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ABSTRACT

The general aim of this thesis was to contribute to a better understanding of the procedures
governing the performance of quantum dot sensitized solar cells. A mixed
theoretical/experimental approach was used to analyze the semiconductor components of
these devices and the interfaces formed between them. Regarding the theoretical part of
this thesis, we first identified a computational protocol that accurately and efficiently
describes the bulk and surface geometrical and electronic properties of the chosen sensitizer
material, CdSe. Then, we simulated CdSe nanoplatelets of various thicknesses, passivated by
different ligands with the chosen computational protocol. Next, a model of the sensitizer -
wide band gap semiconductor heterostructure was built and its structural, vibrational and
electronic properties were calculated. In the meantime, computational results were
compared to experimental data, with nice agreements found between the results obtained
by the two approaches. Experimentally, wide band gap semiconductors both in the form of
ZnO and TiO; nanorod arrays and sensitizer nanocrystals (CdSe nanoplatelets and quantum
dots) were synthesized. The WBSC substrates were sensitized both by ex situ and in situ
grown CdSe QDs. The as-prepared semiconductor systems were characterized by UV-VIS
absorption and Raman spectroscopy. Finally, solar cells based on these heterostructures
were fabricated and tested. The applied combined theoretical/experimental approach made
it possible to cross-validate the capacity of computational and experimental methods for the
characterization of the semiconductor systems studied in this thesis. Moreover, general
guidelines for the screening of QDSC components could be drawn from the obtained results.
The here proposed mixed theoretical/experimental approach can be extended to other
semiconductor heterostructures in a wide variety of optoelectronic applications, and it could
contribute to a better understanding of the working principle of these devices and improve

their performance.



RESUME

Le but général de cette these était de mieux comprendre les procédures qui gouvernent la
performance des cellules solaires a boftes quantiques. Une approche mixte
théorique/expérimentale a été utilisé pour analyser les composants semi-conducteurs de ces
dispositifs, ainsi que les interfaces qui se forment entre eux. En ce qui concerne la partie
théorique de cette these, tout d’abord on a identifié un protocole computationnel qui décrit
d’une fagon précis et efficace les propriétés géométriques et électroniques du bulk et les
surfaces de CdSe, ce qui est le matériau qu’on a choisi comme composé sensibilisant de nos
cellules solaires. Apres, les nanoplaquettes CdSe de plusieurs épaisseurs et passivé par
plusieurs ligands distincts ont été simulés avec le protocole computationnel choisi. Ensuite,
une hétéro-structure sensibilisant — semi-conducteurs a large bande interdite a été
modélisée, et ses propriétés structurelles, vibrationnelles et électroniques ont été calculées.
En méme temps, les résultats théoriques étaient comparés avec les données
expérimentales, et des accords satisfaisants ont été trouvés entre les deux approches.
Expérimentalement, des semi-conducteurs a large bande interdite sous le forme des
nanobatdéns de ZnO et de TiO,, ainsi que des nanocristaux sous forme des nanoplaquettes et
des boites quantiques CdSe ont été synthétisées. Les nanobatOns ont été sensibilisés a la fois
avec des nanocristaux CdSe préparés ex situ et in situ. Les systemes semi-conducteurs ainsi
préparées ont été caractérisées par spectroscopie d’absorption UV-VIS et Raman. Enfin, des
cellules solaires incorporant ces hétérostructures semi-conducteurs on été fabriquées et
testées. L'approche combiné expérimentale/théorique qu’on a utilisée dans cette thése a
rendu possible de contre-valider la capacité des méthodes expérimentales et théoriques
pour caractériser les systémes semi-conducteurs étudiées lors de cette thése. De plus, on a
pu établir des indications générales pour la sélection des composants pour les cellules
solaires a boites quantiques. L’approche mixte expérimentale/théorique présentée dans ce
manuscrit peut étre étendu pour étudier des hétérostructures semi-conducteurs dans une
vaste gamme des applications optoélectroniques, et peut contribuer a mieux comprendre

leur fonctionnement et a améliorer leur performance.
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Chapter I. Context

I.1. Global energy trends

At present, nearly 80% of the yearly energy consumption of 5.67-10%° J/year which is
equivalent to a total of =18 terawatts (TW)! is provided by fossil fuels such as coal,
petroleum and natural gas.? Although the U.S. Energy Information Administration (EIA)
predicts a 56% growth in global energy consumption by 2040,3 the fossil energy sources can
still account for the increased global energy demands at least until 2050.* However, as fossil
fuels are converted to energy, they produce greenhouse gases (such as carbon dioxide,
methane and nitrous oxide) and other harmful pollutants (ash, sulphur oxide etc.). The use
of fossil fuels thus contributes to global warming, as it has been pointed out in the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC),> and the
deterioration of the quality of air. If the global energy demand continues to be satisfied by
fossil energy sources at the present rate, the atmospheric CO; concentration could rise
above 685 ppm, which would lead to a 3-6 °C rise in global average temperature,® and have

catastrophic consequences on the climate and the environment.

Consequently, more and more effort has been invested in the last decades into the research
of alternative, environmentally friendly and renewable energy sources. In 2014, for the first
time in 40 years and despite the increasing energy use, global carbon emissions associated
with energy consumption remained stable while the economy grew, which is attributed to
the increasing use of renewable energy sources.” Solar energy is by far the most exploitable
choice among them: 3.85-10%* J/year, equivalent to a power of 120000 TW/year energy
reaches the Earth from the Sun, & which is four orders of magnitude larger than the current
global energy use. In comparison, the yearly maximum energy supply of other renewable
energy sources is only a small fraction of that of solar energy: 1.5 TW/year is exploitable
from hydroelectric power, 2 TW/year energy from tides and ocean currents, 2-4 TW/year
from wind power and 12 TW/year from geothermal energy.>'° However, in order to make
solar energy a widespread energy source, scalability, cost and conversion efficiency issues

need to be solved.1.12
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1.2. Photovoltaic technology

Photovoltaic (PV) technologies aim at the direct conversion of solar energy into electricity.
The classical way is based on the photovoltaic effect: the creation of voltage and electric
current upon exposure to light in an assembly of a p- and a n-type material in close contact,
forming a p-n junction. p- and n-type materials are derived from the bulk material by doping
it with electron acceptors or donors, respectively. For instance, silicon can be made p-type
(n-type) by doping with atoms that contain less (more) valence electrons than silicon, for

example with aluminium (phosphor).

Two important semiconductor characteristics are defined in Figure 1.1 c). The band gap (Egap)
is the minimal energy required to excite an electron from its bound state in the valence band
(VB) into a free state in the conduction band (CB). The Fermi level (Ef) represents the
chemical potential of the electrons. While the Ef is in the middle of the band gap in an ideal
intrinsic (non-doped) semiconductor, it is closer to the top of VB (bottom of CB) in a p-type

(n-type) semiconductor.

In the p-n junction, the n-type region has a high electron concentration, and the p-type
region has a high hole concentration. Therefore, when the two semiconductors are put in
contact, electrons from the n-type side diffuse freely to the p-type side. Similarly, holes
diffuse from the p- to the n-type region (Figure 1.1 a) ). This diffusion of the charge carriers
through the junction causes a diffusion current. The free charge carriers are quickly swept
out from the area around the junction, which is thus called depletion region (Figure 1.1 b) ).
These displaced electrons and holes leave behind charged dopant atom sites fixed to the
crystal lattice: positive ion cores are left behind in the n-type, and negative ion cores in the
p-type material, forming an electric (built-in) field, which works against the above described
charge diffusion, and sweeps back the electrons and holes that are trying to cross the

depletion region, causing a drift current.

In equilibrium, the electron drift and diffusion current, as well as the hole drift and diffusion

current are balanced out, and the net current in the device is zero. If a positive voltage is
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applied to the p-type, and a negative voltage to the n-type region, an electric field opposing
the built-in field of the depletion region is applied across the device, and the diffusion current
is increased. This is called forward bias. In case of reverse bias, a voltage is applied across the

device such that the built-in field increases, and the diffusion current decreases.

p-type diffusion

k)

Depletion

region

CB

Er

\
~

VE

Figure 1.1. a) Diffusion of free charge carriers between a p- and an n-type material. b)
Formation of a depletion region with a built-in electric field in a p-n junction. c) Band
energy levels in the p-n junction.

There are two major processes leading to a current generation in p-n semiconductor

junctions. The first one is the absorption of light by the semiconductor material. If the energy
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of the incident light is equal or superior to the band gap, electrons are promoted from the
VB to the CB, leaving holes behind in the VB, and electron-hole pairs are thus created. The
second process is the collection of charge carriers. The built-in field in the depletion region
spatially separates the electrons and the holes and thus prevents recombination. Electrons
and holes are driven towards different collectors, and if the terminals of the p- and n-type
material are connected, the charge carriers can leave the device, and flow through the

external circuit: a photogenerated current has been created.

US$0.10/W US$0.20/W US$0.50/W
100 - -
80 Thermodynamic
limit
£ 60
> US$1.00/W
c
:g 40 S‘in.gle bandgap
= limit
20 US$3.50/W
0
0 100 200 300 400 500
Cost (USS/m?)

Figure I.2. First, second and third generation photovoltaic cells. Adapted from Ref. 13

One of the most commonly used classifications of single junction photovoltaic solar cells is
based on the cost-efficiency relationship, as illustrated in Figure 1.2. Currently first
generation solar cells made of crystalline silicon dominate the commercial market, although
the high purity of the initial material makes them expensive.* Also, silicon has an indirect
band gap with a low absorption coefficient, which implies the use of thick absorber layers in
the devices. Second generation thin film PV technologies exploit simpler/cheaper industrial
processes and offer larger scaling module integration (potentially of flexible substrates),
much lower materials consumption/cost plus reduced payback time compared to crystalline

silicon (c-Si) based technologies.!> Currently amorphous/microcrystalline (a/m-Si) silicon,
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CdTe and Cu(Ini1xGax)S2-ySey (CIGSSe) based technologies dominate the thin film PV market.
Whilst a-Si cells suffer from relatively low conversion efficiency (the best laboratory power
conversion efficiency [PCE] is 13.4% measured at Sharp), thin film CdTe offers a record PCE
of 22.1% (First Solar), and CIGSSe offers a record PCE of 22.3% (Solar Frontier).® Despite the
improvement with respect to first generation solar cells, second generation solar cells in
general still require relatively costly high purity materials and some of them are based on
rare resource elements, prepared with tedious and complicated processing conditions, Third
generation solar cells gather new solar cell concepts which are very low cost and/or have a
very high efficiency. They include multijunction solar cells, organic photovoltaic cells and also
organic/inorganic or inorganic/inorganic hybrid devices, such as dye-, quantum dot (QD)-
and perovskite-sensitized solar cells. The main advantages of the new concept third
generation devices include low-cost materials and fabrication techniques,’” and the
possibility to overcome the theoretical efficiency limit of single junction devices®®
established by Schockley and Queisser. They obtained a maximum power conversion
efficiency of 31% for a semiconductor single junction with a band gap of 1.4 eV.'® Their
calculation was based on the following assumptions. 1) Every incident photon with an energy
greater than or equal to the band gap of the semiconductor produces one electron-hole pair.
2) The photon energy above the band gap is converted to heat (thermalization loss). In
reality, the efficiency of solar cells is lower than the ideal calculated value, mainly due to

light reflection, non-radiative charge recombinations and ohmic losses.

1.3. Quantum dot sensitized solar cells

1.3.1. Working principle

The novelty of hybrid solar cells compared to first and second generation solar cells is that
the different steps of the photovoltaic procedure (light absorption, charge separation and
charge transport) are realized in different materials, and can thus be optimized separately.
The components of QDSCs will be described in more detail in section I.6. In brief, QDSCs are
composed of an n-type wide band gap semiconductor (WBSC, typically ZnO or TiO3) of large

surface area, sensitized by semiconductor nanocrystals (quantum dots). This semiconductor
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heterostructure is grown on a transparent conductive oxide (TCO) coated glass. The TCO
layer is usually made of fluorine doped tin oxide (SnO:F), denoted as FTO. The cell is
completed by an electrolyte which contains a redox couple (typically S$*/S»%*) and a counter
electrode (CE). The working principle of these devices is also illustrated in Figure 1.3, and the
schematic illustration of the charge generation, transfer and recombination processes is

reported in Figure 1.4.

The absorption of light excites an electron from the VB to the CB of a QD (procedure A on
Figure 1.4.). Then, it is injected to the CB of the WBSC (B), which increases the Fermi level of
the WBSC. This upshifted, out-of-equilibrium energy level is called quasi-Fermi level, and is
denoted as Eqf on Figure I.4. In the next step, the WBSC transfers the excited electrons
towards the FTO layer of a glass substrate (C). The FTO-coated glass leads the
photogenerated electrons towards the external circuit. The oxidized QD is regenerated by
hole injection from a redox species present in the electrolytic solution (D), characterized by
its redox potential (u). As illustrated in Figure 1.4., an important solar cell parameter, the
open circuit voltage (Voc) is defined as the difference between the quasi-Fermi level of the

WBSC and the redox potential of the electrolyte:

Voc=Eqf- U (1.1)

The electrolytic solution is then regenerated by reduction at the counter electrode (E). The
main parasitic recombination pathways that decrease the device performance occur
between electrons already injected to the WBSC and holes left in the QD (F), electrons in the
TCO and holes in the electrolyte (G), electrons already injected to the WBSC and holes in the
electrolyte (H), and electrons in the QD and holes in the electrolyte (l). Another possible
recombination phenomenon can occur if the QD gets back to its initial state before injecting

the electron to the CB of the metal oxide (J).
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Figure 1.3. Working principle of quantum dot sensitized solar cells. The scheme at the
bottom shows the electron injection from the quantum dot to the semiconductor oxide.
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Figure 1.4. Main charge generation, transfer and recombination processes in a QDSC.
Favorable electron transfer procedures are marked with a black. Undesired electron-hole

recombinations are marked with a green arrow.
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1.3.2. Components

1.3.2.1 Quantum dots

Quantum dots (QDs) are typically lI-VI, IlI-V or IV-VI semiconductor nanocrystals whose size
is in the order of a few nanometers in all dimensions. Most common materials investigated
as QDs include CdS%°, CdSe?!, CdTe??, PbS%3, PbSe?*, BiyS3%°, SbyS3%6, InAs?’ and CulnS;28
guantum dots. Their nanometric size is comparable to their Bohr exciton radius (ap), which is

calculated according to the following equation:

R/ 1 1
ay =\ T = (1.2)
= mg mh

where k is the reduced Planck constant, € is the dielectric constant of the material, e is the
electronic charge, m; and m; are the effective masses of electrons and holes, respectively.

