencies (left side of the spectra), which accounts for the counter electrode 

contribution, and a depressed semicircle at intermediate frequencies (right side of the 

spectrum), which can be assigned to the hole transport in the mesoscopic NiO film and 

the back-reaction at the NiO/CdSe/electrolyte interface. For a non-sensitized NiO film, 

the contributions of the counter electrode and the mesoporous film to the impedance 

spectrum partially overlap and therefore they cannot be straightforwardly singled out 

(Figure 6.12a). The contribution to the spectra in the low frequency region associated 
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with ionic transport in the electrolyte was neglected in this case. The spectra resemble 

that of a Gerischer impedance. This type of response has already been observed for 

solar cells based on cobalt electrolytes.
45,46

 It appears when transport resistance in the 

oxide is considerably larger than charge-transfer resistance (Figure 6.9).
47

 For the 

NiO/CdSe electrodes, the size of the mid-frequency semicircle can be directly related 

to the resistance to hole transfer at the NiO/CdSe/electrolyte interface.
48

 As can be 

observed in Figure 6.12, this size strongly varies under illumination. This agrees well 

with the promotion of recombination, as it is usually observed in n-type cells and it 

has also been reported for p-type cells.
49

 In the dark, only recombination with the 

electrolyte is possible (R2 in Figure 6.11). However, under illumination two new 

recombination routes are envisageable: recombination of photogenerated electrons in 

CdSe with holes in NiO and regeneration of the QD by the electrolyte before hole 

injection into the oxide (R1 and R3 in Figure 6.11, respectively). In addition, under 

illumination a higher concentration of reduced species is expected in the pores of the 

semiconductor structure due to the quantum dot regeneration process (T2 in Figure 

6.11), which would enhance R2 and R3 processes.
49,22
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Figure 6.11 Schematic representations of the charge transfer processes and recombination 

routes for three different photocathodes based on: an NiO film (a), an NiO film sensitized with 

directly adsorbed CdSe QDs (b) and a NiO film on which a thin blocking layer have been 

deposited before sensitization with CdSe QDs by direct adsorption. The arrow width 

qualitatively indicates the relative rate of the corresponding process. 
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Figure 6.12 Nyquist plots obtained from EIS measurements in a two-electrode configuration 

under illumination (open symbols) and in the dark under the same bias (solid symbols) for cells 

based on NiO (a), NiO/CdSe (b) and NiO/SiO2/CdSe (c) photocathodes. The CdSe QDs were 

directly adsorbed on the oxide surface for 24 h. 

In Figure 6.13, the spectra obtained under illumination for the three types of solar cells 

are compared. The equivalent circuit employed to fit the spectra is also shown (inset in 

Figure 6.13). This circuit is similar to that employed to fit the spectrum for the three-

electrode configuration (Figure 6.10), but including an additional RC element to 
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consider the charge transfer resistance (Rpt) and the double layer capacitance (Cpt) 

associated to the platinum counter electrode. The impedance due to diffusion in the 

electrolyte has been excluded from the fits. For n-type solar cells, an analogous circuit 

is usually employed.
47

 Blow-ups of the different Nyquist diagrams in the high 

frequency range are also presented as insets in Figure 6.13 to show the accuracy of the 

fitting. In Table 6.3, the main fitting parameters obtained are summarized, together 

with the open circuit voltage measured under 1 sun illumination. Due to the 

interference between the impedances of counter and NiO electrodes mentioned above, 

it was not possible to obtain a reliable value for the transport resistance in the case of 

non-sensitized NiO films. 

 

Figure 6.13 Impedance spectra under illumination for solar cells based on NiO, NiO/CdSe and 

NiO/SiO2/CdSe photocathodes. Blow-ups of the high frequency region of each spectrum are 

shown as insets, together with the equivalent circuit used for spectra fitting. 
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Table 6.3 Open circuit voltage ( OCV ) measured under 1 sun illumination (AM 1.5 G) for solar 

cells based on NiO, NiO/CdSe, and NiO/SiO2/CdSe electrodes, together with charge transfer 

resistance (rct) and transport resistance (rt) in the mesoporous oxide layer obtained by fitting the 

impedance spectra of Figure 6.13. 

 NiO NiO/CdSe NiO/SiO
2
/CdSe 

OCV  / mV 0 14 45 

r
ct
 / Ω 50 182 498 

r
t
 / Ω - 471 358 

 

When NiO is sensitized with CdSe QDs, recombination resistance increases. In spite 

of the low degree of QD coverage achieved, it seems that the QDs passivate many of 

the traps/defects of the NiO nanoparticulate surface that could act as recombination 

centers (i.e. sites of preferential hole transfer to the electrolyte). At the same time, the 

area exposed to the electrolyte is reduced.
23

 Both effects can also explain the 

significant increase in the resistance to recombination when an SiO2 layer is deposited 

between the NiO particles and the sensitizer. On the contrary, transport resistance 

decreases upon coating with silica. For cells based on sensitized NiO films without the 

SiO2 overlayer, resistance to transport is much higher than recombination resistance. 

This has also been observed for the three-electrode cell set-up and can be attributed to 

the low hole diffusion coefficient of the NiO.
44,23

 The opposite result is obtained upon 

silica coating, where resistance to recombination is higher than resistance to transport. 

In agreement with these results, Zhu et al.
50

 found that charge transport in NiO is 

surface-mediated. If it is assumed that transport is slowed down by surface states, the 

lower resistance to diffusion can be explained by the reduction of the surface trap 

density by the coverage of the NiO surface with SiO2.
23

 The higher OCV  obtained for 

the NiO sensitized photocathode upon SiO2 coating could be related to the favorable 

ratio between transport resistance and recombination resistance. In this regard, it 
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should be mentioned that covering the NiO surface with Al2O3 (instead of SiO2) also 

led to an increased in the OCV  in aqueous media (Figure 6.7), pointing to the fact that 

the observed improvement is not exclusive of the SiO2 coating. 

6.4 Conclusions 

The results presented in this chapter reveal the potentialities of QD-sensitized 

photocathodes and open up new routes for further research. 

 Photoluminiscence and photoelectrochemical measurements have proven the 

efficient sensitization of relatively thick nanoparticulate NiO films by CdSe 

QDs. In agreement with the results showed in previous chapters for n-type 

photoanodes, the performance of the photocathodes depends on the mode of 

attachment of the QDs to the oxide surface, being direct adsorption the 

sensitization method giving the best results. In spite of the very low QD 

coverages (0.6-4.1%) obtained in all cases, an incident photon-to-current 

efficiency as high as 17% at 420 nm has been measured. 

 The deposition of Al2O3 or SiO2 blocking layers on the oxide surface before 

sensitization leads to photoanodes showing higher photopotentials. However, 

no improvement is observed in the photocurrent attained by these electrodes. 

 EIS measurements have pointed out (i) diffusion limitations in the cobalt-

based electrolyte employed together with (ii) a high resistance to hole 

transport in NiO. The discrepancy between the photocurrent value obtained 

experimentally (with a Xe arc lamp of 260 mW·cm
-2

 with a cutoff filter of  > 

370 nm) and that calculated from the IPCE measurements has been ascribed to 

the former. In addition, EIS spectra fitting has also shown that the presence of 
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an SiO2 blocking layer increases the charge transfer resistance and decreases 

the hole transport resistance in agreement with the observed increment in VOC. 

 Despite the encouraging results, the photocurrents and photopotentials 

achieved by these electrodes should be increased to enable their future 

integration in tandem cells. A better response could be obtained by (i) 

increasing the sensitizer loading, (ii) using well-ordered and open NiO 

nanostructures, which favor the penetration of both the QDs and the 

electrolyte through the oxide network and provide a direct pathway for the 

rapid collection of photogenerated holes by the conducting substrate,
51

 (iii) 

using electrolytes with less mass transport limitations,
8,9

 and/or (iv) employing 

optimized interfacial barrier layers to prevent recombination.
7,43

 Moreover, the 

utilization of a different p-type semiconductor with a higher hole diffusion 

coefficient and a deeper-lying VB edge could boost the efficiency of these 

systems. In this sense, Cu(I)-based delafossite compounds have appeared as 

promising alternatives for NiO in p-DSSCs.
9,52-54

 Finally, it would be 

interesting to use light harvesters more suitable for p-type semiconductors. 

This has been extensively investigated in recent years for p-DSSCs
4,55-68

, but 

no for p-QDSSCs. 
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7.1 Introduction 

Throughout this thesis it has been demonstrated that the final response of QD-

modified electrodes/devices is strongly influenced by the sensitization route carried 

out to deposit the light harvesters on the electron/hole acceptor matrix. In general, 

sensitization approaches based on presynthesized QDs provide highly monodispersed 

nanocrystals and the possibility to control separately QD size and coverage. In 

addition, the capping shell surrounding the colloidal QDs reduces recombination paths 

from/toward the sensitizer, although it acts as an insulating barrier to charge injection 

at the same time (in the following we will refer to electron injection as electron 

transfer (ET)). On the other hand, sensitization techniques growing the light harvesters 

directly on the oxide matrix offer larger QD coverages compared to ex situ growth 

approaches and an intimate QD-oxide contact. The latter can lead to strong electronic 

coupling for the donor-acceptor system, and therefore to ultrafast and efficient ET 

processes allowing to reach the ultimate theoretical ~ 30% Shockley-Queisser limit in 

sensitized systems.
1
 Moreover, in situ growth techniques potentially enable 

heteroepitaxial growth, which allows for morphologically well-defined light 

harvesters.
2-5

 However, previous reports on directly nucleated QDs have suggested 

wide sensitizer size distributions and a lack of control over the nanocrystal 

morphology.
5
 This sometimes has been suggested from the featureless QD optical 

response, which can also be an intrinsic manifestation of the strong donor-acceptor 

electronic wavefunction overlap.
6,7

 Additionally, recombination processes at QD 

interfaces are enhanced when these sensitization approaches are applied.
8
 

Among the in situ methodologies, the SILAR method allows for low temperature 

solution-process epitaxial film growth. The strengths of this approach lie in the fact 

that (i) the QD generation/growing process occurs in a homogeneous way on the 

surface of the mesoporous oxide (precluding its massive deposition), (ii) the size of 
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the sensitizer and its surface coverage can be controlled to some extent by the number 

of deposition cycles
9
 as shown in Chapters 3 and 5, and (iii) the stoichiometry of the 

QDs can be easily tuned,
10

 opening new possibilities for QD doping
11-14

 and/or atomic 

passivation.
15

 Moreover, highly monodispersed core/shell colloidal QDs can be 

obtained with this deposition technique.
16

 Despite the apparent potential of this 

approach, several important questions concerning SILAR-based QD-sensitized oxides 

remain open; clear correlations between chemical synthesis, QD structure and 

stoichiometry, donor-acceptor charge transfer dynamics, and their impact on device 

performance are still lacking. 

Optical pump-terahertz probe spectroscopy has been demonstrated to be a time-

resolution tool well-suited to measure ET dynamics from photoexcited QDs to 

semiconductor oxides.
17-19

 Owing to its low photon energy, terahertz radiation is 

insensitive to optical transitions in QDs.
20,21

 However, it is absorbed by mobile carriers 

in the sample (mostly those populating the oxide conduction band). Thus, the 

photoinduced THz absorption is directly related to the photoconductivity of the 

sample. In such a way, following optical QD excitation, the time dependent pump-

induced absorption of the THz probe in a QD-sensitized oxide can be directly 

correlated with ET from the light harvesters to the electron acceptor. Note that, not 

only the ET rate, but also the efficiency of the ET process can be obtained from OPTP 

measurements, through the amplitude of the photo-induced THz radiation (see section 

2.5.5). 

In this chapter, the interplay between QD structure, surface stoichiometry, and ET rate 

and efficiency in a SILAR-based PbS-sensitized SnO2 system as a function of the 

SILAR deposition steps is investigated. The effect of the QD stoichiometry on the ET 

dynamics is explored as well for other lead chalcogenides (PbSe) and metal oxides 

(ZnO and TiO2). Finally, the impact of this effect in TiO2/PbS-based solar cells is 

studied. 
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7.2 Esperimental Section 

Sensitization of mesoporous oxide films with PbS QDs was achieved by alternatively 

dipping the wide band gap semiconductor (up to 6 times) into beakers containing (i) a 

methanolic solution of Pb(NO3)2 – providing the Pb
2+

 cations, (ii) pure methanol to 

remove the excess of unbound cations remaining in the oxide pores, (iii) a methanolic 

solution of Na2S – providing the S
2-

 anions, and (iv) pure methanol solvent to remove 

the excess of unreacted anions. Steps (i) through (iv) are termed as one SILAR cycle, 

and denoted in this chapter as Cn (where n=1-6 is the number of SILAR cycles 

undertaken). Analogously, in this chapter half cycle corresponds to the same routine 

but terminated after step (ii) (Cn.5). Note that half cycle samples are characterized by 

Pb-rich surfaces whereas samples terminated with a complete cycle are S-rich. To 

avoid QD oxidation, sample preparation and measurements were realized under N2 

conditions.  

Complete devices were fabricated by depositing spiro-OMeTAD on ITO/TiO2/PbS 

electrodes and subsequently evaporating Au on top. 

More experimental details can be found in Chapter 2. 