Physically, the Bohr radius represents the average electron-hole distance in an exciton,
which is an electron-hole pair bound by Coulombic forces. Excitons are created in the
semiconductor material upon the absorption of a photon with an energy greater than or
equal to the semiconductor band gap. Once the diameter of a material is smaller than its
Bohr radius, the excitons become so strongly bound that they can be considered as an entity
moving in the crystal lattice. However, their movement is strongly limited by the size of QDs,
or, in other words, they are spatially confined in 3 dimensions. In case of 1 dimensional (1D)
nanoobjects like nanowires/nanorods, these quantum confinement effects arise in 2
dimensions, and in case of quasi-2 dimensional (2D) objects such as nanoplatelets, they
occur only in 1 dimension. The quantum confinement effect has a strong impact on the
energy level distribution: the band gap of nanoobjects increases with decreasing size, and
their energy levels become more discretized. These are both very advantageous properties

for photovoltaic applications, as explained in the following.
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Tuning the band gap energy of the light absorbing component of quantum dots is an
important step in optimizing the solar cell performance. Too low a band gap results in
efficiency losses due to the thermalization of the photon energy excess with respect to the
sensitizer’s band gap energy. In the case of high band gap, a large proportion of the photons
of the incident light is not absorbed, since their energy is inferior to that of the quantum
dot’s band gap. Based on Shockley and Queisser’s calculations, for a single junction, these
losses are minimal at a band gap of around 1.3-1.4 eV.'° However, to optimize photovoltaic
conversion, it would be desirable to absorb light in the whole solar spectra. This could
actually be possible by combining QDs with several band gap energies.?® The development of
synthesis methods has made it possible to fine tune the nanoparticle size and thus the band
gap of various quantum dot materials, making the engineering of solar light absorption

possible,30-32

The discretization of energy levels could also make it possible to exceed the Shockley-
Queisser efficiency limit. If a photon with an energy greater than the band gap of the
semiconductor materials is absorbed, an electron-hole pair with excess kinetic energy is
generated first. These carriers are called hot electrons and hot holes. In a bulk material with
a continuum of electronic states, they are relaxed to the top of VB or the bottom of CB by
collective vibration of the interacting atoms in the system (phonon emission). However, the
discretization of energy levels slows down the relaxation process, especially if the distance
between the energy levels is higher than the phonon energies. This phenomenon called
phonon bottleneck facilitates generating a current of hot carriers before they are relaxed.
Two approaches have been proposed to exploit the high energy of hot carriers. In the first
one, hot carriers are extracted before their thermalization, and a higher photocurrent can be
generated by the device. This phenomenon called hot electron transfer has been observed
for instance between PbS QDs and a TiO; single crystal.3> Moreover, Lee et al. demonstrated
making use of hot carriers in a complete photovoltaic device.3* In the second approach, if the
incident photon energy is at least two times higher than the band gap, the energy released
during the relaxation of hot carriers can theoretically create new excitons, which results in
an increased current. This is called multiple exciton generation (MEG). Multiple electron
transfer has been reported between MPA-capped CdSe QDs and ZnO nanowires.* Beard and

coworkers have demonstrated a photocurrent exceeding 100% due to MEG in a depleted
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heterojunction solar cell based on PbSe QDs and ZnO.*® However, taken all together, these
promising concepts have brought little improvement in device efficiency, since their

application to actual solar cells requires a very high control level of the interfaces.3®

Among the above listed QD materials, cadmium chalcogenides have attracted considerable
attention because of their easy, low fabrication cost,373° controllable size,04!
photostability*> and also the possibility to break the Schockley-Queisser limit via multiple
exciton generation.**** In this thesis, we have concentrated on CdSe nanocrystals, which had
previously been synthesized in various shapes: spherical nanoparticles,* nanorods (NRs)?,
nanoribbons,*” tetrapods*, nanosheets*® and nanoplatelets®®. Regarding the latter, CdSe
zinc blende nanoplatelets (NPLs) are versatile structures which can be fabricated with a well-
defined thickness controlled at an atomic scale in the (100) direction.*® These quasi two-
dimensional nanocrystals have been proven to be useful for a broad range of applications
ranging from single-photon sources®! to biophotonics®2. Compared to QDs and NRs, they
show much narrower excitonic absorption and photoemission bands®®>®* and higher
photoluminescence quantum vyields.>® Taken all together, quasi two-dimensional
nanoplatelets exhibit promising properties for photovoltaics, and are interesting alternatives
of QDs as sensitizers. Although classical spherical QDs as sensitizers have also been
considered in this thesis, we mainly focused on quasi two-dimensional semiconductor

nanoplatelets (NPLs).

1.3.2.2 Wide band gap semiconductors

In QDSCs, QDs are associated to a selective contact which is classically made of a wide band
gap semiconductor (WBSC). The role of this component is to receive the electrons from the
QD conduction band after electron injection, and to transport charges to the front FTO
contact. As the QDs are the only light absorbing components of the cells, a selection criteria
for WBSCs is that their band gap is wide enough so that its absorption range does not
overlap with the solar spectrum. In order to ensure the efficient electron injection from the
sensitizer towards the WBSC, the CB edge of the WBSC material needs to be at lower energy
compared to the sensitizer CB edge energy. ZnO and TiO, meet these requirements if paired

with classically used QD materials, and are classically used as WBSC materials in QDSCs.
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These materials have band gaps (3.20°> for TiO; and 3.37 eV>® for ZnO) and also CB band
positions.>” Although TiO2 is more used in QDSCs than ZnO, the latter has some more
advantageous properties. It has a higher electron mobility (200-300 cm? V s'%) than TiO2 (0.1-
4 cm? V s1)*7, and it is easier to synthesize in highly oriented nanostructures.”®° As high
QDSC efficiencies have been reached both with Zn0-%162 and TiO,-based photoanodes,364

both semiconductors were considered in this thesis.

It has been shown for dye sensitized solar cells that increasing the WBSC surface area, and
thus increasing the amount of sensitizers adsorbed on the WBSC leads to higher IPCE
values.®>® Numerous different kinds of nanostructured ZnO and TiO, nanostructures
morphologies with high surface area have thus been synthesized, including nanoparticle
films and more exotic ones such as DNA-like,®” flower-like®®%° or hierarchical spherical
nanoarchitectures.” One dimensional nanostructures like nanorods, nanowires and
nanotubes are precisely oriented, therefore they provide excellent charge streaming
pathways’*7® and an improved electron diffusion length with respect to nanoparticle
films.”*7> It is also to note that the transported electrons in the commonly used nanoparticle
films suffer charge trapping and recombination losses at the grain boundaries,’®’” whereas
this phenomenon is reduced in the case of one-dimensional nanostructures.’®% As a result,
charge transport and photon-to-charge carrier generation efficiency are significantly
increased with respect to devices incorporating nanoparticle-based photoanodes.3%8! |n this

thesis, we thus chose to synthesize ZnO and TiO; in the form of 1D nanorods and nanowires.

1.3.2.3. Transparent conductive oxide glass

The wide band gap semiconductor is grown on a conductive layer deposited on the side of a
glass substrate (Figure 1.3.). The conductivity of this layer is necessary to ensure a good
electron transport towards the external circuit, while high transparency is required to let the
incident light reach the sensitizer of the cell. In most cases, the conductive layer is made of
fluorine doped tin oxide (SnO2:F, FTO), although tin-doped indium oxide (In,03:Sn, ITO) has
also been used in several studies.®%® The thicker this layer is, the more conductive it is,

although less transparent as well. Thus, a compromise has to be found between the two

11
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parameters. In the present thesis, 2.2 mm thick glass substrates coated with a FTO layer of

15 ohms per square resistance were used for the preparation of the photoanodes.

1.3.2.4. Electrolytes

As the I'/I3” redox couple applied in dye-sensitized solar cells causes the photocorrosion of
typically used QD materials such as cadmium chalcogenides,®*2> alternative electrolytes have
been developed to replace it. The most commonly used redox electrolyte for QDSC
application is the sulfide/polysulfide (S>/Sn%) electrolyte, which have been shown to
increase the photoanode stability because of the formation of a cadmium sulfoselenide layer
on the QD’s surface.®® Other redox electrolytes, including Co%*/Co3* & and

ferricyanide/ferrocyanide® have also been investigated.

The hole transporting role of the redox electrolyte is shown through the example of the
sulfide/polysulfide (5%/Sn?) electrolyte which was used in this thesis. As the photoexcited
electron is injected from the QD to the WBSC, the holes accumulated in the QD are
scavenged by the reduced species (5%) of the redox electrolyte, which is thus oxidized. (Equation
1.3. The resulting compound (S) is complexed by sulfide anions (Equation 1.4), and the
complex species get reduced to the initial sulfide ion in contact with the electrons of the

counter-electrode (Equation 1.5).84

S +2h*>S (1.3)
S +nS% > (Sna1)* (1.4)
(Sn+1)? + 26" > S* +S.> (1.5)

However, the exact mechanism of the process is still controversial. For example, Kamat et al.
observed sulfide radicals as intermediate products of the oxidation-reduction processes.2®
The drawback of sulfide/polysulfide redox electrolytes is their relatively high redox potential
which limits the open-circuit voltage at around 0.65 V, a value is significantly lower than that
achieved in dye-sensitized solar cells (1.0 V) using cobalt redox species.®°? Decreasing the

charge recombination rate between the photoanode components and the electrolyte is

another challenging issue. Du et al. demonstrated that the introduction of well-chosen
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additives in the electrolyte solution can reduce recombination phenomena and contribute to

a better photovoltaic performance.®3

Nevertheless, liquid electrolytes do not provide long-term stability for QDSCs. Solvent
evaporation, leakage and corrosion are the major drawbacks related to the use of liquid
electrolytes.®*% Due to these disadvantages, solid-state electrolytes have also been applied
in QDSCs. In these fully solid-state devices, organic molecules or a polymer electrolyte
replaces the liquid redox electrolyte. Typical examples of solid-state electrolyte materials
applied in QDSCs include poly(3-hexyltiophene-2,5-diyl)®® (P3HT), quatertiophene®” and
2,2'7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (denoted as spiro-
OMeTAD)%8. Despite the promising concept, solar cells assembled with solid state
electrolytes show much lower performance than those with liquid electrolytes. For instance,
a power conversion efficiency of 1% has been reported for a QDSC based on PbS and CdS
QD-sensitized TiO; and a spiro-OMeTAD electrolyte,®® and 0.3% for a cell based on CdSe QD-
sensitized TiO, and quatertiophene as hole transporting material (HTM).?” The main reason
for this low performance is probably the incomplete pore filling of the photoanode by

HTM.%®

Finally, quasi-solid state electrolytes (including gel electrolytes and highly viscous ionic liquid
electrolytes) have also been proposed, resulting in higher solar cell efficiencies. For instance,
Wang et al. reported a power conversion efficiency of 4.0% for a CdS/CdSe QD-sensitized
solar cell with a TiO, photoanode and a natural polysaccharide (Konjac glucomannan) —based

quasi-solid state electrolyte®

or Karageorgopoulos et al. measured an overall efficiency of
4.5% for solar cells using a CdS/CdSe-sensitized ZnO photoanode and a polysulfide-based

ionic liquid.10t

Although the expression ‘hole transport material’ is most often applied for solid state
electrolytes, all the above described electrolytes play the same hole transporting role in
hybrid solar cells. Therefore, in the following, solid, quasi-solid state and liquid electrolytes

will all be referred to as hole transport materials (HTMs).
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1.3.2.5. Counter electrodes

Counter electrodes (CEs) are expected to have a high electrocatalytic activity for the
regeneration of the redox couple of the electrolyte, high conductivity and no willingness to
react with the rest of the solar cell components. A typical CE in dye-sensitized solar cell
(DSSCs) consists of a platinized conducting glass substrate, and is usually referred to as a Pt
counter electrode. However, while Pt electrodes are highly catalytic for the reduction of I3 in
the iodine/iodide electrolyte, this is not the case for the sulfide/polysulfide electrolyte.
Sulphur compounds tend to chemisorb on Pt surfaces, poison the electrode, and hinder the
electrocatalytic effect.!%? The high overpotential for the electrolyte regeneration results in
low power conversion efficiencies.1%3-10> Consequently, a wide variety of other materials
(such as CoS'%, Cu,S'%, Aul%, PbS!” and Cu,ZnSnSes®®) have been investigated, among
which Cu,S gave the best results.'9319% However, CuxS counter electrodes have some
drawbacks. With an extended use, they might contaminate the electrolyte and the
photoanode.!040% |n case of solid-state QDSCs, a thin layer of Aul®>!10 evaporated on the
HTM layer is typically applied as a counter electrode. Pt!®' and Cu,S''! CEs have been

combined with quasi-solid state electrolytes.

1.4. Solar spectra

As the actual solar irradiation received by the device is influenced by numerous conditions,
such as weather, time of the day, geographic location, latitude, orientation etc., the
evaluation of solar cell characteristics and the comparison of different solar cells around the
world would be extremely difficult. It was thus necessary to standardize measuring
conditions. The currently accepted standards have been established by the American Society
for Testing and Materials (ASTM). Figure 1.5 shows two important standard spectra, AMO and
AM1.5G. The number in the abbreviation shows the quantity of air mass that the light passes
through. Therefore, AMO stands for Air Mass 0, and corresponds to the spectra after having
crossed 0 atmosphere. AMO, is thus used for extraterrestrial applications. The total incident
power obtained by the integration of the curve is 1366.1 W m2 nm™. Due to scattering and

absorption by the Earth atmosphere, the solar irradiance is decreased once it reaches the
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Earth. AM1 corresponds to the solar irradiance measured at the sea level at the Equator, at a
solar zenith angle of z=0°, after having crossed one atmosphere. AM1.5 corresponds to 1.5
atmosphere thickness, at a solar zenith angle of z=48.2°. Therefore, it is a closer
approximation to the solar irradiance spectra measured at the world’s densely populated
areas at temperate altitudes (North America, Europe, China, Japan, Australia, South Africa).
The commonly used AM1.5G spectrum is based on the G173 standard, and is used for
terrestrial applications including both diffuse and direct light. By convention, it corresponds
to an integrated solar power of 1000 W m2. The AM1.5D spectrum, also based on ASTM

G173, only includes direct light, and corresponds to an integrated power of 888 W m™2.
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Figure I.5. Solar irradiance spectra references according to the ASTM standards.

1.5. Solar cell efficiency factors

In order to evaluate the performance of a solar cell, an external bias is applied to the device,
and its current-voltage (/-V) characteristics are measured under illumination and in the dark.
The current-voltage (/-V) curve of a typical photovoltaic cell is illustrated in Figure I.6. The
most important points of this /-V curve are the short-circuit current (/s), the open-circuit
current (Voc), the maximum power output (Pm), and the current (/m) and voltage (Vm)
corresponding to Pm. In more detail, /sc is the maximum generated photocurrent, which
corresponds to zero applied voltage. Vo, previously defined in Equation 1.1 and Figure 1.4., is

the maximum voltage available from the solar cell, which occurs at zero current.
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It is straightforward to obtain an important solar cell efficiency parameter, the fill factor (FF)

from the measured /-V curve. The fill factor evaluates the solar cell performance with

respect to its maximum power output (Pm), and it is defined as:

v, (1.6)

The graphical interpretation is displayed in Figure 1.6. FF is thus the ratio of the area defined
by the maximum power output (violet dashed lines) and the rectangle defined by /sc and Vo

(green dashed lines). A FF value of 1 corresponds to an ideal cell where all photogenerated

carriers are collected, and there are no resistance losses.
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Figure I.6. Current-voltage characteristics of a photovoltaic cell under illumination.

The most important device evaluation parameter is the maximum photovoltaic power

conversion efficiency. It is defined as the fraction of incident power (Pin) which is converted

to electricity:
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n= p (1.7)

The IPCE (incident photon to current efficiency) is the ratio of the charge carriers collected at
the electrodes and the number of incident photons. Determining the short-circuit currents at

different wavelengths of incident light, we can obtain the IPCE from the following

expression:
IPCE = 12401,
T A-P (1.8)

inc

where Pinc is the incident light power (W cm2), A is the wavelength of incident light (in nm),

and Isc is the short circuit current density expressed in A cm™.

I.6. State of art

1.6.1. Experimental challenges

The first reported complete quantum dot sensitized solar cell dates back to 1998, and was
demonstrated by Zaban et al.'*?. Their QDSC contained nanoporous TiO2 electrodes
sensitized with InP QDs, and the device was completed with a Pt counter electrode and a I
/3™ electrolyte solution. As detailed in the previous sections, great progress has been made
since then by finding more suitable materials, such as sulfide/polysulfide based redox
electrolytes and Cu;S counter electrodes. It is particularly notable that QDSC efficiencies
doubled in the last 4 years from 5.4%'3 to 11.6%,'** and many efficiency improvements
have been achieved by surface treatments of the nanocrystals and of the wide band gap
metal oxides. Two important challenges can be addressed with well-chosen surface
treatments: 1) alignment of energy levels through surface dipoles on the nanocrystals?> and
2) passivation of trap states at the semiconductor surfaces and interfaces that reduce
conductivity and serve as recombination centres.!1618 Trap states at semiconductor
surfaces and interfaces are also responsible for the Fermi level pinning: they pin the Fermi

level of the WBSC at a certain energy value within the band gap, which is thus unable to shift
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up when the WBSC receives electron injection from the sensitizer. In consequence, the
available open circuit voltage (defined on Figure 1.4 and in Equation 1.1.) will be well below

the predicted energy level.}1®

In the following, a few important milestones achieved since 2014, during the course of this
PhD are highlighted. Most of them are oriented towards the surface engineering of the
WBSC and QD surface in order to dramatically reduce recombination reactions, as described
above, and they also pave the way for future research directions. Wang et al. deposited a
Mn-modified CdSe layer on the TiO,/CdSexTeix photoanode surface, which acted as a
passivation layer, and also increased the photoanode’s light absorption. Their solar cell
reached an efficiency of 8.1%.1%° Ren et al. modified the surface of both CdSeTe QDs and of
the mesoporous crystalline TiO; layer. They deposited a ZnS/SiO, layer onto CdSeTe QDs,
added an amorphous TiO; coating on the surface of TiO; nanoparticles, and reached a power
conversion efficiency of 9.0%.'*! They demonstrated in their study that recombination at the
QD-TiO; interface was reduced due to amorphous TiO; interlayer. Another approach to
efficiently suppress surface trap states on QDs is to construct core/shell nanocrystals. Yang
et al. optimized the CdS shell on CdSeTe cores, and attached them to TiO; film electrodes.??
They demonstrated that the solar cells based on these photoanodes are significantly more
efficient than using plain CdSeTe QDs, and reported a solar cell efficiency of 9.48%. Jiao et al.
measured accelerated electron injection rate from ZnTe/CdSe core/shell QDs towards the
TiO2 substrate, and the efficiency of their solar cells reached 7.17%.1?®> Chuang et al.
increased the power conversion efficiency of their devices from 6.0 to 8.55% by choosing the
right ligands treatment on their PbS QD layered film on a ZnO nanoparticle substrate.1?412>
The different surface ligands altered the energy band levels of the QDs to increase light
absorption and to separate charges more efficiently. Kim et al. applied surface ligand
treatments on PbS QDs in a similar spirit to modulate the band alignment between the self-
assembled PbS QD film and the ZnO substrate.?6 They achieved a Vo of as high as 0.66 V

and a Jsc of 23.95 mA cm, and reported a solar cell efficiency of 10.7%.

Despite a large amount of research investment, the highest reported power conversion
efficiency for quantum dot sensitized solar cells is 11.6%.'** This performance is still well

below the highest efficiency of other solar cell types,'® such as the 25% for silicon based
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devices,'?” 21% for thin-film chalcogenide solar cells,’?® and 22.1% for perovskite sensitized
solar cells.'?® However, there is still a lot of potential to exploit in QDSCs. It is to note that
QDSC efficiencies demonstrate constant growth over time, in contrast to DSSC efficiencies
that have been nearly stagnant over the last few years,*® and the current record efficiency of
a certified 11.6%!'* is already close to that of 11.9% for dye-sensitized solar cells.’3° Also,
while perovskite solar cells are by far the best performing devices among the family of

sensitized solar cells, QDSCs are significantly more stable over time.

In a recent study, Bozyigit et al. established the first consistent model accounting for the
processes that limit QDSC performance, and how trap states are involved.3! They quantified
charge carrier transport, trapping and recombination in nanocrystal solar cells, and provided
guidelines for the design of future QDSCs based on their charge transfer model. The study
can be summarized in two points. Firstly, in order to make the most of the quantum
confinement effect, it should be considered that charge carrier mobility is increased in small
QDs, and in consequence, charge extraction is improved, and the short-circuit current is
higher. On the other hand, however, smaller QDs have more surface trap states that are
rapidly found by carriers with high mobility. Therefore the best electron injection efficiency is
expected for intermediate nanocrystal sizes. Secondly, ligand treatments on semiconductor
QDs can introduce surface dipoles,'?> which should increase the tunnel barriers for one
carrier, and decrease barriers for the other, as Bozyigit et al. argued. Consequently, well-

chosen ligands can balance out the electron and hole mobilities to limit recombination.

1.6.2. Modeling challenges

Atomistic ab initio descriptions of quantum dots have provided invaluable insights into the
geometrical and electronic properties of these semiconductor nanocrystals, and provided
explanations or additional details of physical chemical phenomena relevant to their
photovoltaic application. In the following, a few notable theoretical studies are cited, which
all applied density functional theory (DFT)-based computational methods. Voznyy et al
modeled CdSe clusters, and computed the density of states of QDs with and without surface
passivation ligands (oleic acid modeled as acetic acid for simplicity).'3? They demonstrated

how the amount of ligands and their adsorption geometry can introduce trap states at
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different energies in the band gap. Based on their model, they provided an explanation of
the QD blinking and the variations in their emission lifetimes and wavelengths by the
diffusion of mobile ligands on the crystal surfaces. However, as what concerns methodology,
plane wave basis sets and a functional within the generalized gradient approximation (GGA)
were considered. Time-dependent (TD) and real-time (RT) dependent DFT has been used
with Gaussian-type orbital (GTO) basis sets to simulate the structure and the optical
absorption spectra of CdSe QDs.'32 These model clusters were so-called “magic-size” clusters
that contain 6, 13 or 34 CdSe units, and are of exceptional stability with respect to other
cluster sizes in the same order of magnitude. In this study, GGA was found to be a good
compromise to calculate both geometry and optical spectra. Considering the latter, hybrid
functionals associated with higher computational cost would have been even more accurate.
In another study, the electronic and optical properties of CdSe clusters with complementary
passivation by carboxylic and amine ligands were calculated with a GGA functional and a
plane wave basis set.13* Most notably, the computed optical absorption spectrum was in
very good agreement with the experimental one. Moreover, additional molecular dynamics
simulations made it possible to explain the origin of the widening of the spectral lines by
vibrations and the structural variations of the ligand configurations. Solution effects were
also taken into account in the computational study of cysteine-capped CdSe clusters by Cui
et al,'3> who used a hybrid DFT functional and Gaussian-type orbital basis sets in their study.
The authors examined how the solution and ligand affect the size-dependent properties of
CdSe QDs, and also described the different adsorption patterns of ligands on the CdSe QD
surfaces in different solvents. Based on their results, they predicted that structural
distortions introduced by the ligands, added to the solvent effects can reverse the redshift
tendency of excitonic peaks as the QD size increases. To cite a few examples of mixed
experimental/theoretical studies, DFT calculations have been very useful for confirming and
completing the experimentally postulated nature of tiostannate ligand — CdSe QD

interactions,13%

establishing a probable mechanism for the removal of carboxylic acid ligands
from CdSe QDs during ligand exchange reactions'®’ or to shed light on the details of the
passivation of PbS QDs with CdCl,.138 As what concerns the modeling of two-dimensional
nanoplatelets, they were much less extensively studied. The very few notable theoretical
works on these nanocrystals include the simulation of their electronic properties, such as

band structures and exciton binding energies by a semi-empirical tight-binding method?*3%:14°
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and DFT calculations with GGA functionals and plane wave basis sets to explore their

electronic surface states and dielectric self-energy profiles.'#!

Regarding WBSCs, sevaral examples of the DFT modeling of ZnO4%143, as well as of TiO>
nanostructures for hybrid solar cells!*41%¢ are known. In these DFT studies, the geometrical
and electronic ground-state properties are simulated using hybrid functionals and GTO basis
sets or!42144145 GGA functionals with plane wave basis sets.!* The lowest optical transition
energies of 1D, 2D and 3D ZnO nanostructures have also been computed with time-
dependent DFT, including solvent effects, using hybrid functional and GTO basis sets, in good

agreement with experimental data.'4?

To take a step further after presenting previous works on the bare components of a QDSC,
several studies have analyzed sensitizer — semiconductor oxide heterostructures, or in other
words, have gone as far as modeling the photoanodes of these devices. Patrick et al
established an atomistic model of the Sb,S3/TiO; interface using GGA functionals and plane
wave basis sets.'*” The model consisted of a Sb,S3 nanoribbon running in parallel with a TiO;
anatase (101) surface, the two forming a lattice-matched interface free of defects and
recombination centers, with a prospective ideal open circuit voltage as high as 1.6 V. The
rest of the studies concentrated on TiO; surfaces sensitized by model ZnSe/CdS core-
shell, 148149 CdSe,1°0-153 CdS,1>* PbSe,** and PbS'™ clusters referring to spherical QDs.
Prezhdo’s group performed several studies using a combination of TD- DFT and non-
adiabatic molecular dynamics (NAMD) to describe charge separation, charge and energy
transfer, relaxation and charge recombination at interfaces formed between QDs and TiO;
surfaces.'®®1%8 |n the DFT study of Dong et al, using the B3LYP hybrid functional, the authors
described the electronic coupling between CdS QDs and TiO, nanotubes (NTs) and
demonstrated the possibility of an electron transfer from the sulphur atoms of the CdS QDs
towards the TiO; NT surface and how the nanotube structure makes it possible to provide a
one-dimensional electron pathway through the titanium d orbitals.>* Nadler et al
constructed a model system that contains a methylamine-capped (CdSe)s cluster linked to a
(TiO2)3s nanoparticle via a mercaptopropionate bridge.'>® They demonstrated the possibility
of electron injection from the QD towards the WBSC by calculating the frontier molecular

orbitals of the system, which was also confirmed by the simulation of the optical spectrum of
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the system by real-time TD-DFT (RT-TDDFT) calculations with localized basis sets and the
hybrid B3LYP functional. Azpiroz et al reported a DFT study on the comparison of electron
injection efficiency from core-only (ZnSe) and core/shell (ZnSe/CdS) QDs towards TiO,8 and
explained the better efficiency found with core/shell senzitizers by the weaker coupling
between the newly injected electrons on the WBSC and the holes trapped in the sensitizer
core. They also demonstrated the emergence of a dipole at this interface, which shifts up the
conduction band level of TiO; and increases the open-circuit voltage.'® The latter had also

been observed experimentally for similar systems by Zaban et al.*>°

As described above, most of the QDSC photoanode models published so far are limitated to
a WBSC surface sensitized by small model QDs with a diameter in the order of 1.5-2 nm,
although the experimentally prepared ones are often larger.3%%® No extended
semiconductor interfaces were involed in these publications, with the exception of Patrick et
al’s study,’ which still discussed a lattice-matched heterostructure system without
significant surface reconstructions. Only very few examples of computational studies on
semiconductor interfaces formed between compounds with a large lattice-mismatch can be
found in the literature.'®'1%> Heavy computational costs limited these calculations to an
interface made between a single'®71%3 or a double adsorbate layer'® and a substrate
surface. Moreover, DFT was applied using local density and generalized gradient
approximations that are known to severely underestimate band gaps,®® while hybrids can

approximate them with an error of a few percent with respect to experimental data.®”

Another limitation of current 3™ generation photovoltaic research is that studies rely heavily
on a few materials the synthesis of which is already well-established. New QDSC materials
are often discovered by trial and error, and most theoretical investigations invest effort in
describing and understanding physical chemical phenomena in already discovered systems.
Much less contributions to the discovery of new potential systems is known,%8171 where it is
particularly challenging to define the selection metrics to find materials that satisfy several
contradictory conditions. Also, these high throughput screening studies concentrated on the
properties of separate QDSC components, while (within available computational and
experimental resources) it would also be interesting to define selection criteria based on

how these compounds actually behave in the cell during the photovoltaic procedure.
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I.7. Goals and outline of the thesis

As we can conclude from the current state of art, and as also stressed in recent reviews,’2~
174 future breakthroughs in QDSCs research are expected from band gap engineering and
passivating surface/interface treatments of the semiconductors. In this thesis, we targeted
these challenges with a combined theoretical/experimental approach. As an interesting
alternative to spherical quantum dots, quasi-2D CdSe nanoplatelets were studied as
sensitizers. The advantages of studying nanoplatelets are twofold. First, due to the quantum
confinement effects arising from their thickness of typically a few nanometers, their
excitonic and charge carrier properties can be easily tuned: either by changing their
thickness®® or by varying the passivating ligands on their surface.'’®> Second, from a modeling
point of view, their precisely controlled thickness provides a good basis for building stacked

models, allowing an easier comparison between experimental and theoretical data.