7.3 Results and discussion 

7.3.1. PbS QDs deposit on SnO2 by SILAR. The growth mechanism 

7.3.1.1 Optical characterization 

Figure 7.1 represents the Kubelka-Munk transformation of the reflectance spectra for 

SnO2 films on fused silica substrates before and after being sensitized with PbS QDs 
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by different number of SILAR cycles. As shown in Chapters 3 and 5 for other SILAR-

based QD-modified oxides, the entire spectrum shifts toward the red as the number of 

SILAR cycles increases, indicating that the nanocrystal size grows. This characteristic 

red-shift experienced by these systems is a manifestation of the size-dependent 

confinement effect (section 1.3.1). 

 

Figure 7.1 Kubelka-Munk transformation of the reflectance spectra for SnO2 films prior and 

after deposition of PbS QDs by different number of SILAR cycles. 

7.3.1.2 TEM images 

In order to accurately correlate QD structure and ET dynamics, transmission electron 

microscopy was used to characterize the PbS-modified SnO2 samples prepared by 

SILAR. Representative images of the QDs on the mesoporous oxide support for 

samples C1, C3, and C6 (together with C0, bare SnO2) are shown in Figure 7.2. TEM 

images reveal that the nanocrystals are uniformly distributed on the oxide surfaces and 

do not show preferencial nucleation on particular SnO2 facets. In addition, from C3 

onwards, the presence of QD aggregates (PbS bulky polycrystalline phases) is 

observed. 
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Figure 7.2 Characteristic TEM images for SnO2 nanoparticles sensitized with 1, 3, and 6 

SILAR cycles (C1, C3, and C6, respectively). Figures d and f highlight the presence of QD 

aggregates. 
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7.3.1.3 Growth model 

From TEM image statistical analysis, a saturation of PbS QD base diameter (2r) is 

apparent for samples beyond 3 SILAR cycles (see Figure 7.3A). This QD base 

diameter saturation comes simultaneously with the emergence of QD aggregates (see 

Figures 7.2d and f). In addition, it is followed by a significant change in the 

nanocrystal height, as resolved by monitoring QD aspect ratios (h/r, where h refers to 

the QD height) as a function of the number of SILAR cycles (see Figure 7.3B). A 

similar qualitative change in the aspect ratio has also been observed for SILAR-based 

CdSe QDs on TiO2
8
 and ZnO surfaces (Chapter 2). 

Heteroepitaxial QD growth on oxides by different solution-processing methods has 

recently been discussed in a review.
5
 Concerning the SILAR method, to the best of our 

knowledge, only one report resolved the epitaxial growth of crystalline PbS QDs 

nucleated on anatase TiO2 surfaces by TEM.
9
 From our TEM images, we have also 

been able to resolve crystalline PbS QDs epitaxially grown on rutile SnO2 surfaces 

(Figure 7.3C). Our QD deposition recipe results in [111] faceted PbS dots with 

ultimately near-unity aspect ratio. These observations, together with the characteristic 

change in QD aspect ratio as a function of the amount of deposited material, indicate 

that epitaxial growth (triggered by QD/oxide lattice mismatch) most likely governs the 

nucleation of nanocrystals in our SILAR-based samples. Note that in the 

heteroepitaxial Volmer-Weber growth mode, an increasing aspect ratio as a function 

of the amount of deposited material has been theoretically predicted
22

 and 

experimentally resolved.
23

 Based on this analogy, a simple model for the growth 

kinetics of PbS QDs on SnO2 surfaces is proposed as sketched in Figure 7.3D. This 

semi-empirical model considering spherical cap-shaped nanocrystals, assumes that the 

SILAR deposition steps change the height of the QDs linearly and that the QD growth 

is self-limiting when the h/r aspect ratio approaches unity (half-sphere shaped QDs). 

Taking only the empirically measured saturated QD base radius as input (R = r ~ 2.9 

nm for C6), such a simple growth model is able to describe remarkably well the QD 
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diameters (2r) and aspect ratios (h/r) obtained from the statistical treatment of the 

TEM images (see dashed lines in Figures 7.3A and B). 

 

Figure 7.3 Histograms of (A) QD base diameter (2r) and (B) QD aspect ratio (h/r) as a 

function of the number of SILAR cycles obtained from TEM characterization (vertical bars) 

and from the proposed semi-empirical nucleation model (dashed vertical lines). (C) [111] 

faceted epitaxial PbS QD resolved by TEM at the SnO2 edge. (D) Proposed nucleation 

mechanism (epitaxial model) for spherical cap-shaped PbS QDs deposited on SnO2 by SILAR. 

R refers to the saturated QD radius when the h/r aspect ratio is unity. 
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7.3.2. ET efficiency: Dependence on QD size and surface stoichiometry 

7.3.2.1 Nanocrystal size 

Once the QD size dependence on the number of SILAR cycles has been resolved and 

modeled, we analyze the ET efficiency. Figures 7.4A and B show the bare and 

normalized pump-induced real part of the complex THz photoconductivity )( )Re(  

for samples C1 to C6, respectively. In both cases, the rise of the signal after 

photoexcitation is a direct manifestation of ET from the QD donors to the oxide 

acceptor as the conductivity of electrons (and holes) in the QDs is purely imaginary. 

As observed in Figure 7.4A, the ET efficiency, related to the plateau value of the real 

photoconductivity (see section 2.5.5), initially increases with the number of cycles and 

then drops after the third cycle. The ET efficiency increase at the first stages of the 

QD growing process is due to an increment in both the number and the size of the 

nanocrystals. Regarding the ET efficiency decay from C4 onward, it is consistent with 

the emergence of polycrystalline PbS phases (see Figures 7.2d and f). In fact, as can 

be clearly seen in Figure 7.4B, an ultrafast component in the ET dynamics appears in 

parallel with this efficiency drop within the first few picoseconds after 

photoexcitation. This feature has previously been associated to an overlapped signal 

coming from QD clusters for QD-oxide samples based on colloidal QDs.
17-19

 Bulky 

patches are strong absorbers (Figure 7.1), but do not substantially contribute to the 

overall photocurrent of the samples (Figure 7.4A). The latter is due to the rapid 

recombination of free carriers photogenerated within QD clusters (Figure 7.4B). This 

scenario agrees well with previous observations that SILAR-based QDSSCs typically 

exhibit an increase in photocurrent with the number of cycles followed by a decrease 

(Chapter 5).
9
 The correlation between QD nanostructure and ET dynamics stresses the 

importance of preventing the transition from isolated QD growth to polycrystalline 

thin film growth in sensitized architectures. For an optimum device performance, high 

surface densities of isolated QDs (without the formation of aggregates) are required. 
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Figure 7.4 (A) Bare pump-induced real photoconductivity dynamics for SnO2/PbS samples as 

a function of the number of SILAR cycles. (B) Idem but normalizing the OPTP traces to the 

plateau signals. 

7.3.2.2 QD stoichiometry 

Theoretically, nanocrystals with a perfect 1:1 stoichiometry ratio are expected to be 

intrinsic and therefore defect-free.
24

 In practice, synthesized nanocrystals are typically 

non-stoichiometric
11,25-27

 and characterized by the presence of surface states acting as 

donors or acceptors.
24

 The passivation of those states for SILAR-based QDs requires a 

post-growth passivation treatment, commonly accomplished by introducing an organic 

or inorganic capping shell on the QDs.
9,28,29 

Alternatively, atomic passivation has been 

successfully exploited as a pathway for reversibly tailoring the optoelectronic 

properties in colloidal QDs, through doping
11-14,24

 and passivation.
15,30-32

 Figure 7.5A 

plots the ET dynamics as a function of the number of SILAR cycles for SnO2 films 

modified with PbS QDs terminated with either S- (complete cycles, Cn) or Pb-rich 

(half cycles, Cn.5) surfaces. As in the case of the samples based on S-rich QD 

surfaces, a monotonous increase in the monitored photoconductivity with the number 
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of SILAR cycles is resolved for Pb-rich QD-sensitized SnO2 films within the range 

defined by C1.5 and C4.5 (Figure 7.5B). Beyond C4.5 (samples C5.5 and C6.5), there 

is a decay in the overall measured photoconductivity. More importantly, from the 

obtained plateau amplitude of the ET traces (Figure 7.5B), it is evident that QDs with 

Pb surfaces allow more efficient ET to the oxide than those with S surfaces in all cases 

(from C1.5/C1 to C6.5/C6), assuming that half cycle treatment by itself is not 

sufficient for the nucleation of new dots. This finding is consistent with the removal 

by Pb capping of PbS QD surface acceptors acting as traps, and is in perfect 

agreement with the theory and experiments reporting the generation of Pb related 

surface donors on QDs with S/Pb ratios < 1.
24,33,34

 

 

Figure 7.5 (A) Evolution of the real photoconductivity as a function of the number of SILAR 

cycles for SnO2 films sensitized with PbS QDs with either S- (solid lines) or Pb-rich (dashed 

lines) surfaces. (B) Monitored real photoconductivity at the plateau of the OPTP traces (when 

ET has ended) as a function of the SILAR deposition steps for SnO2/PbS samples with either 

S- (empty dots) or Pb-rich (solid dots) QD surfaces. 
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As summarized in Figure 7.6, the observed enhancement of the ET efficiency for Pb-

rich (or S-deficient) QD surfaces is a manifestation of a favorable kinetic competition 

between QD-oxide electron transfer )( ETK  and undesired electron trapping at the QD 

surface )( TrK  (Figure 7.6b). Analogously, S-rich (Pb-deficient) QD surfaces are 

prone to trapping photogenerated electrons in surface acceptor states, lowering ET 

efficiency (Figure 7.6a). 

 

Figure 7.6 Sketch illustrating SnO2/PbS system energetics as a function of PbS QD surface 

stoichiometry. G  represents the donor-acceptor ET driving force. (a) S-rich QD surfaces are 

populated with acceptors (p-type behavior) allowing electron trapping )( TrK  at the 

nanocrystal surface. (b) Pb-rich QD surfaces are populated with donors (n-type behavior) 

making electron trapping at the surface not feasible and hence maximizing the probability of 

ET to the oxide )( ETK . 

7.3.2.3 Passivation effect 

In the following, the effect of atomically passivating the sensitizer surface (by an 

additional half a SILAR cycle) in PbS-modified SnO2 films as a function of the QD 

dimensions will be quantitatively assessed. For that, we define here a passivation 
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efficiency (PE)  term as:   CnCn5.Cn )Re(/)Re()Re(PE   , where 5.Cn)Re(  

and Cn)Re(  stand for the plateau real conductivity for samples Cn.5 and Cn, 

respectively. Given that the time-resolved photoconductivity can be written as 

eN)Re( ET   , where   is the electron mobility in the oxide CB, ETN the 

number of electrons transferred to the oxide and e  the elementary charge, we can 

rewrite PE  as  )Cn(N/)Cn(NPE ETTr , with 

,)Cn(N)5.Cn(N)Cn(N ETETTr   where )Cn(NTr  is the number of electrons 

being trapped at the QD surface before passivation with lead. As TrN  and ETN  can be 

defined as   ETTrTrtotTr KK/KNN   and   ETTrETtotET KK/KNN  , where 

TrK  and ETK  represent the constant rates of electron trapping at QD surfaces and ET 

from donor to acceptor, respectively, and totN  the total population of photogenerated 

excitons, we can write PE  further as )Cn(K/)Cn(KPE ETTr . Therefore, 

physically, the defined PE  term is directly reflecting the kinetic competition between 

QD-oxide electron transfer )( ETK  and undesired trapping )( TrK  as illustrated in 

Figure 7.6. 

As it will be seen in the following section, the ETK  value does not vary with QD size 

(or equivalently, with the number of SILAR cycles, Cn). On the other hand, the 

trapping rate is linearly dependent on the defect density in bulk semiconductors. In 

this sense, for our system (where )Cn(KET  = constant) we have that PE  ∝ )Cn(KTr  

∝ 
acceptorsN  ∝ 

areasurfaceQD . 

In Figure 7.7, the dependence of the passivation efficiency vs. QD surface area is 

plotted, the latter being estimated from our epitaxial model and TEM characterization 

(see Figures 7.3A, B and D). A linear correlation is resolved between C1 to C4, in 

agreement with the notion that the QD trapping rate varies linearly with the 

nanocrystal area. Note that the saturation of PE  at 300% observed for samples 
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beyond C4 is a manifestation of the QD size saturation with the number of deposition 

steps (in perfect agreement with TEM characterization). 

 

Figure 7.7 Atomic passivation efficiency versus QD surface area (estimated from TEM 

analysis and the proposed epitaxial model). The uncertainty in PE  is obtained from 5-7 

measurements made on each sample. The uncertainty in the QD surface area is inferred from 

the distribution of the QD base diameter as a function of the number of SILAR cycles obtained 

from TEM analysis. 

7.3.2.4 Different combinations of QDs and oxides 

In order to check whether the monitored Pb
2+

 passivation effect is general for other 

systems, the ET dynamics for (1) PbS QDs on ZnO and TiO2 (different oxide 

acceptors), and (2) PbSe QDs on SnO2 (a different lead chalcogenide donor), were 

also measured. From Figure 7.8, it is inferred that the half cycle passivation effect is 

(qualitatively speaking) a general phenomenon in lead chalcogenide-oxide systems, as 

all Pb-ended samples showed a boost in photoconductivity. 
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Figure 7.8 Cation passivation effect for different QD-oxide systems: (A) PbS-ZnO, (B) PbS- 

TiO2, and (C) PbSe-SnO2. 

From a practical point of view, it should be underlined that this passivation strategy, 

involving an additional half a SILAR cycle, represents a simple and no-cost (it 

requires no additional materials or equipment) method to improve the overall 

performance of SILAR-based QDSSCs. Additionally, typical problems of other 

passivation strategies associated with the appearance of an energetic barrier and/or the 

blockage of the pores of the oxide matrix are circumvented is this case. 

7.3.3. ET rates: Dependence on QD size and surface stoichiometry 

7.3.3.1 Nanocrystal size 

In this section, the effect of the QD dimensions on the ET rate from the sensitizer to 

the oxide is studied. In order to avoid the overlapped signal owing to QD clusters, 

only SnO2 films sensitized with PbS QDs by 1 to 3 SILAR cycles (C1-C3) are 
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considered. Figure 7.9 shows the normalized pump-induced real photoconductivity 

dynamics for these samples. As shown in the plot, the observed ET dynamics in all 

cases are identical within the signal-to-noise ratio of our measurements, indicating that 

donor-acceptor ET rates are independent of the sensitizer size. On the other hand, the 

back-ET (inset of Figure 7.9), resulting in recombination of electrons and holes, does 

slow down with the number of SILAR cycles. A simple model using a single-

stretched-exponential growth and decay reveals constant rates of ET from QD to oxide 

)( ETK  of ps1.56.5C3)(C11/ ETK  (with stretched coefficients of 0.050.68 ), 

and from oxide to QD )( BETK  of ps1402650(C1)1/ BETK , 

ps1604620(C2)1/ BETK , and ps5008100(C3)1/ BETK . 

 

Figure 7.9 Normalized OPTP response for PbS QDs sensitizing SnO2 as a function of the 

number of SILAR cycles (Cn, with n = 1-3). In the inset, the dynamics up to 1.1 ns are shown. 

Blue lines are the best fits to the data as described in the text. 
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7.3.3.2 QD stoichiometry 

In Figure 7.10, the normalized OPTP traces for samples C3 and C3.5, characterized by 

S- and Pb-rich surfaces respectively, are plotted. Interestingly, in this case both the ET 

and back recombination (inset of Figure 7.10) dynamics are independent on QD 

stoichiometry. 

 

Figure 7.10 Normalized OPTP response for PbS QDs sensitizing SnO2 by SILAR as a function 

of the surface stoichiometry. Samples C3 and C3.5, with S- and Pb-rich surfaces respectively, 

are compared. In the inset, the dynamics up to 1.1 ns are shown. Blue lines are the best fits to 

the data. 

The invariance of the ET dynamics (within the resolution of the measurements) with 

QD size and stoichiometry can be rationalized by QD LUMO pinning relative to the 

CB of the oxide (henceforth Fermi level pinning at the SnO2/PbS interface)
35,36

, so that 

the energy difference between the sensitizer LUMO and the oxide CB edge ( G  and 

G  in Figure 7.6) is not modulated by the QD size or surface doping: G  and G  

are equal and independent on the nanocrystal dimensions. This is generally different 
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from ex situ QD-sensitized oxide systems, where ET slows down with increasing the 

QD size as a consequence of a reduced G .
37,18,21

 Similarly, as theoretically 

predicted
24

 and experimentally reported,
33,13,14

 changes in the SILAR QD S/Pb ratio 

(QD stoichiometry) affect the Fermi level, but apparently do not affect ET rates. 

While the variation in both QD size and stoichiometry affect the sensitizer energy 

levels, the energy difference between the QD LUMO and the oxide CB is not 

modulated by these two factors at the SnO2/PbS/air interfaces. 

Regarding back-ET kinetics, it should be noted that in dye-sensitized systems, back-

ET kinetics has been reported to be determined not only by the energetics, but also by 

diffusion/hopping of charges within the oxide films.
38,39

 Even in the simple case that 

the overall recombination is determined by the interfacial back-ET, and assuming that 

the Marcus theory applies, back-ET rates will vary with the driving force in a way or 

another depending on whether it occurs on the normal or inverted regions (which will 

depend on the system reorganization energy). Also back-ET can be a function of the 

oxide/QD coupling strength, which in our system is size dependent.
6
 Although an 

accurate description of the back-ET process observed here is out of the scope of this 

chapter, we can state that the observed decrease of BETK  with the SILAR-cycle 

number (see inset of Figure 7.9) is consistent with an upward-shifting HOMO level 

(the QD HOMO level is not pinned). With increasing QD size, the sensitizer HOMO 

level shifts upward, leading to a progressively reduced driving force for back-ET and a 

progressively reduced donor/acceptor coupling. 

7.3.4. Implications for QDSSC design 

The maximum theoretical efficiency in excitonic solar cells is given by the Shockley-

Queisser limit, provided that efficient ET from a bandgap optimized sensitizer to the 

selective contacts are made at no energy cost (i.e. ohmic contacts are established 
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between the sensitizer LUMO-HOMO levels and the electron and hole conductors, 

respectively).
34

 Throughout this chapter it has been shown that the stoichiometry 

control of SILAR-based QDs can be employed as a simple and efficient passivation 

scheme to remove recombination pathways in the nanocrystals, which is an essential 

requirement if one wants to obtain QD devices with high performances. Provided that 

full passivation in the QDs is achieved by half a SILAR cycle treatment, the only 

relaxation pathway in the light harvesters will be radiative, making the kinetic 

competition with ET to the oxide favorable for the latter. On the other hand, we have 

resolved saturation in QD size during growth, followed by the appearance of 

polycrystalline phases as the number of SILAR cycles increases, and we have 

suggested Fermi-level pinning at the QD-oxide interface. These aspects represent 

constraints toward the fabrication of highly efficient devices. Saturation in QD size 

nucleation for a given QD-oxide system (most likely correlated with strain relaxation 

on lattice mismatched QD and oxide phases) could prevent achieving optimum 

bandgaps matching the solar spectrum (~ 1.4 eV for maximum efficiency).
34

 Once QD 

size saturation is reached after a certain number of cycles, the appearance of bulky 

polycrystalline phases should be prevented, as they are strong photon absorbers but 

also recombination centers not substantially contributing to the overall photocurrent in 

the cells. Note that preventing the formation of QD aggregates could dictate the 

minimum thickness to achieve full sunlight absorption for a given QD/oxide system. 

Finally, the suggested pinning at QD-oxide interfaces could prevent fine tuning of the 

donor-acceptor energetics, and then trying to achieve ohmic contacts between QD and 

oxide will be compromised (potentially reducing the solar cell output voltage).
34

 

In order to check whether the monitored passivation efficiency can be exploited in 

complete devices (e.g. if such an effect is unaltered by the presence of a hole 

conductor) and also whether metallic surfaces will constrain the voltage in complete 

solar cells, two sets of QDSSCs based on PbS-modified TiO2 electrodes with 4 and 4.5 

SILAR cycles (samples C4 and C4.5) have been characterized. Interestingly, as shown 

in Figure 7.11A, an approximately 210% photocurrent improvement was obtained for 

devices based on QDs terminated with half a cycle (Pb-rich nanocrystal surfaces), 
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revealing an apparently quantitative correlation between the observed PE 

improvement by OPTP measurements in oxide/QD systems (Figure 7.11B) and the 

monitored short circuit current in complete solar cells. Note though that the ET 

kinetics obtained for oxide/QD systems with OPTP spectroscopy corresponds to open 

circuit conditions. On the other hand, we observed that the open circuit voltages for 

both kinds of devices (containing QDs with either Pb- or S-rich surfaces) are 

indistinguishable within the range of values observed for the different samples. The 

fact that similar open circuit voltages have been obtained in all cases indicates in 

simple terms that the maximum quasiFermi level splitting under illumination within 

the PbS QD absorber (which could be limited by the discussed pinning) is preserved 

for cationic- and anionic-rich QD surfaces. In any case, this parameter depends 

primarily on the electron and hole conducting phases rather than the absorber. Overall, 

the reported results indicate that the strategy of atomically passivating the sensitizer by 

an additional half a SILAR cycle is a very well-suited technique to enhance the 

efficiency of QDSSCs. 

 

Figure 7.11 (A) Current-voltage characteristics for ITO/TiO2/PbS/spiro-OMeTAD/Au devices 

with PbS QDs terminated with either Pb- (C4.5) or S-rich (C4) surfaces. (B) Characteristic 

OPTP response for PbS QDs sensitizing TiO2 films by SILAR as a function of surface 

stoichiometry (samples C4 and C4.5 are compared). 
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7.4. Conclusions 

Along this chapter, the structure and surface stoichiometry of PbS QDs grown on 

SnO2 films by SILAR has been correlated with the ET rate and efficiency for this 

donor-acceptor system: 

 TEM analysis revealed that the sensitizer base diameter grows with the first 

SILAR cycles and then saturates. After this diameter saturation, the height of 

the nanocrystal keeps increasing with the number of SILAR cycles until the 

h/r aspect ratio approach unity. This shape transition, together with the 

observation of heteroepitaxial nucleated dots, suggest that Volmer-Weber 

growth (mediated by lattice mismatch between the QD and the oxide 

materials) is the underying growth mechanism for the analyzed SILAR-based 

QD-sensitized system. 

 The efficiency of the ET process from the QDs to the oxide has been found to 

be highly dependent on both the size and the surface stoichiometry of the light 

harvesters by means of OPTP measurements. It increases during the first 

stages of the growing process and then drops. This drop in the ET efficiency is 

attributed to the emergence of QD aggregates on the oxide surface, which act 

as strong light absorbers but also as recombination centers not substantially 

contributing to the attainment of high photocurrents. This highlights the 

importance of preventing the formation of these patches/aggregates if high-

efficiency QDSSCs are wanted. On the other hand, the ET efficiency increases 

substantially when QDs terminated with an additional half a SILAR cycle 

(Pb-rich nanocrystal surfaces) are employed. This has been associated with the 

removal of surface acceptors acting as electron traps (and the generation of 

surface donors) in the PbS QDs by Pb capping (cationic passivation). The 

cationic passivation effect has been found to be proportional to the QD surface 

area. Furthermore, it has also been proved for other lead chalcogenide QD-

oxide donor-acceptor systems. 
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 In contrast to the ET efficiency, the rate of the ET process is found to be 

insensitive to the sensitizer size and stoichiometry, which has been ascribed to 

Fermi level pinning at the QD-oxide interface. As for the back-ET rate, it 

slows down with the nanocrystal dimensions. This has been explained by an 

upward shift of the QD HOMO level as the size of the nanocrystal increases: 

the HOMO level is not pinned. 

 Finally, the OPTP results obtained for QD-oxide systems have been correlated 

with the photocurrents achieved in complete solid-state QDSSCs, 

demonstrating that the simple (and no-cost) QD passivation strategy carried 

out in this chapter (consisting in an additional half a SILAR cycle) is an 

effective way to obtain highly efficient SILAR-based QDSSCs. 
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8. Conclusions 

As mentioned in the introduction, QDSSCs burst in the field of photovoltaics as a 

promising alternative for the conversion of solar energy into electricity at low cost. 

However, the efficiencies achieved by these third generation solar cells are still far 

behind the expectations. In addition, the fabrication costs expected for these devices 

have sometimes been compromised by certain processing precautions and by the 

materials chosen to implement the cells. This dissertation has been focused on better 

understanding some fundamental aspects governing the final response of QDSSCs, in 

order to ultimately contribute to improve their performance with no additional costs. 

The general conclusions that can be drawn from the results presented in this work are 

the following: 

1) (Photo)electrochemical methods in three-electrode cells are powerful tools to 

separately analyze the behavior of photoactive electrodes for QDSSCs without 

interferences from other components of the device. They enable (i) the 

identification of the limiting processes/aspects influencing the overall 

response of the electrode and (ii) its optimization prior to its integration in a 

complete cell. 

2) Both light absorption and the efficiency of QD-sensitized electrodes/devices 

depend on the mode of attachment of the light harvesters to the electron/hole 

acceptor matrix, and in the case of linker-mediated adsorption, on the nature 

of the linker. For each anchoring mode, there is an optimum QD loading for 

which the efficiency of the electrode/cell is maximum. Hence, to properly 

compare different sensitization methods, a previous optimization of the 

corresponding electrodes is convenient. 
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3) Charge recombination processes at the different interfaces and low QD 

loadings are two major problems limiting the efficiency of QD-sensitized 

devices. In the former case, the utilization of blocking layers (i) on the 

electron and hole collectors and (ii) passivating the surface states of the 

electron/hole acceptor and the sensitizer, are crucial for the attainment of 

high-efficiency devices. Likewise, the prevention of the formation of QD 

aggregates/multilayers, where photogenerated charge carriers easily 

recombine, is also a key point. 

More concretely, the specific conclusions that have been gained from this work are as 

follows: 

1) When it comes to selecting and processing the different materials that 

constitute a complete QDSSC, it should be taken into account that the 

semiconductor oxides usually employed as electron/hole acceptors are stable 

in a certain range of pH values. This is particularly relevant when ZnO and 

NiO are utilized, since they are stable in a narrow range of pH values. 