The interest of combining computational and experimental methods to study these systems
lies in the difficulties and high costs of experimentally obtaining an accurate description of
the electronic properties of semiconductor surfaces and interfaces at an atomic scale!’¢-17°,
In particular, density functional theory (DFT)-based computational approaches have been
proven to be useful tools to describe and to predict the structural and electronic properties
of individual components of third generation solar cells such as organic dyes'8%18 QpDs,182133
TiO,144183 gnd Zn0O*2184 syrfaces, as well as the interfaces formed between them.1>>185186,165
Furthermore, they have been efficiently applied for computing macroscopic characteristics
(such as short circuit current and IPCE curves) of dye sensitized solar cells (DSSCs).187:188 |n
consequence, they are expected to be highly relevant and useful for studying QDSCs as well.
While calculations give access to information that is experimentally hardly (or currently not
at all) measurable, computational protocols need to be validated by experimental data. The
two methods thus mutually complete each other to give new insights into the working

principle of QDSCs and contribute to their rational design.
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Regarding the structure of this manuscript, Chapter Il describes the computational,
instrumental and synthesis methods used in this thesis. In Chapter Ill, a computational
benchmark study was carried out to find a low-cost, yet highly accurate method to describe
the bulk and surface properties of CdSe, the chosen sensitizer material. In Chapter IV, a
theoretical model of the aforementioned quasi-2D CdSe nanoplatelets of different
thicknesses, passivated by various ligands is established. The theoretical study, using the
previously identified computational protocol was validated by experimental results. In
Chapter V, ZnO and TiO, nanorods are sensitized by CdSe nanoplatelets of different
thicknesses, linked together using various ligands. The as-prepared heterostructures are
characterized by physical chemical methods to identify the system which will be studied in
more detail in the next chapter. Chapter VI is a combined theoretical/experimental
investigation about ZnO nanorods sensitized by sulfide-passivated CdSe nanoplatelets, with
a special focus on the semiconductor interface properties. Finally, the assembly and the
characterization of solar cells based on the previously studied nanocrystal/oxide
heterostructures are described in Chapter VII. The thesis is closed with the general

conclusions and perspectives.
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Chapter Il. Theoretical and experimental methods

I.1. Theoretical methods

1.1.1 The Schrodinger equation

The theoretical methods used in this thesis are based on solving the time-independent

Schrodinger equation:

HY = E¥ (I1.1.)

where the H operator is the Hamiltonian of the system, E is an eigenvalue and W is an
eigenvector of H, corresponding to the system’s energy and wavefunction, respectively. In

more detail, the Hamiltonian is expressed in the following form:

nuclei glectrons nuclei nuclet nuclei electrons (” 2

1 Vi o1 . Z,Zg Z, &
DN DN SN I sl WD N

A 4 i A B=4 4B A i i )

glectrons electrons

1
) ) STy TRy 4T+,

=i u

d

a . . . . . . .
where V= ({——,—, ) is the nabla operator in a 3 dimensional Cartesian coordinate system,
dx dy o=z

M stands for the mass of nuclei, Z for the nuclear charges, R and r for the inter-particular
distances. In Equation 1.2, the first and second terms correspond to the kinetic energy of the
nuclei and of the electrons of the system, respectively. The third term describes the
repulsive Coulombic interaction between nuclei, the fourth term corresponds to the
attractive Coulombic interaction between electrons and nuclei, and the fifth term to the

repulsive Coulombic interaction between electrons.

The solution of this equation can be simplified by considering that the mass of electrons is
negligible with respect to those of the nuclei. By applying the Born-Oppenheimer

approximation, which is based on the assumption that electrons move around stationary
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nuclei (Tn = 0), the Hamiltonian can be decoupled, and written as the sum of an electronic

(He) and a nuclear Hamiltonian (Hn):

H=H, +Hy (11.3)
where

H =T, +V, +V, (11.4)
and

Hy = Vyy (1.5)

The wavefunction is a product of an electronic (W) and a nuclear wavefunction (Wy):

V=¥ xW¥, (1.6)
In the crude Born-Oppenheimer approximation, the position of the nuclei is considered fix,
their coordinates are thus treated as parameters (Rn) in the Schrodinger equation. In

consequence, one can solve a simplified Schrédinger equation depending only on the

position of the electrons (rn).

H W (r,) = EFMWN (ry) (11.7)
The total energy of the system can thus be written in the following form:

E.,.=EM4+rT, (11.8)
In an n-electron system, W is a function of 3n variables corresponding to the x, y and z
coordinates of ri, ra, ... rn, which makes calculations very demanding in terms of time and

computational cost. Moreover, because of the bielectronic term in (Vee) in Equation (11.4.),
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the Schrodinger equation can be solved analytically only for a few simple cases like the H
atom, the hydrogen molecular ion or hydrogenoid systems. Therefore, several
approximative methods have been developed, which are based either on the Hartree-Fock
(HF) method or the density functional theory (DFT). The former is described shortly in the
next subsection, followed by an introduction into DFT-based computational methods that

we used in this thesis to calculate the properties of the materials that we studied.
11.1.2. Hartree-Fock method

If we assume that there is no interaction between the electrons of the system, the

multielectronic Hamiltonian is decomposed into monoelectronic operators [k, ()], resulting

in the following equations:
hy(D) e (r) = g o(r) (11.9)

where the €; eigenvalues correspond to the orbital energies, the sum of which makes up the

electronic energy of the system:

T

g :ZE" (1.10)

r; corresponds to the vectorial position of an electron i and the ¢; one-electron functions are

called orbitals, the product of which would make up the multielectronic wavefunction.

However, if the inter-electronic interactions are taken into account, ¢; spin-orbital functions
are used instead of ¢; to express the multielectronic wavefunction of the system. With a
non-relativistic Hamiltonian, the latter can be written as the product of a spin (g;) and a

space function (¥;), within the orbital approximation:

¢;(r,s;) = ¥ (r)o;(s;) (n.11)
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B |

where the spin function is o; = £ = . The multielectronic wavefunction formed from the spin-

orbital functions (¢;) must satisfy the Pauli principle by changing sign if two electrons are

exchanged, which is possible if it is written in the form of the Slater determinant:

¢1(.rij ¢n[;rij
qu_(l"n:] ¢n[:rn:]

1

ai] = ——
y !

Llatar

(11.12)

with T=as the normalization constant, and with the condition that the space functions are

orthonormal to each other:
(w;lw;) =6 (11.13)
with &, ; corresponding to the Dirac delta.

The Hartree-Fock energy (E5*) can be determined using the variational principle. For a given
electronic configuration, the space functions ¥; are varied until the Slater determinant ($,)

associated with the minimal energy Eo that corresponds to the fundamental state of the

system is obtained.

(PolH D)
o= W = Ey (11.14)

In a closed-shell system, where electrons are organized in pairs on n/2 doubly occupied

molecular orbitals, the HF energy is the sum of mono- (h;;) and bielectronic terms (fz-}- and

Kz-}-):

nf2n/2

EjF = EHZ hy; +ZZ[2L-}- —K;) (11.15)
i i Jj
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where I:; (KE.}.) is known as the Coulomb (exchange) integral.

The interaction of a given electron i with the other electrons and the nuclei can be included
in an approximative way: an effective field is defined, in which each electron i is affected by
the potential generated by the nuclei and the average field of the other electrons. In this

field, the molecular orbitals ¢ are eigenvectors of an effective operator known as the Fock

operator F, and the energy levels of the system can be determined by solving the following

monoelectronic Hartree-Fock equations:
Fo, = ¢, (1.16)

where €; are the eigenvalues of the Fock operator and correspond to the system’s

Koopmans ionization energies.! The Fock operator is expressed as:

i

F(D) = hy(1) + 07 = hy(D+ ) [2/,(0) — K (0] (1.17)

where v is the above mentioned effective potential felt by electron (1) .

Upon Roothaan’s proposition,? the molecular orbitals ¢; are developed on the basis of

atom-centered functions xu called atomic orbitals. This approach is known as the linear

combination of atomic orbitals (LCAO) approximation:

M

¢; = Z CuiXp (11.18)

m

with Cui coefficients. The size of the basis set xu is chosen as a compromise between

precision and computational cost. A complete (infinite) basis set would correspond to the so-
called HF limit. The matrix representation of the Fock operator on the basis of the xu atomic

orbitals is expressed as:
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(x.|Flx.,) = ., (11.19)
And the S overlap matrix is written as
(Xultw) =S (11.20)

Now the (11.14) variational problem takes up the following form:

®
ppr = Zete Ol p (11.21)
2, X, 665

Instead of varying 1, space functions, we are now seeking the cy, cv coefficients that

minimize the energy of the system. In other words, the new, simplified problem is:

AEST
de

1

=0 (1.22)

After executing the derivation in Equation (11.22), (I1.21) is transformed into the following

secular matrix equation:

™m m

Z 'F,;w Coi — & Z 5,511* Cui (”23)
K M

FC=5Ce

Equation (11.23) is solved in an iterative way, using the self-consistent field (SCF) procedure.
In the first SCF cycle, the equation is solved using an initial guess of the coefficients cy, cv,
and a new series of coefficients is thus obtained. The SCF procedure is continued until a
predefined convergence threshold on energy between two SCF cycles is reached.

We note that the HF method computes exchange exactly, while correlation is completely

neglected.
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11.1.3. Density functional theory

Density functional theory (DFT) is a quantum mechanical method to investigate the
electronic structure of many-body systems, such as molecules and condensed phases. DFT
has gained popularity among chemists, physicists and material scientists due to the accurate
results obtained at low computational cost. DFT has its conceptual roots in the Thomas-
Fermi model from 19273% which is based on the approximation that electrons are
distributed uniformly in small AV volumes of a system, but the electron density (o) varies
from one AV volume element to the other. The overall electron density depends only on the

3 spatial coordinates (x, y, z) expressed by the r vector, as shown in Equation 11.24.
p(r) = J J W(ry, 1) ¥ (ry, o my )dry o dy, (11.24)
!‘: !‘n

According to the Thomas-Fermi model, the kinetic energy of electrons, as well as the
potentials describing classical electron-electron and electron-nucleus interactions can be
expressed only in terms of electron density. p is a function of only 3 variables, while the
many-body wavefunction of the Schrédinger equation depends on 3n variables in the Born-
Oppenheimer approximation. In this way, the Thomas-Fermi model is an important step
towards simplifying calculations. However, the model provides poor results for realistic
systems, partly due to its basic assumption that electrons are uncorrelated. This drawback
was improved by Dirac® who proposed to include an electron exchange energy term that

also depended solely on p(r).

Later, Hohenberg and Kohn established two theorems that made it possible for the electron
density to become the basis of quantum mechanical calculations and the paved the way for
modern DFT calculations in 1964.% The first Hohenberg-Kohn theorem states that every
observable property of a system is a functional (a function from vector space into its
underlying scalar field) of the electronic density. Most importantly, the total energy of the

system can be written as
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E[p(r)] = Te[p(r)] + Veelp(r)] + Vnelp(r)] (1.25)

As all electrons feel the same v(r) external potential, the Vne[p(r)] term can be expressed as

o] = [ oo [ o) ¥ (e om) ) o iy = [ o) (126)

The total energy functional is thus written as
Elp(r)] = Flp(r)] + | p(r)v(r)dr (11.27)
where the F[p(r)] term is the Hohenberg-Kohn functional defined as:

Flo(r)] = Te[o(r)] + Vee[p(r)] (1.28)

The second Hohenberg-Kohn theorem states that in case po(r) corresponds to the system’s
ground state electron density and Ep to its ground state energy, then E[p] > Eo for any p# po.
Therefore, finding the ground state energy of a system in function of its electron density is a
variational problem: one is seeking the electron density closest to pg in order to minimize the
total energy. However, it is not possible to analytically solve this problem as we do not know

the exact formula of Vee[p].
1.1.4. The Kohn-Sham method

Kohn and Sham developed a method in 1965 to overcome the problem of expressing Vee[p].”
It is introduced by considering a reference system with no electron-electron interactions
which has the same ground-state electron density as the interacting system we want to
study. Without electron-electron interactions, the properties of the reference system can be
calculated by solving one-electron Schrodinger equations. Therefore, its wave function can

be exactly represented by a Slater determinant defined in Equation 11.12. In the following,
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the single-electron wavefunctions known as Kohn-Sham (KS) orbitals [@;(x;), with i = 1,...,n]]

are used to express the electron density. The kinetic energy of the non-interacting reference

system is written as:

(11.29)

In the next step, we suppose that the reference system is affected by an effective potential
vetf, Which is expressed as the sum of terms describing nuclear-electron and electron-

electron interactions:

_ S1lp(n)] | $Eg lpla)]
Vers (r) =wlr) + =272+ = = (11.30)

where v(r) corresponds to the nuclear-electron potential, J[p] is the classical Coulombic term

of the electron-electron interaction:

1 )
Il = EJ. %drdr“ (11.31)

and Exc[p] is the exchange-correlation functional which accounts for the differences between

the real interacting and the non-interacting reference system with T[] as the kinetic energy

of the real interacting system:
E..lp]l = Tlp]l — Tslp] + V.. [p] — J o] (11.32)

We now have all the elements to construct the Kohn-Sham Hamiltonian (Hks):

el
=

Hps = —— V2 + v (1) (1.33)

2m

The resulting Schrodinger equation is written in the following form:
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N

h:
[— ET + ”eFf(rjl @ = Z £ P (11.34)

=1

Equation 11.34 is solved in a self-consistent iterative way, very similarly to HF calculations.
First, an initial guess of p(r) is used to calculate the corresponding vefi(r) and solve the KS
equations to obtain ¢i. A new electron density is then constructed from these KS orbitals,
and the procedure is continued until convergence on orbital energies is reached. In this way,
Kohn and Sham established an appealing method for the calculation of the ground-state
properties of multi-electronic systems. However, as the exact form of the exchange-
correlation functional is not known, it has to be approximated. Selected methods for

describing Exc(p) are presented in the next section.
11.1.5. Exchange-correlation functionals

In the first step of this work presented in Chapter Ill, our goal was to find an accurate and
reasonably low-cost computational protocol to describe the geometric and electronic
properties of CdSe. In more particular, as we focused on materials for photovoltaic
applications, the accuracy in computing band gaps was considered a priority. We planned to
test two types of exchange-correlation functionals: functionals in the Generalized Gradient
Approximation (GGA) and hybrid functionals. Both are known to provide accurate lattice
parameters for a wide range of semiconductors,®® but while GGAs are computationally less
expensive than hybrids,® they are also known to severely underestimate band gaps.1® On the
other hand, well-chosen hybrids can reproduce experimental band gaps of these systems
with very low error.81011 As several contradictory criteria needs to be considered when
choosing an exchange-correlation functional, benchmark studies are necessary to identify

the best compromise.

GGA functionals depend on the local electron density and on its first derivative (Vo) in order

to account for rapid changes in p(r) over small regions of space. More precisely, they are

generally described in the following form:
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ESSAp(r)] = [ p(r)er™ [p(0)]E, [ (), Vo (r)]dr (1.35)

In Equation 11.35, e’“”“ is the exchange-correlation energy in a homogeneous electron gas

that has the same electron density in the r point as the studied system. Fx, known as the
enhancement factor, depends both on the electron density and its gradient. Several
parametrization schemes have been proposed for GGAs among which we can find semi-
empirical functionals that are fitted to experimental or ab initio data, and also purely non-
empirical ones. In Chapter Il of this work, we tested the semi-empirical BLYP'>!3 and

BPW91%%14, and the non-empirical PBE'° functionals.