2) In comparison with random nanoparticulate networks, organized architectures 

(especially 1-D single crystalline nanostructures) acting as electron/hole 

conducting phases provide a direct pathway for the rapid collection of charge 

carriers (diminishing recombination reactions). However, to translate this 

interesting property into cells showing high PCEs, it is necessary that the 

nanostructured films have a large interfacial active area (at least in the range 

of that exhibited by commonly used oxide nanoparticulate films). 

3) In the sensitization process of the oxide matrix, QDs preferentially anchor 

themselves to linker molecules such as MPA and Cys (including functional 

groups for which QDs show high affinity) if present, then to other QDs 

previously deposited, and finally to the bare oxide surface. This leads to a 

more homogeneous QD coverage of the nanoporous matrix in the case of 

linker-assisted adsorption compared to the other sensitization methods studied 
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in this thesis (direct adsorption and SILAR). This should be borne in mind in 

order to design strategies to obtain high sensitizer loadings without the 

formation of QD aggregates/multilayers. 

4) Comparing different TiO2-based solid state QDSSCs with optimum CdSe QD 

loadings, the devices sensitized by colloidal QDs show better performances 

than SILAR-based ones. This has been ascribed to an increased recombination 

in the latter case. Between the two ex situ sensitization methods, direct 

adsorption gives the best efficiencies on account of the higher QD coverages 

and the shorter donor-acceptor distance. The importance of recombination 

processes in SILAR-based QD-sensitized systems is also one of the reasons 

for the fact that the good results obtained with QD-modified ZnO electrodes 

(70% IPCEs) in contact with a hole scavenger are not translated into highly 

efficient devices. 

5) TEM and AFM images obtained for different QD-oxide systems (CdSe-ZnO 

and PbS-SnO2) have shown that the SILAR sensitization technique leads to 

the growth of cap-shaped chalcogenide nanocrystals. In general, it can be 

stated that QDs first grow in base diameter and afterward in height. In the case 

of the PbS-SnO2 system, it has been observed that the QD base diameter 

increases rapidly during the first SILAR cycles and then it saturates. As for 

the QD height, it grows linearly during the whole sensitization process until it 

equals the QD base radius. This sensitizer growth limitation is very important 

as it would constrain one of the interesting properties of QDs for their 

application to solar cells: their dimensions can be tuned to optimally match the 

solar spectrum. 

6) The efficiency of the electron transfer process for the SILAR-based PbS-SnO2 

system increases during the first stages of the QD growth process and then it 

drops. The former accounts for an increment in both the number and the size 

of the light harvesters. The latter is due to the emergence of QD clusters that 

act as strong light absorbers, but also as recombination centers, not 
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substantially contributing to the generation of photocurrent. In addition, the 

termination of QDs with an additional half a SILAR cycle (leading to Pb-rich 

QD surfaces), increases the efficiency of the ET process significantly, which 

results in higher photocurrents in complete devices (200 % photocurrent 

increment upon changing from 4 to 4.5 SILAR cycles). This has also been 

observed for other lead chalcogenide-oxide systems. The cationic passivation 

of QDs with Pb
2+

 results in light harvesters with surface donors favoring ET, 

in contrast to what happens in S-rich QDs (terminated with complete SILAR 

cycles) with surface acceptors acting as traps. The magnitude of this QD 

passivation effect depends on the nanocrystal dimensions, increasing with its 

surface area until its base diameter/radius saturates. All these results indicate 

that this simple and economical atomic passivation strategy is a powerful tool 

to improve the performance of QDSSCs. 

7) The ET rates (for the PbS-SnO2 system) are not dependent on either the 

sensitizer dimensions or its surface stoichiometry, which has been attributed 

to the pinning of the QD LUMO level relative to the oxide CB edge. This 

interesting finding would compromise the fine tuning of the donor-acceptor 

energetics so desirable for the attainment of high-efficiency devices. The 

back-ET rates are not dependent on the stoichiometry of the sensitizer but on 

its size, slowing down as the nanocrystal dimensions increase. This has been 

ascribed to an upward shift of the QD HOMO level as the sensitizer size 

increases (the HOMO level of the SILAR-based QDs would not be pinned). 

8) Dialkyl-quaterthiophenes have been demonstrated to be promising solid 

HTMs for the attainment of stable and low-cost QDSSCs. The low initial 

costs of these organic molecules, together with the absence of expensive 

requirements for their processing (they can be fully processed in air), may lead 

to economically competitive solid-state QD-devices. A mild thermal treatment 

of this HTM after its deposition on the nanoporous matrix, significantly 

improves the performance of the cells. Such a treatment facilitates the 
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penetration of the organic molecules through the oxide network and enhances 

their organization and assembly. 

9) Nickel oxide cathodes have been sensitized with colloidal CdSe QDs. Despite 

the limitations presented by the system studied (low hole diffusion coefficient 

and high VB edge position of the oxide, utilization of a sensitizer suitable for 

n-type semiconductors, mobility constraints of the cobalt complex-based 

electrolyte employed, etc), significant IPCE values have been achieved (17% 

at 420 nm). For the fabrication of efficient photocathode-based cells and thus 

for the ultimate construction of tandem devices, higher charge carrier 

mobilities together with a lower VB position for the p-type semiconductor are 

essential. Similarly, the use of thin blocking layers on the hole acceptor 

surface (and even on the QDs), hindering recombination reactions, is also 

highly recommendable. 

Overall, we believe that with this work we have contributed at least to some extent (i) 

to shed some light on certain fundamental aspects that should be taken into account to 

fabricate efficient QDSSCs and (ii) to investigate poorly explored low-cost materials 

and cell concepts. This has been done with the ultimate purpose to pave the way for 

the attainment of economical, stable, and competitive QD-sensitized devices. 
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Acronyms, Initialisms and Symbols

A Absorbance 

Ba  Exciton Bohr radius 

AFM Atomic force microscopy 

AM 1.5 Air mass 1.5 illumination 

BET Brunauer-Emmett-Teller 

BL Blocking layer 

BSE Backscattered electrons 

CB Conduction band 

CBD Chemical bath deposition 

CE Counter electrode 

CIGS Cu(In,Ga)(S,Se)2 

CV Cyclic voltammetry 

Cys Cysteine 

CZTS Cu2ZnSn(S,Se)4 

DA Direct adsorption 

nD  Diffusion coefficient 

DSSC Dye-sensitized solar cell 

e  Elementary charge 

EDT 1,2-ethanedithiol 

EF Fermi level 

Eg Bandgap 

EIS Electrochemical impedance spectroscopy 

EqF Quasi-Fermi level 

Eredox,F Apparent Fermi level of the redox pair 
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ET Electron transfer 

ETA Extremely thin absorber 

FF Fill factor 

FTO Fluorine doped tin oxide 

h  Planck constant, 4.136·10
-15

 eV·s 

HOMO Highest occupied molecular orbital 

HTM Hole transporting material 

ICP-AES Inductively coupled plasma – atomic emission spectroscopy 

IL Ionic liquid 

IPCE Incident photon-to-current efficiency 

IS Interfacial states 

ITO Indium doped tin oxide 

j  Current density 

mj  Current density at the maximum power point of the I-V curve 

scj  Short circuit current density 

BETK  Constant rate of back electron transfer 

ETK  Constant rate of electron transfer from donor to acceptor 

TrK  Constant rate of electron trapping (at donor surfaces) 

LA Linker-mediated adsorption 

nL  Electron diffusion length 

LUMO Lowest unoccupied molecular orbital 

MPA 3-mercaptopropionic acid 

*

em  Electron effective mass 

MEG Multiple exciton generation 

*

hm  Hole effective mass 

MUA 11-mercaptoundecanoic acid 

MV
2+

 Methyl viologen 
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acceptorsN  Number of acceptor states in a semiconductor 

ETN  Number of electrons transferred from the donor to the acceptor 

n-DSSC Dye-sensitized solar cell based on wide band gap n-type semiconductors 

(standard DSSC) 

n-QDSSC Quantum dot-sensitized solar cell based on wide band gap n-type 

semiconductors (standard QDSSC) 

n-SSC Sensitized solar cell based on wide band gap n-type semiconductors 

(standard SSC) 

totN  Total population of photogenerated excitons 

TrN  Number of photogenerated electrons trapped (at the donor surface) 

NW Nanowire 

OPTP Optical pump-terahertz probe 

PCE Power conversion efficiency 

PCPDTBT Poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-

b]dithiophene)-alt-4,7(2,1,3-benzothiadiazole) 

p-DSSC Dye-sensitized solar cell based on wide band gap p-type semiconductors 

PE  Passivation efficiency 

PEDOT Poly(3,4-ethylenedioxythiophene) 

P3HT Poly(3-hexylthiophene-2,5-diyl) 

PL Photoluminiscence 

p-QDSSC Quantum dot-sensitized solar cell based on wide band gap p-type 

semiconductors 

p-SSC Sensitized solar cell based on wide band gap p-type semiconductors 

pTPA Polytriphenylamine 

PV Photovoltaic 

QD Quantum dot 

QDSSC Quantum dot-sensitized solar cell 

QT12 3,3’’’-didodecyl-quaterthiophene 

R Diffuse reflectance 
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)Re(  Pump-induced real part of the complex THz photoconductivity 

rGO Reduced graphene oxide 

SC Semiconductor 

SCE Saturated calomel electrode 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SILAR Successive ionic layer adsorption and reaction 

Spiro-

OMeTAD 

2,2’,7,7’-tetrakis(N,N-dimethoxyphenylamine)-9,9’-spirobifluorene 

SS Surface states 

SSC Sensitized solar cell 

ssQDSSCs Solid-state quantum dot-sensitized solar cells 

T Transmittance 

TCO Transparent conductive oxide 

TEM Transmission electron microscopy 

TGA Thioglycolic acid 

TOP Trioctylphosphine 

TPA Triphenylamine 

VB Valence band 

mV  Potential at the maximum power point of the I-V curve 

OCV  Open circuit potential 

Z  Complex impedance 

Z   Real impedance 

Z   Imaginary impedance 

  

  Reduced Planck constant 
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  Dielectric constant 


 Power conversion efficiency 

  Wavelength of the electromagnetic radiation 


 Electron mobility 

  Frequency of the electromagnetic radiation 

nτ  Survival time of electrons 

G  Energy difference between donor and acceptor energy levels (electron 

transfer driving force) 
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Introducción 

Para mantener el estilo de vida de la población mundial y satisfacer sus futuras 

demandas, es necesario un cambio en el sistema energético actual. Hoy en día, la 

mayor parte de la energía que se consume proviene de combustibles fósiles. La 

excesiva dependencia de estas fuentes de energía primarias presenta varios 

inconvenientes. Por un lado, sus reservas no son inagotables. Su agotamiento 

progresivo llevará asociado un encarecimiento en los precios de la energía. Por otro 

lado, el consumo de estos combustibles produce los llamados gases de efecto 

invernadero. Además del aumento en la concentración de CO2 en la atmósfera, dichos 

gases están conduciendo a un calentamiento global del planeta cuyos efectos 

comienzan a hacerse notar: aumento de la temperatura, climatología extrema, deshielo 

de los polos, etc. 

Actualmente, para atender las necesidades de los 7 mil millones de personas en el 

mundo, se consumen un promedio anual de ~ 18 TW. Se estima que, para el año 2050, 

se requerirán 26-33 TW adicionales. Según algunos análisis, para mantener la 

concentración de CO2 atmosférico por debajo del umbral medioambientalmente 

tolerable, de entre 10 a 30 TW tendrán que proceder de fuentes de energía neutras en 

emisiones de CO2. De entre todas las alternativas existentes actualmente, parece que la 

energía solar es la única fuente de energía renovable capaz de cumplir ampliamente 

con dicho requerimiento. 

Existen diferentes formas de aprovechar la energía proveniente del sol. Una de las más 

conocidas consiste en su conversión directa en electricidad, lo que da lugar al campo 

de la fotovoltaica. Desde la implementación del primer dispositivo fotovoltaico a 

mediados del siglo XX, se han propuesto una gran variedad de células solares. Su 

evolución a lo largo de los años ha venido marcada por dos objetivos claros: reducir 

sus costes de fabricación y aumentar su eficiencia en la conversión de luz en 

electricidad. El objeto de estudio de la presente tesis son las células solares 

sensibilizadas de puntos cuánticos (cuyas siglas en inglés son QDSSCs), que junto 
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con las de colorante (DSSCs), constituyen las llamadas células solares sensibilizadas 

(SSCs). En este tipo de células, las fases conductoras de electrones y de huecos no son 

sensibles a la radiación solar. La habilidad para captar fotones y generar pares 

electrón-hueco se adquiere depositando un absorbente eficaz de luz (un colorante o un 

punto cuántico) sobre la superficie de un semiconductor de banda ancha mesoporoso, 

que actúa como medio de transporte de electrones/huecos; de ahí el nombre de células 

“sensibilizadas”. Según la clasificación propuesta por Green, las células sensibilizadas 

se engloban dentro de la tercera generación de dispositivos fotovoltaicos, los cuales 

rompen con el concepto de unión p-n simple en el cual se basan la primera y segunda 

generación. 

Los puntos cuánticos (QDs) son nanopartículas de materiales semiconductores 

generalmente compuestos por elementos de los grupos II-IV, IV-VI o III-V, cuyo 

tamaño puede variar entre un nanómetro y decenas de nanómetros. El hecho de que 

estas nanopartículas experimenten fenómenos de confinamiento cuántico (de ahí el 

nombre de “puntos cuánticos”), les confiere unas propiedades físico-químicas muy 

atractivas para ser utilizadas en el campo de la fotovoltaica. Concretamente, debido al 

confinamiento cuántico, el rango de absorción de luz de estas partículas se puede 

modular variando su tamaño. Además, el rendimiento de las células solares se puede 

mejorar cuando se emplean puntos cuánticos a través de (i) la generación de más de un 

par electrón-hueco por fotón absorbido (en inglés multiple exciton generation, MEG) 

y/o (ii) la rápida extracción de portadores de carga calientes (o altamente energéticos, 

generados por fotones con energía superior a la anchura de la banda prohibida). Lo 

primero daría lugar a mayores fotocorrientes y lo segundo a mayores fotovoltajes. La 

implementación de cualquiera de estas estrategias podría suponer la superación del 

límite de Shockley-Queisser, que marca la eficiencia máxima alcanzable por las 

células solares de primera y segunda generación. Aparte de estas propiedades, los 

puntos cuánticos presentan otras ventajas a la hora de ser utilizados como absorbentes 

de luz en células sensibilizadas en comparación con los colorantes: mayor 

termoestabilidad, mayores coeficientes de extinción, posibilidad de controlar 
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directamente las propiedades interfaciales con la fase conductora de electrones/huecos 

por modificación de la superficie del QD, etc. 

La estructura de una QDSSC convencional se compone de un fotoánodo (sensible a la 

luz solar), un medio transportador de huecos y un contraelectrodo. A su vez, el 

fotoánodo está formado por una película nanoporosa de un semiconductor de banda 

ancha tipo n (aceptor/transportador de electrones), soportada sobre vidrio conductor 

(colector de electrones), y sobre la cual se depositan los QDs (absorbente de luz). 

Cuando la luz incide sobre este tipo de dispositivos, es absorbida por los QDs, 

promoviendo un electrón desde su orbital molecular ocupado de mayor energía 

(cuyas siglas en inglés son HOMO) hasta su orbital molecular no ocupado de menor 

energía (LUMO). Debido al alineamiento de las bandas energéticas de los distintos 

elementos de la célula, el electrón excitado es inyectado en la banda de conducción 

(cuyas siglas en inglés son CB) del aceptor de electrones, y el hueco (que queda en el 

HOMO del QD) es capturado por el material transportador de huecos (cuyas siglas en 

inglés son HTM). A continuación, electrón y hueco son transportados en direcciones 

opuestas. El electrón difunde por la película nanoporosa del aceptor de electrones 

hasta el colector y entra en el circuito externo realizando trabajo. El hueco es 

transportado por el HTM hasta el contraelectrodo donde recombina con el electrón, 

cerrándose así el ciclo regenerativo. 

Bajo condiciones de operación reales, las reacciones de generación, transferencia de 

carga y transporte necesarias para el funcionamiento de las QDSSCs descritas arriba, 

conviven con una serie de procesos que reducen la cantidad de cargas fotogeneradas 

que finalmente contribuyen a la conversión de luz en electricidad (procesos de 

recombinación). Así, en el QD, el par electrón-hueco fotogenerado puede recombinar 

antes de separarse. El electrón inyectado en el aceptor de electrones, puede recombinar 

con el hueco en el QD (proceso conocido en inglés como back-electron transfer) o con 

la especie oxidada del HTM. Además, en su camino hacia el colector de electrones, el 

electrón puede ser atrapado en estados superficiales o en bordes de grano 

(especialmente cuando el transportador de electrones está constituido por 
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nanopartículas). Finalmente, una vez que el electrón ha alcanzado el colector de 

electrones, puede recombinar con la especie oxidada del HTM. Para que esto último 

pueda ocurrir, es necesario que existan zonas del colector de electrones en contacto 

con el HTM, lo cual es común cuando se emplean materiales mesoporosos. Este es el 

motivo por el cual, generalmente, en las QDSSCs, se deposita entre el aceptor y el 

colector de electrones una capa compacta (normalmente del material empleado como 

aceptor de electrones), con el fin de evitar el contacto entre colector y HTM. Esta capa 

es conocida como capa bloqueante. Obviamente, el comportamiento final de la célula 

vendrá marcado por la cinética de los distintos procesos que tienen lugar en ella. 

Inicialmente, los materiales que se empleaban en las QDSSCs eran aquellos que se 

utilizaban para sus predecesoras, las células de colorante. Con el tiempo, se hizo 

evidente que para explotar el enorme potencial de las QDSSCs, era necesario el uso de 

otros materiales. 

Los materiales que más se han estudiado como aceptor/transportador de electrones en 

QDSSCs son óxidos semiconductores tipo n: TiO2, ZnO, SnO2 y combinaciones de 

estos óxidos. De entre ellos, el TiO2 es el que más se ha utilizado. Es importante 

señalar que el empleo de estos materiales en forma de arquitecturas bien organizadas, 

especialmente nanoestructuras cristalinas unidimensionales, en lugar de películas de 

nanopartículas desordenadas, puede resultar muy ventajoso. Este tipo de 

nanoestructuras ordenadas, no sólo proporciona un transporte del electrón hasta el 

colector más directo, sino que evita que éste quede atrapado en bordes de grano. En 

este sentido, hay que subrayar la facilidad que presenta el ZnO para formar una gran 

variedad de nanoestructuras ordenadas. De hecho, este óxido es comúnmente usado en 

las QDSSCs formando nanoestructuras simples (nanobarras, nanohilos, 

nanotetravainas, nanohojas, etc), jerarquizadas o combinaciones de nanoestructuras 

ordenadas. A lo largo de los años, las eficiencias record alcanzadas por las QDSSCs, 

se han obtenido empleando películas de nanopartículas de TiO2 como aceptor de 

electrones. Sin embargo, en los últimos años, las eficiencias de los dispositivos 
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basados en estructuras ordenadas de ZnO han ido aumentando progresivamente, hasta 

prácticamente igualarse a las de las células basadas en capas nanoporosas de TiO2. 

En cuanto a los QDs, aquellos que más ampliamente se han utilizado en SSCs son los 

basados en calcogenuros de metales pesados, especialmente los de cadmio y plomo: 

CdSe, CdS, CdTe, PbS y PbSe. Con el paso de los años, se han ido introduciendo 

otros tipos de QDs, como los formados por varias capas de semiconductores en forma 

de cebolla (core-shell QDs, CdS/CdSe, CdTe/CdSe, etc) o los compuestos por más de 

dos elementos (alloyed QDs, CuInS2, ZnCuInS2, etc). Es importante destacar que, 

recientemente, el rendimiento de algunas QDSSCs se ha visto mejorado 

significativamente dopando el absorbente de luz con otro metal (como el Mn o el Hg). 

Por otra parte, también es común que en las QDSSCs se empleen capas de diferentes 

QDs en forma de cascada (por ejemplo CdS/CdSe), con el fin de ampliar el rango de 

absorción de la luz y mejorar así la eficiencia de los dispositivos. 

Existen diferentes métodos para anclar los QDs a la superficie del transportador de 

electrones. A grandes rasgos, estos métodos se pueden dividir entre (i) aquellos que 

parten de puntos cuánticos previamente sintetizados y (ii) aquellos que hacen crecer 

los QDs in situ sobre la superficie del semiconductor de banda ancha. 

En el primer caso, una vez obtenida la dispersión coloidal de QDs, el sensibilizador se 

puede ensamblar con el aceptor de electrones directamente o a través de un cable 

molecular (linker). La adsorción directa de los QDs, se puede llevar a cabo (i) 

aplicando un potencial que los conduzca hacia la matriz mesoporosa del aceptor de 

electrones (electroforesis) o (ii) sumergiendo el sustrato directamente en la dispersión 

coloidal de QDs (adsorción directa). Cuando la adsorción se realiza vía cables 

moleculares, estas moléculas, que disponen de un grupo funcional con afinidad por los 

QDs (grupo –SH) y de otro con afinidad por el aceptor de electrones (grupo –COOH), 

actúan como puente uniendo ambos materiales. En general, cuando se aplica esta 

técnica, el semiconductor de banda ancha primero se funcionaliza con los cables 

moleculares, y después se sumerge en la dispersión coloidal de los QDs para que éstos 

se anclen a su superficie a través de los grupos –SH expuestos. Una forma alternativa 
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de operar, que ha dado muy buenos resultados en los últimos años, consiste en 

funcionalizar primero los QDs. En este caso, los grupos –COOH expuestos en los QDs 

son los que dirigen la adsorción sobre la superficie del aceptor de electrones. 

Entre los principales métodos que conducen a la generación de los QDs directamente 

sobre la superficie del sustrato podemos destacar: el electrodepósito, el baño químico 

(cuyas siglas en inglés son CBD), o la adsorción y reacción de capas iónicas 

sucesivas (SILAR). En el electrodepósito, el sustrato se sumerge en una disolución 

que contiene el catión metálico estabilizado por un quelante y el anión del 

calcogenuro, y se aplica un programa de potenciales/corrientes para formar los QDs en 

superficie. En el CBD, el sustrato se sumerge en una disolución que contiene los 

precursores iónicos tanto del metal como del calcogenuro, los cuales reaccionan 

lentamente dando lugar a los QDs. El método SILAR consiste en sumergir 

alternativamente el sustrato en disoluciones del precursor catiónico y aniónico del QD, 

lavando el sustrato después de cada inmersión para eliminar el exceso de iones no 

adsorbidos/sin reaccionar que puedan quedar en los poros del aceptor de electrones. 

Este método es equivalente al de CBD, pero con la ventaja de restringir la generación 

de QDs a la superficie del semiconductor de banda ancha. 

Los materiales usados como fase transportadora de huecos pueden clasificarse en tres 

grandes grupos: electrolitos líquidos, materiales sólidos orgánicos y conductores de 

huecos cuasi-sólidos. Los electrolitos consisten en pares redox disueltos en 

disolventes líquidos. El más empleado en las QDSSCs y con el que mejores resultados 

se han obtenido hasta la fecha, es el conocido como electrolito de polisulfuro, que se 

basa en el par redox   
       en medio acuoso. El electrolito orgánico con el par 

  
     , clásico de las DSSCs, también se ha utilizado en las QDSSCs, aunque con 

peores resultados debido a la (foto)degradación que sufren los QDs en su presencia. 

También se han empleado otros electrolitos, como los basados en complejos de 

cobalto, aunque en menor extensión. El empleo de un HTM líquido condiciona la 

estabilidad de las QDSSCs, debido a los problemas de fugas (dificultad de sellado) y a 

que muchos de ellos son químicamente agresivos. La utilización de materiales 
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conductores de huecos sólidos soluciona estos problemas. Estos materiales pueden 

dividirse en moléculas orgánicas y polímeros. Entre las primeras, la más ensayada es 

el spiro-OMeTAD. En cuanto a los polímeros, uno de los más estudiados es el P3HT, 

aunque existen otros, como el poli[2,6-(4,4-bis-(2-etilhexil)-4H-ciclopenta[2,1-b;3,4-

b′]ditiofeno)-alt-4,7(2,1,3-benzotiadiazol)] (PCPDTBT), con el que se han obtenido 

muy buenos resultados. Otra opción, aunque menos estudiada, consiste en el empleo 

de conductores de huecos cuasi-sólidos, entre los que nos encontramos los líquidos 

iónicos y los geles electrolíticos. A grandes rasgos, los líquidos iónicos son sales 

fundidas a temperatura ambiente. En las QDSSCs, se han empleado líquidos iónicos 

basados en poliyoduro y en polisulfuro. Por otra parte, los geles que se han estudiado 

consisten en una matriz polimérica en la cual se encuentra retenido el polisulfuro. Con 

estos últimos, los resultados obtenidos han sido mejores que con los líquidos iónicos. 

El contraelectrodo (CE) es el elemento de la célula encargado de regenerar la fase 

conductora de huecos y, por lo tanto, su mayor requerimiento es presentar una elevada 

actividad electrocatalítica para la reducción del HTM. En el caso del electrolito de 

polisulfuro, el CE que más se ha estudiado es el de Cu2S crecido sobre una lámina del 

metal (Cu2S/metal). Aunque este electrodo exhibe una elevada actividad 

electrocatalítica para la regeneración del electrolito de polisulfuro, también es 

inestable en su presencia a largo plazo. Es importante señalar aquí, el gran interés que 

se ha prestado en los últimos años al desarrollo de CEs más eficientes, sobre todo para 

ser usados en combinación con polisulfuro, lo que ha llevado a la aparición de una 

gran variedad de diseños. Con el resto de electrolitos estudiados en las QDSSCs, el CE 

que más se ha utilizado es el de Pt depositado sobre vidrio conductor (Pt/TCO). El 

electrolito de polisulfuro no muestra buenos resultados en combinación con este 

contraelectrodo, debido a la adsorción irreversible de especies de sulfuro sobre su 

superficie, dando lugar a su envenenamiento. Cuando se emplean HTMs sólidos, el 

CE suele consistir en una fina capa de algún metal, generalmente Au, depositada por 

evaporación sobre su superficie. Por último, los conductores de huecos cuasi-sólidos 

suelen utilizarse junto con CEs de Pt/TCO, aunque en el caso de los electrolitos de gel 

también se han empleado con Cu2S/metal. 
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Como ya se ha comentado, las QDSSCs convencionales están basadas en fotoánodos 

compuestos por semiconductores de banda ancha tipo n sensibilizados al visible por 

QDs. Una configuración alternativa, consiste en el uso de semiconductores de banda 

ancha tipo p depositados sobre vidrio conductor y sensibilizados por QDs, formando 

cátodos fotoactivos, que junto a un medio transportador de electrones y un 

contraelectrodo constituyen QDSSCs tipo p (o p-QDSSCs). En este tipo de células, 

una vez absorbida la luz y formado el par electrón-hueco en el QD, el hueco es 

inyectado en la banda de valencia (cuyas siglas en inglés son VB) del semiconductor 

tipo p (aceptor/transportador de huecos), y el electrón excitado es captado por la 

especie oxidada del mediador redox (fase transportadora de electrones). La especie 

reducida resultante, difunde por la fase transportadora de electrones hasta el 

contraelectrodo y transfiere el electrón. Éste entra en el circuito externo y llega hasta 

el fotocátodo, donde regenera al semiconductor tipo p. 