The origin of the severe underestimation of band gaps computed by GGA functionals is the
spurious self-interaction error (SIE):#1° Coulombic and approximated exchange self-
interaction energies are not cancelled out. In purely Hartree-Fock calculations, this does not
lead to a problem, since Coulomb self-interaction terms are perfectly cancelled out by the
exact exchange self-interaction terms. It is thus a plausible idea to include a portion of HF
exchange in the exchange term in order to decrease the SIE and reach a partial cancellation.

The as-constructed hybrid functionals are written in the general form of Equation 11.36:

EM? = qEHF 4+ (1 — a)ESS4 + ESC4 (1.36)
In the above equation, the exchange-correlation functional is separated into an exchange
(Ex) and a correlation term (E¢). The a coefficient is either a priori set to be a specific value
based on theoretical arguments (like the PBEO functional'), or fitted to experimentally
measured or calculated properties from a database (for example B3LYP7'8 B3PW91'7"1,
03LYP?9, X3LYP?! etc. functionals). Hybrids with a fixed a coefficient are called global hybrids,
and all hybrids considered in this thesis (PBEQ, B3LYP and B3PW91) belong to this group of
functionals. Another notable group of hybrids is formed by the range-separated hybrid (RSH)
functionals, which include different amount of exact HF exchange depending on the electron
electron distance. Some examples of RSH functionals include HSE06,%>?2 HISS?*?* and LC-

wPBE.?
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It is noteworthy that although hybrid functionals can both be used with plane-wave (PW)
and Gaussian-type orbtitals (GTO) basis sets (both presented in subsection 11.1.7),
calculations remain so far computationally much more expensive with PW.%¢ On the other
hand, when combined with Gaussian-type basis sets, hybrids can efficiently be applied to
periodic systems,?’?® even to very large ones.?? For systems like semiconductor
heterostructures we intended to study in this thesis, the use of Gaussian-type basis sets was

therefore more suitable with hybrid functionals.

Il. 1.6. Modeling periodic systems

11.1.6. a) Bulk crystals

The semiconductor crystals studied in this thesis are highly ordered systems that can be
represented by a unit cell. A crystal’s unit cell is the smallest unit of volume that contains all
structural and symmetry information to build up the macroscopic structure of the crystal
lattice in direct space by translation with the primitive lattice vectors (a1, a2, as) or their

linear combination: nia:1 + n>az + n3as.

For the formalism of modeling these periodic systems, another definition is particularly
interesting: in reciprocal space, the crystal structure is built up by translation with the (b1, bz,
b3) basis vectors or their linear combination: N1b1 + N2bz2 + Nsbs. These (bi, bz, b3) vectors are

determined from:

a;b; = 2rnd;; (1.37)

where n’i’ij stands for the Dirac delta. In consequence, the b vectors in reciprocal space are

perpendicular to a plane defined by two a basis vectors with a different index in direct space.
A unit cell in reciprocal space is defined by connecting a chosen origin point of the reciprocal
space with its nearest neighbors. A plane perpendicular to these lines is drawn at their

midpoint. The smallest volume enclosed by these planes is called the first Brillouin zone. By
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considering second, third etc. nearest neighbors, second, third etc. Brillouin zones can also
be defined. By applying the symmetry operations of the point group of the lattice, the

irreducible Brillouin zone (IBZ) is obtained.

As crystals can ideally be built up by the periodic repetition of the unit cell, the electronic
structure of crystals also shows a periodic pattern, which can be described by imposing
periodic boundary conditions (PBCs) to the wavefunction of the system. According to Bloch’s
theorem, electron wave functions in these systems can be expressed solely on a basis of

Bloch functions (BFs). BFs are periodic wavefunctions written in the following general form:
by (1) = ey (1) (1.38)
In the above equation, r denotes the vector position in real space, k is the crystal wave
vector in reciprocal space and u(r) is a periodic function that follows the periodicity of the
crystal defined by its aj lattice vectors (i=1, 2, 3):

u(r)=u,(r+a,) (1.39)
It is thus assured that

dp(r+a;) = ey (r) (11.40)
In consequence, the probability density is the same if the wave function is displaced by a

lattice vector, since the imaginary terms in Equation 11.40 cancel out. Therefore, as illustrated

by Equation 11.41, the electronic structure mirrors the structural periodicity of the crystal:
|y (£)* = |y (r +a;) |7 (1.41)
In the LCAO approach for molecules, a finite number of molecular orbitals (MQOs) are

developed on a basis of atomic orbitals (AOs), as we have seen in Equation 11.18. In a crystal,

an infinite number of unit cells (described individually by MOs) are repeated periodically in
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three dimensions, therefore the system should be described using an infinite number of
MOs (and consequently AOs). However, two arbitrarily chosen unit cells contain a group of
atoms in the exact same geometrical arrangement. As the interaction between the atom-
centered AOs depends on the inter-atomic distances, there is zero difference in the energy
in the different unit cells. The MOs are thus delocalized in a periodic pattern over the

crystalline lattice, and are called crystalline orbitals (COs). The COs (¥;y) are developed on a

basis of Bloch functions (¢, 1):
"Fi,k(rj = Zcp,l(k‘j d}mh[r] (11.42)
T}

with ¢, ; coefficients that are determined using the variational principle, by solving the

[TH}

matrix equations introduced in Equation 11.23, on the basis of Bloch functions:
H¥ck = skckEg* (1.43)

where H¥ is the matrix representation of the Hamiltonian on the basis of Bloch functions, C¥

is the matrix containing the ¢, ; coefficients of Equation 11.42, Sk is the overlap matrix, EX is

the diagonal matrix containing the eigenvalues £*. Because of the PBCs, these calculations

are limited to the first BZ of the system. However, with an infinite N number of unit cells in
the lattice, the number of k points is also infinite. In consequence, the 11.43. matrix equations
need to be solved for an infinite number of k points in the first BZ, which would be
impossible. However, in practice, the calculated properties actually converge with the
number of the used k points. In consequence, a small number of k points are already

sufficient for the sampling of the first BZ.
Two types of basis functions are commonly used to represent Bloch functions in DFT

calculations of periodic systems: localized and plane wave basis sets that are introduced in

more detail in the subsection 11.1.7.
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11.1.6. b) Crystal surfaces

In order to simulate the surface properties of crystals, we used a slab model to which two-
dimensional PBCs were imposed instead of three-dimensional ones. A slab is a slice of
material with a predefined thickness, cut out of the bulk along a given crystal plane, and is
terminated by two free surfaces, as illustrated in Figure II.1. After optimizing the structure of
slabs of different thicknesses, the adequacy of the model is checked by considering the
convergence of chosen properties, such as band gaps and surface formation energies with

respect to slab thickness. For further investigations, we use slabs with converged properties.
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Figure Il.1. Schematic illustration of the creation of an 8 layers thick <1010> slab from the
bulk form of wurtzite CdSe

Defining a slab might change stoichiometry, and in consequence, result in charged systems.
Moreover, as the coordination around surface atoms is altered, residual dipole moments
perpendicular to the crystal surface might arise. In some cases, crystal symmetry can allow
charges and dipole moments to partially or entirely cancel out in the system. This is the basis

of Tasker’s classification of ionic crystal surfaces, which is schematically illustrated in Figure

11.2.30
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e Type 1 surfaces consist of neutral planes with an equal number of cations and anions.
The system is globally neutral with no residual dipole moment normal to the
surface. Type 1 surfaces are non-polar.

e Type 2 consists of symmetrically arranged charged planes. Similarly to Type 1, these
systems are globally neutral with no residual dipole moment perpendicular to
the surface. Type 2 surfaces are also non-polar.

e Type 3 surfaces are also built up from charged planes but are globally charged with a
nonzero dipole moment normal to their surface. Type 3 surfaces are polar.

Type 1 and 2 surfaces are stabilized by small relaxations of the surface atoms, and have low
surface energies. However, in case of Type 3 surfaces, the adsorption of charged
compounds®® or a substantial surface reconstruction with the addition of adatoms and

vacancies is required to neutralize and stabilize the system.3!

e e e e e RN S S T S T T S
[T T T T T g0
N e S M g=0 g=0 4?0
u=0 p=0 ST T T TS N T Y
Type 1 Type 2 Type 3

Figure I1.2. Schematic illustration of Tasker’s classification of ionic crystal surfaces.?° q
corresponds to the overall charge of the system, while u to the dipole moment
perpendicular to the crystal surface.

11.1.7. Basis sets for periodic DFT calculations

11.1.7.3) Localized basis sets

All calculations in this thesis were performed with the CRYSTAL093%33 and CRYSTAL143334
codes, which use a linear combination of atomic orbitals (LCAO) approach to self-

consistently solve both Hartree-Fock and Kohn-Sham equations. CRYSTAL calculations are

based on crystalline orbitals (COs, ¥, ) that are defined as linear combinations of Bloch
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functions (BFs, &, ), as described by the Equation (11.42). BFs are described in terms of

localized (atom-centered) atomic orbitals (AOs, @u(r) ) on a set of lattice vectors a:

bk (r) = Z @0, (r—A, —a)e’® (11.44)

a

In Equation 11.44, A, is the coordinate of the nucleus in the reference cell on which ¢, is
centered. As shown in Equation 11.45, the AOs are expressed as linear combinations of a
finite ng number of Gaussian-type functions (GTFs, denoted as G in Equation 11.45) with fixed

d; coefficients and a; exponents:

ng
Zqﬂk(r—ﬁ—aj =Zdj"3(ﬂj,r—ﬁ—3] (11.45)
E i

GTFs are described as the product of a radial ( R,(r)) and an angular ( ;"(8,¢)) term:
G(r) = AY™(8,¢)R,(r) = AY™(6, @)r'e ™ (11.46)

where A is the normalization term, a is the above mentioned exponential coefficient and ¥;™

is a spherical harmonic associated with the angular (I) and the magnetic (m) quantum
numbers and depends on the angular variables & and ¢. The mathematical formula of GTF-
based basis sets makes the calculation of HF exchange faster and simpler with respect to
other types of basis sets based on Slater functions with a radial dependence ~r™1e" (where n
is the principle quantum number). However, GTFs describe poorly the electrons in the
proximity of the nuclei, which is overcome by taking into account the linear combination of
primitive Gaussians to get contracted Gaussian functions, and the latter are used as basis

functions.

In the simplest case of a minimal basis set, one Gaussian basis function is used for each
atomic orbital. Auxiliary functions with an additional node called polarization functions can

be added to this minimal basis set to increase its flexibility in describing chemical bonds. In
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practice, it is realized adding p-functions to a basis set containing s orbitals, d-functions to a
basis set with p orbitals etc. Another common modification is to “augment” basis sets, or in
other words, to add diffuse functions to provide a better description of the distant tails of
Gaussian functions. In periodic systems, however, care must be taken to avoid numerical

problems with diffuse functions, and they are omitted in most cases.

Because of the important role that valence electrons play in the formation of chemical
bonding, valence orbitals are often represented by more than one basis function, and are
correspondingly called valence double zeta, triple zeta etc. basis sets. In order to reduce
computational costs and/or to include relativistic effects, one can replace the core electrons
of an atom with effective core potentials (ECPs), and treat only the valence electrons
explicitly. However, separation into core and valence electrons is by no means trivial,
especially in case of heavy elements. As a consequence, small- and large-core ECPs are
available for a large number of elements. Comparison with experimental results or
calculations using accurate all electron (AE) basis sets can help choose the right ECP for
calculations. In this work, in order to find the best compromise in computational cost and

accuracy, we tested both AE basis sets and different kinds of ECPs, as detailed in Chapter IlI.
11.1.7. b) Plane wave basis sets

Although not used in this thesis, plane-wave basis sets are very widely applied with DFT
calculations on crystals, and are shortly introduced here. The plane waves of a periodic

system can be described by the following equation:

1 o
k — irik+K
-:I:-Ku(rj = ——gir(kEy) (11.47)

wf.NﬂD

where N = Ni-N>-N3, {15 corresponds to the volume of the unit cell, K, to a vector in

reciprocal space. The crystalline orbitals are then constructed by taking the linear

combination of plane waves:
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yE(r) = Z cf, (K, Pk (r) (1.48)

nIm
where m is an integer determined from the following relation:

(k—l_ Kn:]z = Ecutoff (”49)

where Ecutoff is @ kinetic energy limit. The precision (but also the cost) of the calculation
increases with an increasing Ecutofr. As the wavefunction strongly oscillates near the nuclei,
the frozen core approximation is generally applied: core electrons are represented by a
potential called pseudopotential, and only the valence electrons are treated explicitly.
Pseudopotentials with several formalisms have been utilized with plane wave basis sets. A

few notable examples include norm-conserving3>3® and ultra-soft pseudopotentials.3’

Another method to treat plane waves is based on augmented plane waves (APW). In this
approach, the space is divided into spherical atom-centered “atomic regions” and “inter-
atomic” regions containing the bonds. The basis functions are constructed from partial
atomic waves in the former and from a combination of envelop functions in the latter
regions. A generalization of the APW and pseudopotential methods is the projector
augmented wave (PAW) method, which allows to calculate all-electron observables using
the pseudo wavefunction from a pseudopotential calculation.?® This is done with the help of
a T transformation operator that transforms the fictious pseudo wavefuntion into the ‘real’
all-electron wavefunction, and T is defined such that the two wavefunctions differ only in the
“atomic regions”. PAW calculations have only been considered in some selected cases in this

thesis.
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I1.2. Experimental methods

11.2.1. Synthesis of CdSe quantum dots and nanoplatelets

One of the preliminary goals of the thesis was to examine the effect of quantum
confinement of the sensitizer nanocrystals on solar cell efficiency. For this purpose, it is
desirable to well-know and control the size of the nanocrystals. For this reason, we decided
to use CdSe nanoplatelets (NPLs), the synthesis of which was previously well-established by
Ithurria et al.>*%° These nano-objects have typically a thickness of a few nanometers and
lateral dimensions of 40-100 nm, therefore they can be considered as quasi-two dimensional
nanocrystals. The authors demonstrated that the CdSe NPLs are formed by the continuous
lateral extension of CdSe nanocrystal seeds.3? After nucleation of the seed crystals, the NPL
thickness remained fixed and did not grow further during NPL formation. By controlling the
synthesis conditions, they could control the NPL thickness at the monolayer scale. It was also
manifested by a precise control over the band gap of the nanocrystals.*! Moreover, the
optoelectronic properties of the as-synthesized CdSe nanoplatelets turned-out to be very
appealing.*>*? It is particularly noteworthy that these systems show much narrower
excitonic absorption and photoemission bands** and higher photoluminescence quantum

yields than spherical QDs or quasi one-dimensional nanorods (NRs).%?