Aunque en el caso de las DSSCs, en los últimos años se ha podido apreciar un 

creciente interés en el estudio de dispositivos basados en fotocátodos (p-DSSCs), lo 

que se refleja en el número de trabajos publicados, en las QDSSCs el número de 

células exploradas con esta configuración es todavía muy limitado. Por ello, los 

materiales probados en este tipo de dispositivos son muy escasos. 

En cuanto al aceptor/transportador de huecos, el semiconductor de banda ancha que 

más se ha estudiado en las p-QDSSCs (y en general en las SSCs tipo p, p-SSCs) es el 

NiO. Además de éste, también se ha explorado el CoO en forma de nanohilos. En las 

p-DSSCs, el número de semiconductores tipo p estudiados es mayor. Un ejemplo a 

señalar son las delafositas (CuMO2, donde M = Cd, Ga o Cr), con las que se han 

obtenido resultados muy interesantes en los últimos años. 

Los QDs que se han explorado en p-QDSSCs son los compuestos de: CdS, CdSe y 

Cu2S. También se han estudiado como absorbente de luz QDs de CdS y CdSe 

depositados en cascada. Al contrario de las p-DSSCs, en las que se han investigado 

una gran variedad de colorantes especialmente diseñados para este tipo de 
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dispositivos, en las p-QDSSCs, sólo se han estudiado hasta la fecha sensibilizadores 

adecuados para semiconductores tipo n. 

En cuanto a la fase transportadora de electrones/mediador redox, los electrolitos más 

estudiados en las p-SSCs son los que se utilizan en las SSCs convencionales: el 

polisulfuro en las p-QDSSCs y el basado en   
      en las p-DSSCs. En estas últimas, 

también se han ensayado otros electrolitos, como los basados en complejos de cobalto, 

con los cuales se han alcanzado eficiencias record. Como contraelectrodos, solamente 

se ha empleado Pt sobre vidrio conductor en ambos casos. 

El mayor interés de las p-QDSSCs radica en el hecho de que, los fotocátodos 

desarrollados, pueden ser utilizados en combinación con ánodos fotoactivos en una 

célula en tándem. La forma más sencilla de desarrollar este concepto consiste en la 

unión en serie de ambos electrodos fotoactivos. Este diseño presenta una serie de 

ventajas. Por un lado, el potencial a circuito abierto (Voc) alcanzado en este tipo de 

dispositivos, es la suma de los potenciales de cada una de las subcélulas que lo 

forman. Por otro, la eficiencia máxima teórica que una célula puede alcanzar, aumenta 

conforme lo hace el número de semiconductores empleados, pasando de un 31% 

cuando se emplea un solo semiconductor a un 42% cuando se emplean dos. Como 

punto negativo, está el hecho de que, en este tipo de dispositivos, la fotocorriente 

viene normalmente limitada por el electrodo menos eficiente (generalmente el 

fotocátodo). Hasta la fecha, no se ha presentado ningún dispositivo en tándem basado 

en el concepto de células sensibilizadas de QDs. En el caso de las DSSCs, su número 

es muy escaso. En la mayoría de ellos, la eficiencia final del dispositivo en tándem es 

menor que la de la célula basada sólo en el fotoánodo. Esto se debe fundamentalmente 

a las bajas fotocorrientes alcanzadas por los fotocátodos. 

A pesar del enorme potencial que presentan los QDs como elemento absorbente de luz 

en las SSCs, las máximas eficiencias de conversión alcanzadas por las QDSSCs (~ 

7%) están todavía por debajo de la eficiencia obtenida por la primera DSSC 

presentada por Grätzel y O’Regan en 1991 (8%). Esto pone de manifiesto la necesidad 

de entender con mayor profundidad los procesos/aspectos fundamentales que rigen el 
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comportamiento de las QDSSCs, con el fin, en última instancia, de sacar el máximo 

rendimiento a este tipo de dispositivos fotovoltaicos de tercera generación. La presente 

tesis doctoral se ha desarrollado sobre la base de esta idea. A continuación, se resumen 

los resultados experimentales mostrados en cada uno de los capítulos de la misma y 

las conclusiones extraídas. 

Resultados y discusión 

Capítulo 3. Sensibilización de nanopartículas de ZnO con puntos cuánticos de 

CdSe preparados por SILAR 

En este capítulo se desarrolla el método SILAR en medio acuoso para el crecimiento 

directo de QDs de CdSe sobre ZnO. Los fotoánodos correspondientes se estudiaron a 

través de técnicas electroquímicas, con vistas a su futura implementación en 

dispositivos completos. 

Las películas de ZnO se caracterizaron antes y después de ser sensibilizadas mediante 

diferentes técnicas. Se prestó especial atención a la caracterización morfológica a 

través de TEM y AFM del crecimiento de los QDs sobre la superficie del óxido. En el 

caso de AFM, también se empleó un monocristal del óxido para estudiar el proceso 

durante los primeros ciclos. Los resultados obtenidos mostraron que, durante las 

primeras etapas del proceso de sensibilización, los nanocristales de CdSe se forman y 

crecen sobre el ZnO de forma homogénea recubriendo gran parte de su superficie. 

Estos nanocristales son planos (su base es mucho mayor que su altura). Conforme 

avanza el proceso, aparecen sobre la superficie del óxido, agregados de QDs que 

crecen rápidamente. La cantidad de CdSe depositada por ciclo aumenta 

progresivamente. Esto último también se pudo comprobar a través de los espectros de 

reflectancia de las muestras, representando la transformada de Kubelka-Munk en 
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función del número de ciclos, deduciéndose que los QDs se depositan 

preferencialmente sobre otros QDs. Además, en estos espectros se pudo observar un 

hombro en todos los casos (incluso para la muestra sensibilizada con 40 ciclos 

SILAR), correspondiente al pico excitónico de los QDs, indicativo de que la 

distribución de tamaños de partícula de CdSe es relativamente estrecha. 

La eficiencia de los fotoánodos se evaluó a partir de medidas de IPCE, determinando 

la cantidad de electrones recolectados por fotón incidente en presencia de un 

capturador de huecos. Así se comprobó que, con el número de ciclos SILAR, la 

eficiencia de los electrodos aumenta, aunque no de forma lineal. Los valores de IPCE 

se van incrementando rápidamente al principio, y después (a partir de 20 ciclos) 

tienden a estabilizarse. Este estancamiento coincide con el rápido crecimiento de 

agregados de nanocristales de CdSe. En ellos, la generación de portadores de carga en 

QDs alejados de la superficie del óxido, junto con la existencia de múltiples trampas 

superficiales e interfaciales, hace que aumenten los procesos de recombinación. Esto 

conduce a que la proporción de electrones fotogenerados que finalmente son 

recolectados disminuya. Es importante señalar que se alcanzaron IPCEs de hasta un 

70% para el electrodo sensibilizado con 40 ciclos SILAR. Los voltamogramas en 

oscuridad de los electrodos, permitieron comprobar que no existe un bloqueo 

apreciable de los poros de la estructura mesoporosa del óxido en ningún caso. 

Los buenos resultados obtenidos para los fotoánodos en presencia del capturador de 

huecos no fueron trasladados a célula completa. Mediante técnicas 

(foto)electroquímicas (transitorios de fotocorriente y fotopotencial y voltametría 

cíclica en oscuridad), se pudo comprobar que esto era debido a la importancia de los 

procesos de recombinación vía el electrolito en este tipo de electrodos. Además, se 

comprobó que el ZnO es inestable en presencia del electrolito de polisulfuro 

empleado. Por un lado, el óxido se disuelve en su presencia, lo que provoca el 

aumento de los procesos de recombinación FTO-electrolito. Por otro lado, el ZnO 

reacciona con el polisulfuro formándose una capa de ZnS sobre la superficie del 

óxido. Esta capa pasiva los estados superficiales tanto del óxido como de los QDs, 
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disminuyendo los procesos de recombinación por estas vías. De los resultados 

obtenidos se deduce que, este segundo efecto tiene menor relevancia en el 

comportamiento final del fotoónodo/dispositivo. 

De forma más general, en este capítulo se puso de manifiesto la necesidad de utilizar 

capas intermedias/bloqueantes cuando se usa polisulfuro en células basadas en ZnO. 

También se desveló la importancia de controlar el pH a la hora de seleccionar y 

procesar los distintos materiales que forman parte de una célula cuando se emplea 

ZnO como aceptor de electrones, ya que este óxido es estable en un rango de pHs 

estrecho. 

Capítulo 4. Fotoánodos de ZnO/CdSe: arquitectura del óxido y modo de anclaje 

del sensibilizador 

En este capítulo se exploran dos estrategias para mejorar la eficiencia de los 

fotoánodos estudiados en el capítulo anterior. Por un lado, la matriz mesoporosa del 

ZnO se substituyó por nanoestructuras ordenadas del material (en concreto, por 

nanohilos del óxido). Por otro lado, el ZnO se sensibilizó con CdSe empleando 

técnicas basadas en QDs coloidales (adsorción directa y adsorción vía linker) en lugar 

de generar los QDs in situ. 

Al comparar las voltametrías cíclicas en oscuridad de los electrodos basados en 

nanopartículas (NPs) y en nanohilos (NWs) de ZnO, se pudo comprobar que el área 

electroquímicamente activa de los primeros era muy superior a la de los segundos (lo 

que es lógico teniendo en cuenta que el espesor de la película de NPs era 7 veces 

superior a la altura de los NWs). Además, los espectros de reflectancia de los 

electrodos antes y después de ser sensibilizados con CdSe mediante SILAR 

demostraron que, la cantidad de luz absorbida por los electrodos basados en NPs 

también era mayor. Sin embargo, esto último no solamente se debía al mayor número 

de QDs adsorbidos, sino también a la mayor dispersión de la luz que presentaban las 

películas de nanopartículas desordenadas. Así, como era de esperar, la eficiencia que 
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se obtuvo para los electrodos de NPs (evaluada a partir de los espectros de IPCE) fue 

muy superior a la que se obtuvo por los electrodos de NWs. Sin embargo, al comparar 

la relación entre las áreas de las curvas de IPCE de ambos electrodos, se pudo 

comprobar que su valor (13,5) era bastante inferior al de la relación entre sus áreas 

interfaciales activas (17). Esto demostró indirectamente que, los fotoánodos basados 

en NWs daban una mejor respuesta, debido probablemente (i) a la mayor 

direccionalidad en el transporte de los electrones hacia el colector y (ii) a la menor 

densidad de estados superficiales en este tipo de nanoestructuras ordenadas. 

En la segunda parte de este capítulo, se estudiaron fotoánodos basados en NPs de ZnO 

sensibilizadas mediante adsorción directa (DA) y adsorción vía linker (LA) de QDs 

coloidales. Como cables moleculares se emplearon cisteamina, císteina (Cys), ácido 3-

mercaptopropiónico (MPA), ácido tioglicólico (TGA) y 1,2-etanoditiol (EDT). En 

todos los casos, los electrodos se sensibilizaron durante 24 h. 

A partir de los espectros de reflectancia/absorbancia y de IPCE, se pudo comprobar 

que tanto la cantidad de luz absorbida por los fotoánodos como su eficiencia, 

dependen del modo de anclaje de los QDs y, en el caso de LA, de la naturaleza del 

cable molecular (no sólo de su longitud). Sin embargo, no siempre existe una 

correspondencia entre cantidad de luz absorbida y eficiencia. Aspectos tales como (i) 

el recubrimiento no homogéneo de la película del óxido o (ii) la pérdida de área 

electroquímicamente activa por parte de los electrodos después de adsorber el cable 

molecular o los QDs, fueron identificados como posibles causas de tal discrepancia. 

Escogiendo el electrodo con el que se habían obtenido mejores resultados (el 

sensibilizado mediante TGA), se estudió la cantidad de QDs adsorbidos en función del 

tiempo de adsorción. De este estudio se puede deducir que los QDs de CdSe se anclan 

preferencialmente a los grupos –SH de los cables moleculares que a otros QDs o a la 

superficie del óxido. Por ello, la eficiencia de estos electrodos crece rápidamente al 

principio (mientras quedan grupos –SH disponibles y se está formando una monocapa 

de QDs) y después a un ritmo mucho menor (cuando comienzan a aparecer agregados 

de QDs). 
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Finalmente, los fotoánodos mesoporosos de ZnO sensibilizados con QDs coloidales se 

compararon con aquellos modificados mediante SILAR. En general, el método SILAR 

da lugar a una mayor absorción de la luz y a mejores eficiencias por parte de los 

electrodos. Además, al comparar un electrodo modificado vía TGA y otro mediante 

SILAR con grados de recubrimiento similares, se observa que la eficiencia alcanzada 

por el segundo es casi el doble que la del primero. El hecho de que el rango UV-vis de 

absorción de luz del electrodo preparado por SILAR sea mayor, sólo puede explicar 

parcialmente la mejor respuesta obtenida. En general, cuando se aplican técnicas de 

sensibilización in situ la distancia donador-aceptor de electrones se minimiza, lo que 

da lugar a mayores velocidades de inyección. No obstante, los resultados obtenidos no 

pueden extrapolarse a dispositivos completos en los cuales se emplean electrolitos 

regenerativos. En este sentido, el hecho de que los QDs coloidales estén pasivados 

debido a la presencia de agentes protectores (o capping agents) puede resultar muy 

ventajoso, ya que los procesos de recombinación vía estados interfaciales/superficiales 

se reducen. 

Capítulo 5. Célula solar sensibilizada de puntos cuánticos de estado sólido basada 

en un tetratiofeno como material conductor de huecos 

Este capítulo está dedicado al estudio de una QDSSC basada en un HTM sólido, de 

bajo coste y sin ningún tipo de requerimiento especial a la hora de ser procesado. 

Las células se construyeron empleando fotoánodos de FTO/TiO2/CdSe, sobre los 

cuales se depositó el HTM (en concreto, 3,3′′′-didodecil-2,2′:5′,2′′:5′′,2′′′−tetratiofeno, 

QT12) y se completaron con CEs de politrifenilamina (pTPA) depositada sobre FTO 

(actuando el polímero como una capa bloqueante). A partir de las voltametrías cíclicas 

del QT12 y de la pTPA, del espectro de absorbancia del HTM y de los datos obrantes 

en la bibliografía, se puede confirmar el correcto alineamiento de los niveles 

energéticos de los diferentes componentes de la célula. Además, los espectros de 

fotoluminiscencia de los fotoánodos permitieron demostrar que existe una 

transferencia efectiva de huecos desde los QDs de CdSe hacia las moléculas de QT12. 
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Todos los parámetros característicos de la célula, especialmente la fotocorriente a 

cortocircuito (Jsc), mejoran al realizar un tratamiento térmico suave después de 

depositar el HTM sobre los fotoánodos. Esto se atribuyó a la mejor penetración de las 

moléculas orgánicas a través de la estructura del óxido y a su mejor distribución en el 

interior de los poros, ya que el tratamiento térmico implicaba temperaturas por encima 

de la temperatura de fusión del QT12 (próxima a 60ºC). 

Se compararon cuatro modos de anclaje de los QDs: adsorción directa, adsorción vía 

MPA o Cys, y SILAR. Primeramente, se evaluó como variaba la eficiencia de las 

células con el tiempo de adsorción (en el caso de DA o LA) o con el número de ciclos 

(en el caso de SILAR). En todos los casos se observa que, existe un grado de 

recubrimiento de los QDs óptimo, por encima del cual el comportamiento de los 

dispositivos empeora. Comparando las curvas j-V de los electrodos optimizados, se 

puede comprobar que, las técnicas de sensibilización basadas en QDs coloidales dan 

lugar a mejores resultados, debido principalmente a las menores fotocorrientes a 

cortocircuito obtenidas con el método SILAR. Esto se relacionó con la mayor cantidad 

de agregados de QDs no protegidos (que actúan como centros de recombinación) 

obtenidos mediante el método SILAR, junto con la mejor interacción entre los QDs 

coloidales y el QT12 a través de las cadenas alquílicas de ambas especies. 

Por otro lado, la adsorción directa de QDs conduce a mayores eficiencias que la 

adsorción vía linker, lo cual no sólo se atribuyó a la mayor cantidad de QDs 

adsorbidos en el caso de DA, sino también al hecho de que este modo de anclaje 

implica una menor distancia QD-óxido. Comparando la adsorción vía MPA y vía Cys, 

se pudo comprobar que, como en el caso de los fotoánodos de FTO/ZnO/CdSe, el 

comportamiento de los electrodos no sólo depende del grado de recubrimiento, sino 

también de la naturaleza del cable molecular. A pesar de esto, no se apreciaron 

grandes diferencias entre ambos modos de anclaje. 

En todos los casos, se obtuvieron valores de Voc elevados (próximos a 1V). Las bajas 

eficiencias alcanzadas (eficiencia máxima 0,34%) se deben a los valores de Jsc y de 

factor de llenado (FF) obtenidos. En el caso del FF, las curvas J-V en oscuridad de las 
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células, permitieron deducir que su bajo valor se debe a la existencia de corrientes de 

derivación. Estas corrientes se relacionaron con la presencia de defectos (agujeros) en 

la capa compacta de TiO2 empleada como capa bloqueante en el colector de 

electrones, que dejan zonas del FTO en contacto directo con el QT12. De hecho, la 

substitución de esta capa por otra más compacta, constituida por NWs de TiO2, supuso 

un incremento en la eficiencia del dispositivo de un 15%. Por otro lado, las curvas J-V 

bajo iluminación de las células en presencia/ausencia de la capa bloqueante (pTPA) en 

el CE, permitieron comprobar que la respuesta de los dispositivos es prácticamente 

nula cuando ésta no está presente. Además, estas medidas también demostraron que la 

inestabilidad de las células se debe al desdopaje de la película de pTPA. Todo lo 

anterior, permitió desvelar la enorme importancia de las capas bloqueantes en ambos 

colectores de la célula. 

Capítulo 6: Fotocátodos de NiO sensibilizados con puntos cuánticos coloidales de 

CdSe 

A lo largo de este capítulo se explora la posibilidad de sensibilizar un semiconductor 

tipo p (NiO) con QDs coloidales de CdSe, y se identifican posibles vías por las cuales 

se podría mejorar la respuesta de estos electrodos. 

Los espectros de fotoluminiscencia y las medidas fotoelectroquímicas (transitorios de 

fotocorriente y espectros de IPCE) de los electrodos antes y después de depositar el 

absorbedor de luz, permitieron comprobar la eficiente sensibilización del NiO por los 

QDs. 

En línea con los resultados presentados en los capítulos anteriores, se compararon 

diferentes modos de anclaje de los QDs a la superficie del óxido: adsorción directa y 

adsorción vía MPA o Cys (durante 24 h), SILAR (5 ciclos) y co-sensibilización 

(combinando adsorción directa durante 24 h y dos ciclos SILAR). En las imágenes 

TEM de los electrodos sensibilizados se observó que, la generación de los QDs in situ 

(SILAR y co-sensibilización), da lugar a mayores grados de recubrimiento y a una 
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mayor cantidad de clusters de QDs (además de una distribución de tamaños de 

partícula más amplia). Los transitorios de fotocorriente de los electrodos permitieron 

deducir que, las fotocorrientes obtenidas no sólo dependen de la cantidad de QDs 

adsorbidos, sino también de su modo de anclaje. Esto fue especialmente sorprendente 

teniendo en cuenta los bajos grados de recubrimiento alcanzados en todos los 

electrodos estudiados (de un 0,6 a un 4,1%). 

Los valores de fotocorriente obtenidos se correlacionaban muy bien con las eficiencias 

alcanzadas por las células de estado sólido (basadas en fotoánodos de TiO2) estudiadas 

en el capítulo anterior. Los métodos de sensibilización basados en QDs presintetizados 

dan lugar a mayores fotocorrientes que SILAR o co-sensibilización, debido 

probablemente a la mayor concentración de agregados de QDs actuando como centros 

de recombinación en estos últimos. La mayor fotocorriente obtenida mediante la 

adsorción directa del sensibilizador en comparación con la adsorción vía Cys, se 

atribuyó al mayor grado de recubrimiento del sensibilizador y a la menor distancia 

donador-aceptor de huecos. Por último, la adsorción del sensibilizador vía MPA dio 

lugar a una respuesta muy inferior que el resto. La voltametría cíclica en oscuridad del 

electrodo correspondiente antes y después de ser sensibilizado, permitió comprobar 

que esto era debido a la pérdida de área activa del óxido después de adsorber los QDs. 

En todos los casos, para obtener una respuesta significativa de los fotocátodos, fue 

necesario que las películas de NiO tuvieran un cierto espesor (> 8 µm) (muy por 

encima del espesor de las capas de este óxido comúnmente empleadas en p-DSSCs, 1-

3 µm). 

La presencia de capas bloqueantes, de Al2O3 y de SiO2, entre el NiO y los QDs 

condujo a la obtención de mayores fotovoltajes por parte de los fotoánodos, no así de 

mayores fotocorrientes. Los resultados obtenidos ponen de relevancia la importancia 

de emplear capas bloqueantes no demasiado gruesas a la hora de obtener una mejora 

en la respuesta de los electrodos. 

A través de medidas de impedancia en células de dos y tres electrodos, se pudieron 

comprobar las enormes limitaciones en el transporte del electrolito empleado, basado 
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en complejos de cobalto. Por otra parte, se observó que la resistencia al transporte de 

carga en el NiO es considerablemente mayor que la resistencia a la transferencia de 

carga/recombinación, lo cual es razonable teniendo en cuenta el bajo coeficiente de 

difusión de los huecos en este material. Por último, al depositar CdSe sobre la 

superficie del NiO, se pudo apreciar un aumento en la resistencia a la recombinación. 

Es más, el depósito de una capa de SiO2 entre el NiO y los QDs, condujo a un mayor 

aumento de la resistencia a la recombinación y a un descenso de la resistencia 

asociada al transporte. Esto se explica considerando que en el NiO el transporte de 

cargas ocurre superficialmente y que el depósito de CdSe o de SiO2/CdSe induce una 

reducción en la densidad de estados superficiales en el aceptor de huecos. 

A pesar de las limitaciones en el transporte del electrolito y del bajo coeficiente de 

difusión de huecos en el NiO, se obtuvieron valores de IPCE de hasta un 17%  (a una 

longitud de onda de 420 nm) para un electrodo sensibilizado con QDs coloidales de 

CdSe mediante adsorción directa durante 24 h. 

Capítulo 7. Interacción entre estructura, estequiometría y transferencia 

electrónica en óxidos sensibilizados con puntos cuánticos mediante SILAR 

Aquí, la estructura y la estequiometría superficial de QDs de PbS crecidos por SILAR 

sobre SnO2 se correlacionan con la velocidad y la eficiencia del proceso de 

transferencia electrónica en este sistema donador(PbS)-aceptor(SnO2) de electrones. 

Las imágenes TEM del SnO2 sensibilizado con diferentes ciclos SILAR, mostraron un 

crecimiento epitaxial de nanocristales de PbS distribuidos uniformemente a lo largo de 

la superficie del óxido. El análisis estadístico de estas imágenes permitió comprobar 

que, el radio base de estos QDs (r) crece rápidamente al principio y después se satura. 

En cuanto a su altura (h), ésta crece linealmente con el número de ciclos SILAR, hasta 

que su valor se aproxima al del radio base (h/r  1) (partículas semiesféricas). Todo lo 

anterior permitió sugerir un crecimiento tipo Volmer-Weber de los QDs de PbS 

sintetizados por SILAR sobre las nanopartículas de SnO2 . 
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La transferencia electrónica (ET) desde los QDs al óxido se estudió empleando la 

técnica optical pump-terahertz probe (OPTP) spectroscopy, que permite analizar la 

dinámica de los portadores de carga fotogenerados en la escala de tiempo de 

picosegundos. En concreto, mediante esta técnica se evaluó la dependencia de la 

velocidad y de la eficiencia del proceso de ET con el número de ciclos SILAR/tamaño 

del sensibilizador y con la composición superficial de los QDs. Para esto último se 

prepararon dos tipos de muestras: (1) unas terminadas después de sumergir la matriz 

mesoporosa del óxido en la disolución de S
2-

 (ciclos SILAR completos), lo que da 

lugar a nanocristales de PbS con superficies ricas en S, y (2) otras terminadas con 

medio ciclo más, es decir, después de sumergir las muestras en la disolución de Pb
2+

 

(QDs con superficies ricas en Pb). En total se realizaron hasta 6/6,5 ciclos. 

Al analizar como varía la eficiencia de la ET con el número de ciclos, se observó que 

durante los tres primeros ciclos, la eficiencia del proceso se incrementa 

progresivamente, debido a un aumento tanto en el número como en el tamaño de los 

QDs. A partir del cuarto ciclo, la eficiencia de la ET empieza a decaer, lo cual se 

atribuyó a la presencia de agregados de QDs (observados en las imágenes TEM), que 

actúan como centros de recombinación. En cuanto a la estequiometría de los QDs, en 

todos los casos se pudo apreciar un aumento substancial en la eficiencia del proceso de 

ET cuando la superficie de los nanocristales es rica en Pb. Esto se asoció a la 

eliminación de estados superficiales aceptores de electrones en los QDs (capaces de 

actuar como trampas) y a la generación de estados superficiales donadores, por parte 

de los cationes de Pb (pasivación catiónica). Además, se comprobó que, este efecto de 

pasivación catiónica es proporcional al área superficial del absorbente de luz. Por 

último, estos resultados también se obtuvieron substituyendo el sensibilizador por un 

calcogenuro de plomo (PbSe) y el aceptor de electrones por otros óxidos (TiO2 y 

ZnO). 