As quasi two-dimensional semiconductor, NPLs have been demonstrated useful for a broad
range of applications from single-photon sources** to biophotonics.*> These singular
properties led us to test the possibility of applying them in QDSCs in replacement of classical
spherical QDs. Advantages of such systems are twofold. First, due to the quantum
confinement effects arising from their thickness of typically a few nanometers, their
excitonic and charge carrier properties can be readily tuned, either by changing their
thickness*! or by varying the passivating ligands on their surface.*® Second, from a modeling
point of view, these structures provide a good basis for building stacked models, allowing an

easier comparison between experimental and theoretical data. In this thesis, we mainly
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focused on NPLs as sensitizer materials, but also tested spherical QDs in a few experiments

to compare the properties of NPL-WBSC and QD-WBSC heterostructures.

Figure I1.3. Structural model of a 5 layers thick CdSe zinc blende(100) nanoplatelet with the
definition of one atomic monolayer (ML)

We have synthesized quasi-2D CdSe NPLs or several thicknesses (7, 9, 11 and 13 MLs). One
atomic monolayer (ML) of a NPL stands for an atomic layer composed exclusively of
cadmium or selenium atoms in the same <100> plane, as illustrated in Figure 1I.3. The
synthesis of NPLs of different thicknesses was based on previous works by Ithurria et al.3%-
4247 1n a typical CdSe NPL synthesis protocol, a cadmium and a selenium precursor were
decomposed in the presence of a non-coordinating solvent (octadecene, ODE) and an
acetate salt (cadmium acetate was used [Cd(OAc);] in this thesis). The roles of acetate salt
was to hinder the nanocrystal growth in the [100] direction, and to promote the lateral
growth of the CdSe seed crystals. If acetate is present in the initial reaction solution, the
lateral growth of the nano-objects is promoted, and the resulting NPLs are thin. If it is
injected into the solution when it already contains relatively large CdSe seed crystals, thicker

CdSe NPLs are synthesized.

The initial mixture for the synthesis of the thinner (5 and 7 MLs thick) NPLs contained
cadmium acetate bihydrate (Cd(OAc),:2H;0), oleic acid (OA), and octadecene (ODE). While
the mixture was degassed at low temperature (~90 °C) for ~1 hour, NPL seeds were
nucleated in the solution. Then, it was heated up to a given temperature and the anionic
precursor in the form of trioctyl phoshine-selenide (TOP-Se) was injected. At low
temperature (~100 °C), 5 ML thick NPL were prepared, while at higher temperature (~190
°C), 7 ML thick NPLs were obtained. We can note that we never prepared 5MLs thick NPLs
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for this thesis, but previously obtained experimental data*' on these NPLs are used in
Chapters IV and V. The synthesis of 7 MLs thick CdSe NPLs was based on Ref. 39. Briefly, 240
mg Cd(OAc),-2H;0, 150 pl of OA and 12 ml of octadecene (ODE) were degassed in a three-
neck flask under vacuum flow at 90 °C for 1 hour. The mixture was then heated to 190 °C
under argon flow. When this temperature was reached, 150 ul of 1M TOP-Se, was injected,
and the synthesis was pursued at this temperature for 40 minutes. Finally, the mixture was
guenched, and 2ml of OA and 30 ml of hexane were added. The NPLs were separated by

centrifugation and re-suspended in 30 ml of hexane.

9 and 11 MLs thick NPLs, were synthesized by introducing an acetate salt into the reaction
mixture at a temperature superior to the nucleation temperature of quantum dots that
serve as seeds for growing the NPLs (180 °C). In order to obtain 9MLs thick NPLs, we
followed the protocole described in ref. 41. An initial reaction mixture of 0.3 ml of cadmium
myristate [Cd(myr)z], 0.15 mmol Se powder and 10 ml of ODE were degassed at room
temperature for ~20 minutes in a three neck flask. Then, under argon flow, the temperature
was set to 240 °C. When the mixture color turned orange (at around 200 °C), 0.2 mmol of
Cd(Ac)2:2H,0 was introduced through a neck. After 5 minutes at 240 °C, the mixture was
guenched, and 2 ml of OA and 35 ml of hexane were added. The NPLs were separated by
centrifugation and re-suspended in 10 ml of hexane. The synthesis of 11 MLs thick NPLs was
based on ref. 42. In a three neck flask, 0.3 mmol of Cd(myr), and 10 ml of ODE were
degassed for 20 minutes. Then, under argon flow, the mixture was heated up to 240 °Cand a
suspension of 0.15 mmol of selenium mesh sonicated in 1 ml ODE was injected. After 1
minute, 0.4 mmol of Cd(Ac).:2H,0 was introduced through a neck. After 10 minutes at 240
°C, the mixture was quenched and 2 ml of OA and 35 ml of hexane were added. The NPLs

were separated by centrifugation and were re-suspended in 10 ml of hexane.

The synthesis of 13 atomic layers thick NPLs was inspired by ref. 48. The selenium precursor
was produced in a glove box. 0.15 mmol of selenium mesh were introduced in 1 ml of N-
methylformamide (NMF), then 0.3 mmol of NaBH; dissolved in 0.5 ml of NMF were added
dropwise in order to reduce Se to Se%. The flask was stirred open (in order to release Ha)
during 10 minutes. 0.1 mmol of Cd(Ac);:2H,0 dissolved in 1 ml of NMF served as a cadmium

precursor. For obtaining the CdSe NPLs, 200 ml of the 9 MLs thick CdSe nanoplatelets, 800
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ml of hexane, 0.5 ml of NMF and 25 ml of the selenium precursors were stirred for 5 minutes
in a flask. The as-obtained NPLs were capped with selenium and presented a total of 11
atomic layers. In order to remove the excess of selenium precursor, the NPLs in NMF were
precipitated with ethanol, centrifuged and re-suspended in NMF. Then 200 ml of the
cadmium precursors was added to the NPLs and let to react for 2 minutes. The resulting 13
layers thick NPLs were purified by centrifugation with ethanol and resuspended in NMF.

They were transferred back to hexane by adding hexane and OA to the NPLs in NMF.

The synthesis of QDs is based on ref. 49. Briefly, 0.4 mmol CdO powder, 1.2 mmol myristic
acid (MA) and 10 ml ODE were introduced in a three neck flask, and degassed under Ar for
10 minutes. The mixture was heated up to 270 °C during rigorous stirring. In the meantime,
heterogeneous Se-ODE precursor was prepared by dissolving 0.4 mmol Se powder in 2 ml
ODE. The mixture was sonicated for 15 minutes to disperse Se. When the temperature of
270 °C was reached, 1 ml of Se precursor solution was injected into the reaction mixture.
Immediately after Se injection, the temperature was set to 260 °C. 8 minutes later, the
reaction was stopped by cooling down the reaction mixture. The QDs were redispersed in 10
ml of tolouene. Next, 10 ml isopropanol and 10 ml methanol were added, and the mixture
was centrifuged at 5000 rpm for 7 minutes. After this cleaning step, QD precipitated as
pellets at the bottom of the vial. The solution was discarded and the QDs redispersed in 10
ml of tolouene. Next, 12 mmol oleic acid was added to the QD pellets to replace the original
oleic acid bounded to their surface. The purification step was repeated using methanol as a

nonsolvent, and the OA-passivated QD pellets were re-suspended in tolouene.

11.2.2. Synthesis of 1D wide band gap semiconductor nanostructures

Several methods have been reported in the literature for the synthesis of 1D nanostructures
such as nanorods (NRs) and nanowires (NWs) of ZnO and TiOz. They include vapor-phase>%>!
methods (such as chemical vapor deposition>?> and physical vapor deposition®3),
hydrothermal’* and solvothermal growth®>, template-assisted syntheses (including
template-based hydrolysis, template filling,”® electrochemical,®” electrophoretic®® and
atomic layer deposition®®), sol-gel methods®®®! and electrospinning®®3. Among these,

solution-phase methods, especially hydrothermal growth, are outstanding due to easy and
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low-cost handling, environmental friendliness, high control of morphology®*®> and relatively
low synthesis temperatures (25-200 °C).°® According to these advantages, these methods

were selected for the synthesis of ZnO and TiO; 1D nanostructures in this work.

In this thesis, ZnO and TiO2 nanorods/nanowires were synthesized for two purposes,
referred to as purpose 1) and 2) in the following:

1) CdSe nanoplatelets of different thicknesses were linked to ZnO/TiO; substrates using
different bifunctional linkers. The first goal of these experiments was to characterize
the interfaces formed between the two semidonductors. Subsequently, solar cells
were tested based on selected ZnO/TiO> NR — CdSe NPL heterostructure
photoanodes. The final objective of this study was to test the applicability of pre-
synthesized CdSe NPLs in QDSCs. To our knowledge, no solar cells have been
reported in the literature using this type of sensitizers. In more particular, no
application of quasi-two dimensional CdSe NPLs in solar cells is known.

2) We grew CdSe QDs directly on ZnO/TiO2 NR arrays with the successive ionic layer
adsorption and reaction (SILAR) method, which will be detailed in section 11.2.3. b),

and tested solar cells based on these sensitized photoanodes.
11.2.2. a) ZnO nanorods/nanowires

The hydrothermal synthesis of ZnO wurtzite 1D nanostructures contains a OH and a Zn?*
precursor (most often Zn(NOs)2). A widely used OH source in the hydrothermal synthesis of
ZnO 1D nanostructures is hexamethylene tetramine (HMTA) (Figure 11.4.),54%768 which is a
highly water soluble, non-ionic tetradentate cyclic ternary amine. It acts as a weak base,
which slowly hydrolyzes in water when the temperature is increased, gradually releasing OH"

through NH4OH base production, as described by Equations 11.50-52.%°

7

Figure I1.4. Molecular structure of hexamethylene tetramine (HMTA).
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(CH2)sN4 +6 H20 €54 NH3 +6 HCHO (1.50)
NH;s + H20 €<>NH3-H,0 (11.51)
NH,OH <>NH4* + OH- (11.52)

The degree of the supersaturation of Zn?* species is controlled by changing the pH and/or
the Zn?* concentration. For example, it increases by increasing the pH, or decreased by
adding a Zn%* complexing agents in the form of ammonium compounds, such as NHsOH or
NH4NOs, as illustrated by Equation 11.58. Therefore, the obtained ZnO structures will be the
result of several delicate equilibria between the Zn?*, hydroxide and chelating species. The

main reactions involved in the ZnO crystal growth are illustrated by Equations 11.53-58.

Zn%* + 20H &> Zn(OH)2 (11.53)
Zn(OH); + 20H" ¢ [Zn(OH)4)* (11.54)
[Zn(OH)4)? ¢ Zn0,% + 2H,0 (11.55)
Zn02% + H,0 €5 Zn0 + 20H" (11.56)
ZnO + OH ¢ ZnOOH- (1.57)
Zn2* + nNH3 ¢ Zn(NH,)2* (11.58)

In order to obtain vertically aligned ZnO nanorods, crystal growth must be gradual under a
low degree of supersaturation. However, in this case, the resulting particles size distribution
is rather large due to the variations in nucleation time. In order to achieve a more
homogeneous size distribution of the nanostructures, the nucleation step and the growth
step must be separated by using seeded substrates. They can be prepared using several
techniques, such as spin coating, dip coating, spray pyrolysis or radio frequency magnetron
sputtering. 870 Spin coating with well-chosen parameters can provide a homogeneous and
highly structured ZnO seed layer on the substrate that gives rise to high density of
nanorods/nanowires with their ¢ axis perpendicular to the substrate surface.”*”3 Typically, a
5 mM Zn(CH3COO); solution in ethanol is spin-coated at a rate of 2000 rpm for 30s on a
rigorously cleaned FTO glass substrate. This step can be repeated several times to produce a
thick blocking layer that prevents recombination between the FTO glass and the hole
transporting material.”%’# The deposited layer is then heated to decompose the Zn precursor
and produce ZnO seeds. Typical annealing temperatures at this step range between 250 and

350 °C for 20-30 min.”™73
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Due to the anisotropic nature of the ZnO wurtzite unit cell with polar (0001) and apolar
(1000) faces, the ZnO grains have a tendency to grow as elongated rods in the c-direction.
Some additives, such as polyethylenimine (PEI)’>7> and ethylenediamine (EDA)’® adsorb
selectively on the apolar ZnO surfaces, which further favors the growth along the c-axis. In
particular, we tested PEI in this thesis, which is a non-polar polymer with a large amount of
amine groups that can be protonated in a wide range of pH values. The positively charged
PEIl is strongly adsorbed on the negatively charged lateral planes of ZnO, which promotes
vertical growth of nanorods/nanowires.”>’” Moreover, PEl has a similar buffering effect to
NHs, since it chelates Zn?* ions. Therefore, besides controlling the growth direction of ZnO
crystals, it prevents the precipitation of ZnO crystals in the bulk solution, while ZnO

nanorods/nanowires can still grow on the seeded substrate at a satisfactory rate.

The synthesis of ZnO nanorod arrays for purpose 1) is based on a hydrothermal method
described by Xu et al.”® The FTO-coated TEC 15 glasses were thoroughly cleaned first by
detergent and deionized (DI) water. They were then sonicated for 15 min in ethanol and for
15 min in acetone. A ZnO seed layer was grown on the clean FTO glasses by spin-coating a 5
mM solution of Zn(Ac). in ethanol at 3000 rpm for 30s 15 times. The spin-coated substrate

was annealed for 20 min at 300 °C in a furnace with the following ramping program:

300 *C, 20 min

275 *C, 10 min

5 °C/min 15 *C/min
250*°C, 10 min

15 °C/min

200*°C 200*C, 10 min

Figure II.5. Ramping program for the thermal treatment of seeded FTO glasses prepared
with the spin-coating of Zn(Ac): solution with method 1).

Xu et al reported that the growth rate of ZnO nanowires is as high as 4.5 um/h in the first
two hours.”® As the CdSe NPLs that we intended to link to the nanostructured ZnO substrate
are extended nanocrystals with lateral dimensions of 40-100 nm, we supposed it is difficult
to reach a high and homogeneous CdSe NPL coverage on the side facets of these long

nanorods. Therefore, we decided to apply a synthesis time of only 1h. The seeded substrates
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were immersed in 100 ml growth solution in a closed container, which was put in an oven
preheated at 96 °C for 1h. The growth solution was composed of 25 mM Zn(NO3s),, 12.5 mM
HMTA and 0.45 M NHs. In order to further decrease the nanorod length, no PEl was added to
the growth solution. The samples were placed at an angle of 45° against the wall of the
container, with their seeded side facing down, as shown in Figure 11.6. Their opposing side
was coated with a scotch tape to protect it of precipitates formed in the bulk solution. After
the containers were taken out of the oven, and the solution cooled down, the sample was

removed from the container and the tape was removed.

Growth solution

MNon-conducting

side protected with

a scotch tape —>7n0 seed layer

Figure Il.6. Experimental setup for the ZnO NR growth.