Por otra parte, mediante OPTP también se pudo comprobar que la velocidad de ET no 

depende del tamaño de los QDs ni de su composición superficial, lo cual se atribuyó a 

una fijación (pinning) del LUMO de los QDs con respecto a la CB del óxido. En 
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cuanto a la back-electron transfer, su velocidad disminuye con el tamaño del 

sensibilizador. Esto se asoció a un desplazamiento hacia arriba del HOMO de los QDs 

conforme el tamaño de los nanocristales va creciendo. 

Por último, la mejora en la eficiencia de la ET observada a través de OPTP en las 

muestras sensibilizadas con QDs ricos en Pb, se pudo correlacionar con la 

fotocorriente obtenida a partir de las curvas J-V de dispositivos completos basados en 

TiO2. Estos resultados pusieron de manifiesto que el método de pasivado propuesto en 

este capítulo constituye una estrategia simple y sin coste adicional para la obtención 

de QDSSCs más eficientes. 

Conclusiones 

La investigación que se ha desarrollado en el marco de esta tesis, se ha centrado 

principalmente en tratar de comprender en profundidad algunos de los aspectos 

fundamentales que rigen el comportamiento de las QDSSCs, con el propósito, en 

última instancia, de contribuir a mejorar su rendimiento sin elevar su coste. 

Las conclusiones generales que pueden extraerse de los resultados presentados en este 

trabajo son las siguientes: 

1) Los métodos (foto)electroquímicos en célula de tres electrodos son 

herramientas poderosas a la hora de analizar de forma separada el 

comportamiento de los electrodos fotoactivos de las QDSSCs, sin 

interferencias del resto de componentes del dispositivo. Estos métodos 

permiten identificar los procesos/aspectos limitantes que marcan la respuesta 

final del electrodo, para así poder optimizarlo de forma previa a su integración 

en la célula completa. 
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2) Tanto la absorción de luz como la eficiencia de los electrodos/dispositivos 

sensibilizados con QDs depende del modo de anclaje del absorbente de luz a 

la matriz del aceptor de electrones/huecos y, en el caso de adsorción vía 

linker, de la naturaleza del cable molecular. Para cada modo de anclaje, existe 

un grado de recubrimiento de los QDs para el cual la eficiencia del 

electrodo/célula es máximo. Por lo tanto, para comparar adecuadamente 

diferentes métodos de sensibilización, es conveniente la optimización previa 

de los electrodos correspondientes. 

3) La recombinación de cargas en las diferentes interfases y los bajos 

recubrimientos alcanzados por los QDs, son dos problemas fundamentales que 

limitan el rendimiento de los dispositivos sensibilizados con QDs. En el 

primer caso, la utilización de capas bloqueantes (i) en los colectores de 

electrones y de huecos y (ii) pasivando los estados superficiales del aceptor de 

electrones/huecos y del sensibilizador, son cruciales para la obtención de 

dispositivos altamente eficientes. Del mismo modo, la prevención de la 

formación de agregados/multicapas de QDs, donde los portadores de carga 

fotogenerados recombinan fácilmente, también es un punto clave. 

Más concretamente, las conclusiones específicas que se pueden obtener de este trabajo 

son: 

1) A la hora de seleccionar y procesar los diferentes materiales que constituyen 

una QDSSC completa, se debe tener en cuenta que los óxidos 

semiconductores que normalmente se emplean como aceptores de 

electrones/huecos son estables en un cierto rango de pHs. Esto es 

particularmente relevante cuando se emplean ZnO y NiO, ya que son estables 

en un rango de pHs estrecho. 

2) Las nanoestructuras cristalinas ordenadas actuando como fases conductoras de 

electrones/huecos proporcionan un camino directo para la rápida recolección 
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de los portadores de carga (disminuyendo las reacciones de recombinación). 

Sin embargo, para que esta interesante propiedad se traslade a células más 

eficientes, es necesario que las películas nanoestructuradas tengan una gran 

área interfacial activa (al menos del orden de las que exhiben las películas de 

nanopartículas comúnmente usadas). 

3) En el proceso de sensibilización de la matriz del óxido, los QDs se anclan 

preferencialmente a cables moleculares como el MPA o la Cys (que incluyen 

grupos funcionales –SH por los cuales los QDs muestran una gran afinidad), 

si están presentes, después a otros QDs depositados y, finalmente, a la 

superficie desnuda del óxido. Esto lleva a recubrimientos más homogéneos en 

el caso de la adsorción vía linker en comparación con los otros métodos de 

sensibilización estudiados en esta tesis (adsorción directa y SILAR). Esta 

tendencia debe tenerse en cuenta a la hora de diseñar estrategias que 

conduzcan a elevados grados de recubrimiento sin la formación de 

agregados/multicapas de QDs. 

4) Al comparar diferentes QDSSCs de estado sólido basadas en TiO2 con 

recubrimientos óptimos de QDs de CdSe, los dispositivos sensibilizados con 

QDs coloidales muestran mejores rendimientos que los basados en SILAR. 

Esto se ha atribuido a una mayor recombinación en el último caso. Por otro 

lado, entre los dos métodos de sensibilización con puntos cuánticos coloidales, 

la adsorción directa da lugar a mejores eficiencias debido al mayor grado de 

recubrimiento de los electrodos y a la menor distancia donador-aceptor. La 

importancia de los procesos de recombinación en sistemas sensibilizados 

mediante SILAR, es también uno de los motivos por los cuales, los buenos 

resultados obtenidos con electrodos de ZnO modificados con QDs de CdSe 

(70% IPCEs) en contacto con un capturador de huecos, no condujeron en el 

contexto de esta tesis a dispositivos eficientes. 

5) Las imágenes TEM y AFM de diferentes sistemas QD-óxido (CdSe-ZnO y 

PbS-SnO2) han mostrado que la técnica de sensibilización SILAR conduce al 
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crecimiento de nanocristales con forma de semiesfera (cap-shaped). En 

general, se puede afirmar que los QDs primero crecen en diámetro base y 

después en altura. Para el sistema PbS-SnO2, se ha observado que el diámetro 

de la base del QD crece rápidamente durante los primeros ciclos SILAR y 

después se satura. En cuanto a la altura del QD, ésta crece linealmente durante 

todo el proceso de sensibilización, hasta que su valor se iguala al del radio 

base. Esta limitación en el crecimiento de los QDs es muy importante, ya que 

podría limitar una de las propiedades más interesantes que presentan los QDs 

con vistas a su aplicación en células solares: sus dimensiones se pueden 

modificar para solapar óptimamente con el espectro solar. 

6) La eficiencia del proceso de ET para el sistema PbS-SnO2 basado en SILAR, 

aumenta durante las primeras etapas del proceso de crecimiento de los QDs y 

después cae. Lo primero se debe a un incremento en el número y el tamaño de 

los QDs. Lo segundo coincide con la aparición de clusters de QDs, que actúan 

como fuertes absorbentes de luz, pero también como centros de 

recombinación, con lo que no contribuyen substancialmente a la generación de 

fotocorriente. Además, la terminación de los QDs con medio ciclo SILAR 

adicional (lo cual conduce a nanocristales con superficies ricas en Pb), 

aumenta la eficiencia de la ET significativamente. Este fenómeno se ha 

observado también para otros sistemas calcogenuro de plomo-óxido. El 

pasivado de los QDs con Pb
2+

, da lugar a absorbentes de luz con donadores 

superficiales que favorecen la ET. Por el contrario, los QDs ricos en S 

(terminados con ciclos SILAR completos) disponen de aceptores superficiales 

que pueden actuar como trampas. La magnitud de este efecto de pasivado, 

aumenta con el área superficial de los QDs hasta que el diámetro de su base se 

satura. Finalmente, los buenos resultados obtenidos en las muestras 

sensibilizadas con medio ciclo SILAR adicional, han sido traducidos en 

mayores fotocorrientes en dispositivos completos (aumento del 200% en la 

fotocorriente al pasar de 4 a 4,5 ciclos). Todos estos resultados indican que 
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esta simple y económica estrategia de pasivación atómica es una herramienta 

muy poderosa para mejorar el rendimiento de las QDSSCs. 

7) Las velocidades de ET (para el sistema PbS-SnO2) no dependen de las 

dimensiones del sensibilizador ni de su estequiometria superficial, lo cual se 

ha atribuido a una fijación del nivel LUMO del QD con respecto al borde de la 

CB del óxido. Este interesante resultado podría comprometer el ajuste preciso 

entre los niveles energéticos donador-aceptor, tan deseable para la obtención 

de dispositivos eficientes. Las velocidades del proceso de back-electron 

transfer tampoco dependen de la estequiometría del absorbente de luz, pero sí 

de su tamaño, disminuyendo conforme las dimensiones del nanocristal 

aumentan. Esto ha sido asociado a un desplazamiento hacia arriba del nivel 

HOMO del QD conforme aumenta su tamaño (el nivel HOMO de los QDs 

crecidos por SILAR no estaría fijado). 

8) Los dialquiltetratiofenos han demostrado ser HTMs sólidos muy prometedores 

para la obtención de QDSSCs estables y económicas. Los bajos costes 

iniciales de estas moléculas orgánicas, junto con la ausencia de requerimientos 

especiales para su procesado, pueden llevar a dispositivos de estado sólido 

económicamente competitivos. El tratamiento térmico del fotoánodo después 

de depositar este HTM mejora significativamente el rendimiento de las 

células. Este tratamiento facilita la penetración de las moléculas orgánicas a 

través de la red nanoporosa del óxido y mejora su organización y ensamblaje. 

9) La adsorción de QDs coloidales de CdSe sobre nanopartículas de NiO 

soportadas sobre FTO da lugar a cátodos fotoactivos. A pesar de las 

limitaciones presentadas por el sistema estudiado (coeficiente de difusión de 

los huecos en el NiO bajo y posición de la VB elevada, limitaciones en la 

movilidad del electrolito basado en complejos de cobalto empleado, etc), se 

han alcanzado valores de IPCE significativos (17% a 420 nm). Para la 

fabricación de células basadas en fotocátodos eficientes y, en última instancia, 

para la construcción de dispositivos tándem, es esencial que el semiconductor 
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tipo p presente un coeficiente de difusión de los huecos más elevado y una 

posición de la VB más baja. Del mismo modo, el empleo de capas 

bloqueantes delgadas sobre la superficie del aceptor de huecos (o incluso 

sobre los QDs), que puede prevenir reacciones de recombinación, es también 

muy recomendable. 

En general, con este trabajo es nuestro deseo haber contribuido, al menos hasta cierto 

punto, a (i) arrojar algo de luz sobre ciertos aspectos fundamentales que deben ser 

tenidos en cuenta a la hora de fabricar QDSSCs eficientes e (ii) investigar la viabilidad 

de algunos materiales de bajo coste y conceptos de célula poco explorados. Todo esto 

se ha realizado, con el último propósito de allanar el camino para la obtención de 

dispositivos sensibilizados con QDs económicos, estables y competitivos. 



 



List of Publications 

345 

List of Publications 

The original work presented in this thesis is mostly included in the following 

publications: 

 Barceló, I.; Lana-Villarreal, T.; Gómez, R., Efficient sensitization of ZnO 

nanoporous films with CdSe QDs grown by Successive Ionic Layer Adsorption 

and Reaction (SILAR). Journal of Photochemistry and Photobiology A: 

Chemistry 2011, 220 (1), 47-53. 

 Barceló, I.; Campiña, J. M.; Lana-Villarreal, T.; Gómez, R., A solid-state CdSe 

quantum dot sensitized solar cell based on a quaterthiophene as a hole 

transporting material. Physical Chemistry Chemical Physics 2012, 14 (16), 5801-

5807. 

 Jankulovska, M.; Barceló, I.; Lana-Villarreal, T.; Gómez, R., Improving the 

Photoelectrochemical Response of TiO2 Nanotubes upon Decoration with 

Quantum-Sized Anatase Nanowires. The Journal of Physical Chemistry C 2013, 

117 (8), 4024-4031. 

 Barceló, I.; Guillén, E.; Lana-Villarreal, T.; Gómez, R., Preparation and 

Characterization of Nickel Oxide Photocathodes Sensitized with Colloidal 

Cadmium Selenide Quantum Dots. The Journal of Physical Chemistry C 2013, 

117 (44), 22509-22517. 

 Barceló, I.; Guijarro, N.; Lana-Villarreal, T.; Gómez, R., Recent Progress in 

Colloidal Quantum Dot-Sensitized Solar Cells. In Quantum Dot Solar Cells, Wu, 

J.; Wang, Z. M., Eds. Springer New York: 2014; Vol. 15, pp 1-38 

 Wang, H. *; Barceló, I. *; Lana-Villarreal, T.; Gómez, R.; Bonn, M.; Cánovas, 

E., Interplay Between Structure, Stoichiometry, and Electron Transfer Dynamics 

in SILAR-based Quantum Dot-Sensitized Oxides. Nano Letters 2014, 14 (10), 

5780-5786. 

* The authors contributed equally to this work 



 



 

 

  



 

 

 