In order to eliminate organic residues from the samples the samples were rinsed with

deionized water and let to dry naturally. Finally, they were annealed at 450°C for 30 min

with the ramping program shown in Figure I1.7:

450°C, 30 min

15 °C/min

200°C

Figure Il.7. Ramping program for the thermal treatment of hydrothermally grown ZnO NR
arrays.

For purpose 2), the hydrothermal synthesis of ZnO nanorods was based on a previous
work.”* The FTO—coated TEC 15 glasses were cleaned as described above. Then, they were

spin-coated 5 times with a 5 mM solution of Zn(Ac)z in ethanol at 3000 rpm for 30s, and the
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films were annealed at 250°C for 20 min. This procedure was repeated two times, and the
as-prepared seeded samples were annealed at 350°C for 1h with a ramping program
illustrated in Figure 11.8. A solution containing 0.04 M Zn(NOs), and 0.8 M NaOH was
preheated for 6 min at 88°C in an oven. As a pre-treatment prior to the hydrothermal
growth, the samples were immersed in this solution for 16 min at the same temperature.
Then, the same growth solution was prepared in a 100 ml container as detailed above.’”® The
seeded and pretreated samples were immersed in this solution as in Figure 11.6, and placed
in a furnace for 10h at 93°C. They were then rinsed with deionized water and let to dry
naturally. Finally, they were annealed at 450°C for 30 min using the ramping program

illustrated in Figure I.7.

350 *C, 60 min

325*°C, 10 min

300 °C, 10 mi .
e 15 °C/min

200*°C 200 *C, 10 min

Figure 11.8. Ramping program for the thermal treatment of seeded FTO glasses prepared by
the spin-coating of Zn(Ac): solution with method 2).

11.2.2. b) TiO2 nanorods

The 2% lattice mismatch between the cubic SnO; and TiO allows the epitaxial growth of
rutile TiO2 nanorods on bare FTO coated glasses.”®8% However, a thick homogeneous seed
layer is necessary in QDSC to prevent the charge recombination occuring at the FTO and the
hole transporting material interface.”>’* Therefore, prior to nanorod growth, a TiO; seed
layer was prepared by spin coating on the FTO/glass substrate. Then, in a typical
hydrothermal synthesis, DI water and concentrated HCl were mixed. After stirring for a few
minutes, the Ti(lV) precursor (for example titanium butoxide’®® or titanium
isopropoxide®®2) was added dropwise, and the mixture was stirred for a few more minutes.
In the literature, the hydrothermal synthesis was typically conducted on TEC-15 FTO glasses
immersed in the growth solution in a stainless steel autoclave in an oven at 150-220 °C for 1-
24h.79-82 After synthesis, the autoclave was taken out of the oven and cooled down to room

temperature. The substrates were rinsed with DI water and dried in ambient air. Similarly to
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the hydrothermal synthesis of ZnO nanorods, a final annealing step was performed at

around 450-500°C for 1h.

Huang et al proposed the following mechanism for the hydrothermal growth of TiO;

nanorods:8°

Ti(IV)p + H20 + HCl = Ti(IV)c (11.59)
Ti(IV)C <> TiO, (11.60)

Where Ti(IV)p and Ti(IV)c stand for the titanium precursor and complex, respectively. HCl has
a double role in the synthesis:

e |t participates in the hydrolysis of the precursor and in the complexation of Ti(IV), as
shown in Equation 11.60.

e Chloride ions are also known to hinder the growth of rutile in the [110] direction, and
promote growth along the [001] direction.8384 This further contributes to the growth
of TiO; nanorods elongated along the c axis, which is already the favored crystal
shape based on the symmetry of rutile crystals® and on the relative surface energy

of TiO3 rutile crystal planes.®

During this hydrothermal synthesis, two processes compete with each other: crystal growth
and dissolution. Aydil reported that the growth of nanorods is favored at short reaction
times (inferior to 20h) due to the high supersaturation of the Ti precursor in the growth
solution.”” However, at long synthesis times, the crystal growth rate decreases, and
dissolution at high-energy surfaces, such as the FTO-TiO; interface becomes important. The
TiOy film thus peels off. At higher synthesis temperature, such as 200°C, equilibrium
between crystal growth and dissolution is reached after 6h. The acidity of the growth
solution is another sensitive issue. It was found that an approximate 50-50% ratio of DI
water and HCl is ideal for TiO2 nanorod growth.”® If the ratio of acid is lower, the titanium
precursor precipitates as TiO; at the bottom of the autoclave, and none remains available for
hydrothermal growth. On the other hand a higher acid concentration hinders the hydrolysis

of the titanium precursor.
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The synthesis of TiO; rutile nanorods for purposes 1) and 2) was based on a previous work by
Kim et al?’. First, the FTO-coated glasses were cleaned as described above. Then, they were
spin coated with a 0.15 M titanium (IV) diisopropoxide bis(acetylacetonate) (denoted as
TIPA) solution in butanol, and heated at 125 °C for 5 min. After the spin-coated film has
cooled down to room temperature, this procedure was repeated twice with a 0.30 M
solution, and the FTO glasses were annealed at 500 °C for 15 min in a furnace with the

ramping program illustrated in Figure I1.9.

500 *C, 15 min

475 *C, 10 min

5 °C/min

450 *C, 10 min 10 °C/min

15 °C/min

250°C, 10 min

200°C 2007

Figure 11.9. Ramping program for the thermal treatment of seeded FTO glasses prepared
with the spin-coating of TIPA solution.

450 °C, 60 min

425 *C, 10 min

5 °C/min
400 *C, 10 min 10 °C/min

5 °C/min 5 *C/min

350 *C, 10 min

300°C, 10min /25 </min

250+C, 10 miny/ 15 “C/min

200*C
200*C

Figure 11.10. Ramping program for the thermal treatment of hydrothermally grown TiO> NR
arrays.

Based on the work by Kim et al,® TiO, nanorods were grown on the as-prepared seed layer
in a stainless steel autoclave with a Teflon liner. The growth solution was made by mixing 20
ml deionized water with 20 ml 37% hydrochloric acid, and then adding 0.7 ml titanium (IV) n-
butoxide dropwise. The substrates were positioned at an angle of 45° with the seeded layer

facing against the wall of the Teflon liner, similarly to the ZnO nanorod synthesis. The
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autoclave was placed in an oven preheated at 170 °C for 3 hours. After the autoclave was
taken out and cooled down naturally, the samples were rinsed with deionized water, dried

and annealed at 450°C for 1h with the program shown in Figure I1.10.

11.2.3. Attachment of quantum dots to wide band gap semiconductors

The sensitization of WBSCs by quantum dots can be grouped into two major categories: in
situ (synthesis of quantum dots directly on the WBSC surface) and ex situ (attachment of
previously prepared quantum dots) techniques.®® In situ methods include chemical bath
deposition (CBD)®° and successive ionic layer absorption and reaction (SILAR),® spray
pyrolysis deposition (SPD)°? and electrospray technique®3. These techniques are known to
provide high surface coverage and direct connection between the QD and the WBSC, but the
surface size, shape and passivation are poorly controlled, contrary to ex situ methods, which,
on the other hand, result in low and less reproducible surface coverage.®* A disadvantage of
ex situ sensitization methods, such as direct adsorption (DA)®®> and linker-assisted adsorption
(LAA)®® is the longer processing time compared to in situ sensitization approaches like CBD or
SILAR.?” In this thesis, we tested both ex situ and in situ methods for sensitizing ZnO NRs and
TiO2 NRs by CdSe nanocrystals by using linker-assisted attachment and the SILAR methods,

respectively.

11.2.3. a) Sensitization by linker-assisted attachement

In case of linker-assisted attachment, bifunctional linker molecules are used to connect the
sensitizers to the WBSC surface. One of the functional groups of these linkers is connected to
the WBSC, while the other one is connected to the QD. In the most minimalistic case of an
atomic linker, the bifunctional linker can be an atom that uses two of its valence electrons to
form covalent bonds both with the QD and the WBSC. A priori, applying these linkers could
have several advantages in quantum dot sensitized solar cells.

1) It had been pointed out in previous studies that the electron transfer rate constant

98-101

exponentially decreases with the length of the linker molecule, as described by

Equation 11.61:1%?
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H(E) = HY(E)-exp (1) B- dp] (11.61)

where dba is the separation distance between the donor and the acceptor, [ is the
attenuation rate, and H°(E) is the electronic coupling at doa = 0. Therefore, an atomic
linker must largely improve the charge transfer rate between the QD and the WBSC
compared to longer linkers. Indeed, in a previous study by Yun!%, TiO, nanoparticle
films were sensitized with CdSe QDs using either atomic (S? ions) or molecular (3-
mercaptopropionic acid, MPA in Figure 11.11) linkers. They obtained higher
photovoltaic efficiency parameters for QDSCs based on sulfide-capped QDs than
those applying MPA-linked QDs.

HS/\AOH

Figure I1.11. Molecular structure of 3-Mercapto-propionic acid.

2) Moreover, if the QDs are deposited on the WBSC surface in films that are thicker than
a monolayer, it is also desirable to achieve high electron mobility between QDs,
within the sensitizer film. Several studies demonstrated that atomic linkers
outperform molecular ones in this aspect.04105

3) Proper treatment with atomic ligands can improve the air stability of QD films.0®

4) Atomic ligands can serve as efficient passivation layers and contribute to reduce

recombination between QDs and WBSCs!03:107

Two main approaches have been developed for LAA. In method 1, the WBSC coated
electrode is first immersed in a solution containing the linker molecule that is adsorbed on
the semiconductor oxide surface. Then, the chemically modified WBSC substrate is
immersed into a solution containing the pre-synthesized QDs. Alternatively, in method 2,
QDs can first be coated by linker molecules, and subsequently be attached to the WBSC

surface.108

With our chosen synthesis protocol, CdSe NPLs and QDs are passivated by oleic acid ligands

with long carbohydrate chains. For photovoltaic application, it is necessary to exchange
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these large organic molecules to well-chosen shorter ligands, which can also serve as
bifunctional linkers. Among the two approaches described above, method 2 was thus the
more suitable sensitization method to apply in this thesis. As a first step of the ligand
assisted attachment, the initial OA ligands were exchanged to short bifunctional ones. We
considered both atomic (OH™ and SH"), and molecular ligands (MPA). Next, a dispersion of the

NPLs/QDs was dropcasted on the ZnO or TiO; substrates, and the solvent was evaporated.

B —

CdSe.0A + L = CdSe.L + OA
agitation
b)  CdSe0A m OA
L CdSe.L

Figure 11.12. a) Schematic illustration of biphasic ligands exchange reactions on CdSe NPLs.
The short polar bifunctional linker is denoted as L. CdSe.OA and CdSe.L stand for CdSe NPLs
passivated by oleic acid and the L linker, respectively. b) Biphasic exchange transfer.

In the case of the OH and SH" ligands, ligand exchange reactions were based on ref. 109. The
precursor of SH™ was prepared as follows. 0.1 mmol of NaHS was dissolved in 1 ml NMF in a
vial. For obtaining a OH precursor, 0.1 mmol of KOH was dissolved in 1 ml of NMF in a vial.
Then, in a flask, 200 ul of the CdSe NPLs or QDs, 800 pl of hexane, 0.5 ml of NMF and 40 pl of
the SH™ (respectively OH") precursors were stirred for 5 minutes. The NPLs were completely
transferred from the non-polar to the polar phase due to the ligand exchange. These
biphasic reactions are schematically illustrated in Figure 11.12. In the following, the as-
prepared CdSe nanocrystals passivated by SH™ and OH" ligands are denoted as CdSe.SH and
CdSe.OH, respectively. In order to sensitize the ZnO or TiO, nanorod arrays, 50 ul of the
CdSe.SH or CdSe.OH dispersions was dropcasted on the substrates. Then, they were heated
at 150°C for 5 min to evaporate the NMF solvent. This temperature was low enough not to
damage the structure of the CdSe nanocrystals. The sensitized samples are denoted as
CdSe.SH — ZnO, CdSe.OH - ZnO, CdSe.SH — TiO2 and CdSe.OH — TiO; in the rest of the

manuscript.
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The ligand exchange with MPA was done as follow. 200 pl of MPA was added to 100 pl of
CdSe NPLs dispersion in hexane in a vial, which was kept at 60°C for at least 6 hours. The
resulting MPA-passivated NPLs were separated by centrifugation and re-suspended in NMF.
They were rendered water-soluble by adding 2 mg of potassium tert-butoxide to
deprotonate the carboxylate group of MPA. The NPLs were then precipitated in NMF. They
were subsequentlyseparated by centrifugation and redispersed in an aqueous solution with
a basic pH to keep the carboxylate groups deprotonated. The pH of this aqueous solution
was adjusted to 13 by addition of mashed NaOH pellets. The as-prepared CdSe nanocrystals
are denoted as CdSe.MPA in the following. The ZnO and TiO, nanorod arrays were sensitized
by CdSe.MPA nanocrystals by dropcasting a basic aqueous dispersion of CdSe.MPA onto the
substrates, similarly to the work published by Pan et al.}'% Water was fully evaporated by
leaving the samples in ambient air for 3h. The obtained sensitized samples are denoted as

CdSe.MPA — ZnO and CdSe.MPA - TiO..

11.2.3. b) Sensitization by the SILAR method
—

Sel- EtOH cd* EtOH

Figure I1.13. Schematic illustration of one SILAR cycle.

SILAR is a popular and widely used method in the literature for photoanode sensitization.'1~
114 1ts main advantages include simplicity, short processing time (a few minutes to hours)
and nearly stoichiometric QD composition.!!> The SILAR process we applied is schematically
illustrated in Figure 11.13. The glass substrates with a ZnO or TiO, nanorod arrayed layer were
first immersed into the Se? precursor solution for 1 min. Then, the excess of Se? was rinsed
by immersing the substrates into ethanol for a few seconds. Then the samples were dipped

into the Cd?* precursor solution for 1 min, and the excess of Cd?* was eliminated by

immersing them into ethanol for a few seconds. One Se? and one Cd?* ion deposition define
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altogether one SILAR cycle. The size of CdSe nanocrystals can be controlled by the number of

SILAR cycles.!t®

Hydrothermally grown ZnO nanorod’! and TiO2 nanorod arrays®’# were sensitized by CdSe
QDs using the SILAR method based on the work of Deng and coworkers.”* The Cd?* precursor
solution was prepared by dissolving 0.32 g Cd(OAc)2 in 40 ml ethanol. In order to prepare the
Se precursor solution, 0.1330 g SeO; was dissolved in 40 ml DI water an Erlenmeyer flask and
stirred for 3 minutes under argon. Then, 0.13 g KBH4 was added and the solution color
turned from colorless transparent to a turbid coral red one. After the addition of all the KBH4
powder, the solution started to effervesce with small bubbles, and a color- and an odorless
gas left the beaker. The fizzing and the gas formation lasted for approximately 3-4 minutes.
It is supposed that the KBH4 reduces SeO; into colloidal Se with H, gas formation at this

stage, as described by Equation 11.62.

Se0; + KBH4 -> Se + 2H + KBO> (11.62)

After the stopping of bubbling, the flask was put again under Ar atmosphere and stirred for
1.5 hours. The gas(es) (presumably only Hz) formed during the reduction were by-passed by
an extractor hood. During this time, the coral red colored solution became darker and darker
until it reached a black color. As its color deepened, it also became more and more
transparent. After around 1 hour of stirring under Ar, the black solution gradually started to
become colorless. A full transparency was reached after around 1.5 hours. We can suppose
that Se was further reduced to Se? as it slowly reacted with the remaining KBH4 under Ar

environment:1’

4 KBH4 + 2 Se + 7 H20 & 2 KHSe + K2B407 + 14 H» (11.63)

As the Se nanoparticles were gradually dissolved, the solution became clearer and clearer.
The deepening of the color is explained by the decrease in size of the suspended Se
nanoparticles, which induces the enlargement of the band gap. The introduction of Ar gas
into the flask is important to keep the oxygen level low in the system, as Se? can quickly

oxidized to Se in air. We also tried to prepare this Se? precursor in ethanol in a dry N> filled
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glovebox, in a manner similar to the protocol reported by Huang and coworkers.& In our
experiments, the ethanolic solution darkened slower than the aqueous one under Ar. After
the black color persisted for more than 3 hours, we stopped the reaction and used the black
precursor solution for SILAR experiment. This precursor solution was found unfit for the
sensitization, confirming the unsuccessful reduction of Se to Se? under these experimental

conditions.

We also tested the effect of adding a sulfide interlayer between the ZnO NRs and the CdSe
QDs. This was realized by dipping the substrate into a S* and then into a Cd?* precursor
solution in a “Ot™ SILAR cycle”, followed by the above described 12-cycle SILAR process. The
S% solution was prepared by dissolving NaSH in 40 ml DI water in the same concentration as
in the case of the Se? precursor solution. In order to follow the sensitization processes, CdSe
QD — ZnO or TiO; heterostructures were characterized by UV-VIS absorption, Raman
spectroscopy and XRD after every two SILAR cycle, up to 12 cycles, which was reported to be
the ideal number of SILAR cycles by Deng et al.”* Solar cells were tested with photoanodes

prepared with 6 and 12 SILAR cycles.

11.2.4. Assembly of solar cells

11.2.4. a) All-solid state QDSCs

We wused a solid hole-transport layer based on 2,2'7,7'-Tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9'-spirobifluorene (abbreviated as spiro-OMeTAD), which is an
amorphous organic p-type semiconductor with a large band gap and a hole mobility in the
range of 10° — 104 cm? V1s1.118 The molecular structure of spiro-OMeTAD is illustrated in
Figure 11.14. Spiro-OMeTAD is reported to have a particularly efficient pore filling when
dissolved in tolouene and chlorobenzene.'? Its transport properties can further be improved

18 such as 4-tert-butylpyridine (TBP) and litium-bis(trifluor-

by adding additives,
methylsulfonyl)imide (LiTFSI). While TBP retards the electron-hole recombination rate,?°
LiTFSI accelerates the electron injection, and thus increases Js..*?*?2 In this thesis, for the

preparation of the solid HTM, 40 mg spiro-OMeTAD, 14.25 ml tert-butylpyridine, and 17.5 pl
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of LiTFSI solution (prepared by dissolving 520 mg LiTFSI in 1 ml acetonitrile), were dissolved
in 1 ml chlorobenzene. 40 uL of this spiro-OMeTAD solution was spin coated on the
sensitized substrates at 2000 rpm for 15 s. Finally, the counter electrode was made by a

silver contact evaporated on the top of the HTM.
MeO

MeO

spiro-OMeTAD

Figure 11.14. Molecular structure of spiro-OMeTAD.

11.2.4.b) QDSCs with liquid electrolyte

The preparation of the liquid electrolyte was based on the work by Jiao et al.?3 A solution of
2.0 M Na3S, 2.0 M S and 0.2 M KCl was prepared in DI water. After stirring the mixture for at
least 2h, the solution became homogeneous and brown colored. The Cu;O counter-
electrode was prepared as described by Jiao et al.??®> A brass foil was polished and first
sonicated in trichloroethylene for 20 minutes, then cleaned by ethanol and deionized water.
Then, it was immersed in a 1.0 M HCI solution at 70 °C for 10 min. Then, it was washed by DI
water, and immersed in the above described liquid electrolyte at room temperature for 10
min in order to produce a Cu;S layer. It was then rinsed with DI water and dried with air

flow. The prepared liquid electrolyte-based QDSC is schematically illustrated in Figure /1.15.
c).
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Scotch tape

Counter
electode

electric
contact

k)

Figure 11.15 a) Top-view of the photoanode, masked by the Scotch tape on the conducting
side. b) The non-conducting side of the photoanode covered by a mask with a 0.07 cm?
circular hole. c) Cross-sectional view of the assembled complete solar cell.

The solar cells containing a liquid electrolyte were fabricated following the steps:

1. The photoanode, which had the size of 1.5 cm - 1.5 cm, was masked by a Scotch tape
except for a circular area of 5 millimeters of diameter (as shown in Figure I.15 a) ). A
5 mm wide edge strip was also let uncovered..

2. The non-conducting side of the photoanodes was masked using a metallic mask,
leaving a circular area of 0.07 cm? free for illumination during solar cell tests, as
illustrated in Figure 11.15. b).

3. A metallic contact was soldered on the FTO edge strip.

4. The brass/Cu,S counter electrode, which had the same size as the photoanode, was
coated on its backside by an insulating scotch tape, except a 5 mm wide edge.

5. The photoanode and the counter electrode (both of the size of 1.5%1.5 cm) were
placed on each other with a shift of 5 mm, leaving the electric contact uncovered.

6. 20 pl of the liquid electrolyte was injected between the two electrodes spaced out by

the Scotch tape, and reaches the unmasked circular area by capillarity.
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7. The electrodes were held together using two paper clip binders. The contact between
the metallic parts of the paper clip binder and the brass/CuS cathode was hindered
by the Scotch tape on the outer side of the cathode.

This setup ensured a fast solar cell assembly. However, because of the electrolyte leakage,

the as-made solar cells worked only for a few minutes.

11.2.7. Characterization methods

The absorption spectra of the CdSe.SH nanoplatelets dispersed in NMF were measured using
a UV-VIS Varian Cary-5F spectrophotometer. The absorption spectra of the NPL-sensitized
ZnO NR layers were obtained from the total transmittance and total reflectance spectra

measured by a Cary 5000 UV-VIS spectrometer equipped with an integrating sphere.

Raman spectra of the substrates were obtained at ambient temperature (20 °C) in air using a
confocal Renishaw inVia Reflex Raman spectroscope equipped with a 100x objective and a
473 nm blue laser. The samples were scanned 15 times at a laser power attenuation of 10%
for an accumulation time of 30 seconds/scan. The data were collected and analyzed using

the Renishaw’s WIRE software.

For the film structural characterizations, a PANanalytical X'pert high-resolution X-ray
diffractometer with a Cu K, radiation with A = 1.5406 A was used, operated at a voltage 40

kV and a current of 45 mA.

For the solar cell characterization, the current-voltage characteristics were recorded with a
Keithley 2400 sourcemeter using a voltage sweep rate of 0.01 V s1. The solar cells were
illuminated with a solar simulator (Abet Technology Sun 2000) filtered to mimic air mass AM
1.5G conditions. The power density was calibrated to 100 mW-cm™ with the help of a
reference silicon solar cell. The illuminated surface was delimited to 0.07 cm? by a black

mask.
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Chapter lll. Bulk and surface properties of CdSe

I11.1. Context

Before building theoretical models of CdSe sensitizers and calculating their relevant
properties for photovoltaic applications, it was necessary to define a computational protocol
that accurately describes its bulk and surface structural and electronic properties, at a
reasonable computational cost. Concerning previous theoretical works on CdSe, Wang et al
gave a detailed description of the relaxation and the electronic structure of CdSe bulk
crystals in both wurtzite and zinc blende phases, as well as the (10-10) and (11-20) cleavage
surfaces® using an sp® semi-empirical tight-binding model, and validated their theoretical
investigation by comparing their results to bulk optical and X-ray photoemission data. Later,
the same systems were examined at different approximations within the density functional
theory (DFT) framework.?™ Although these studies provided an accurate geometric
description, band gaps were severely underestimated in most of the cases. Indeed, it is well-
known that local density approximation (LDA) and generalized gradient approximation (GGA)
functionals such as those applied in these early studies significantly underestimate band
gaps due to the self-interaction problem.® However, hybrid functionals containing a portion
of exact Hartree-Fock exchange give a substantially better estimation,” even though they are
computationally more expensive than GGAs.® Goddard et al demonstrated on a range of
semiconductors, including CdSe that the global hybrid B3PW91 functional gives accurate
band gaps with the chosen Gaussian-type orbital (GTO) basis set, and performs better than
other popular hybrid functionals like B3LYP.° It is noteworthy that although hybrid
functionals can be used with plane-wave (PW) basis sets as well, calculations remain so far
computationally much more expensive.'® On the other hand, when combined with Gaussian-
type basis sets, hybrids can efficiently be applied to periodic systems,*>? even to very large

ones.13

In this chapter, several combinations of GTO basis sets and exchange-correlation functional,
(both GGAs and hybrids) are tested with the CRYSTALO9 coded'** in order to define the
best performing computational protocol based on the comparison of geometrical and

electronic properties to available experimental data for the bulk crystal of CdSe. In selected
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cases, for further validation of the calculations using GTO basis sets, additional projector-
augmented wave (PAW) calculations were carried out. Next, we show the ability of the so-
defined method to simulate not only the bulk properties, but also wurtzite nanocrystals

exposing their nonpolar (10-10) surface.

l11.2. Computational details

Three types of GTO basis sets have been mainly used. As previously described for CdSe,®
when needed, basis sets were modified by setting exponents inferior to 0.10 to this value.

° The first basis set, denoted as AE, is an all-electron basis set with a
(275s,18p,10d)—>[6s,5p,3d] contraction scheme for cdte and a
(27s,18p,6d)->[6s,5p,2d] one for Se atoms.’

° The second one (SBKIC) applies the SBKIC small-core effective core potential (ECP)
with double-zeta valence basis set for Cd*® and the SBKIC large-core ECP with double-
zeta basis set® augmented by one d polarization function®® for Se. The following
electrons are treated explicitly: 4s2 4p® 4d'° 5s? for Cd and 4s? 4p* for Se.

° The third one (RSC) uses small-core relativistic effective core potentials (RECP) with
modified (abbreviated as m-) double zeta valence basis sets: m-Stuttgart RSC 1997
ECP for Cd and m-cc-pVDZ-pp for Se, as detailed in ref. 20. The 4s? 4p® 4d%° 552
electrons are treated explicitly for Cd and the 3s2 3p® 3d1° 4s? 4p* electrons for Se.

To further validate these double-zeta plus polarization basis sets, in some selected bulk
cases, we also performed additional calculations with: (i) modified def2-TZVP basis sets,
following the strategy mentioned above for exponents lower than 0.10; (ii) a PAW basis set
with a 500 eV energy cut-off, and pseudopotentials with 12 and 6 explicit electrons for Cd
and Se, respectively, using VASP.21"24These calculations are referred to as def2 and PAW in

the following.

Several density functional theory (DFT) approaches with exchange-correlation functionals
based on the generalized gradient approximation, (PBE, BLYP, BPW91), as well as some
global hybrid HF/KS functionals (PBEO, B3LYP, B3PW91) have been tested. Dispersion forces

may play an important role in the packing of crystals, and they are expected to be relevant
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when comparing the relative stability of different phases.?>?® However, a drawback of
common functionals, such as GGAs and hybrids, is that they do not correctly describe long-
range electron correlation that is responsible for these interactions.?”?2 In order to study the
effect of dispersion forces on the results obtained, an empirical London-type correction was
introduced in the calculations (according to the DFT-D2 scheme, as proposed by Grimme?°)
in the case of hybrid functionals, for which we expect the most accurate description of
electronic properties. This modification of the selected functionals is denoted as PBEO-D,

B3LYP-D and B3PW91-D.

An extra-large DFT integration grid, consisting of 75 radial and 974 angular points, was
applied in order to provide accurate results for calculations on CdSe compounds. The
following truncation criteria (ITOL parameters)!* were set for the accuracy of the Coulomb
and exchange series: 107 as the overlap threshold for Coulomb integrals, 107 as the
penetration threshold for Coulomb integrals, 10”7 as the overlap threshold for HF exchange
integrals, and 10° and 1029 as the pseudo-overlap for HF exchange series. For both bulk and
surface calculations, a Monkhorst-Pack shrinking factor3® of 6 has been applied, which
corresponds to 28 (16) k points in the irreducible Brillouin zone (IBZ) of the wurtzite (zinc

blende) phase of the bulk, and 16 k points in the IBZ of the wurtzite (10-10) surface.

For surface properties calculations, we adopted the slab model, which was described in
Chapter Il. Only atoms were allowed to relax during geometry optimization. The
convergence of calculated properties (structure, energy and electronic properties) as a
function of the slab thickness has been monitored. Surface formation energy was calculated

according to Equation I1l.1:

_ Erz -n: [:En - En—lj

E,s= > 1.

where n is the number of layers in the slab, E, s is the calculated surface formation energy for
an n-layer slab, A is the area of the primitive surface unit cell, and E, and En.1 are the total
energies of an n- and (n-1)-layer slab, respectively. As the number of layers increases,

(E,, — E, _;) converges to the total energy of a one layer thick part of the bulk crystal (Ebui),

and En s converges to the surface formation energy per unit area.
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l11.3. Bulk properties of CdSe

111.3.1. Structural features

Under atmospheric conditions, CdSe exists in two phases: the hexagonal wurtzite structure
and the cubic zinc blende structure.?! Cd and Se are tetracoordinated in both structures. The
hexagonal wurtzite structure, belonging to the P6smc space group, is characterized by
alternating layers positioned directly above each other in an A, B, A, B... arrangement along
the [001] axis. In the face-centered cubic zinc blende structure, which belongs to the Fm3m
space group, every fourth layer is positioned above each other in an A, B, C, A, B, C ...
arrangement along the [111] axis (see Figure lll.1.). This subtle structural difference, which
appears only from the second coordination sphere, results in different physical properties of

the two polytypes.

Figure Ill.1. Packing of layers in the primitive cell of the wurtzite (left) and zinc blende
(right) crystal structures. Cd and Se atoms are shown as grey and yellow spheres,
respectively.

The optimized geometrical parameters of the CdSe wurtzite and zinc blende crystals
obtained with our calculations, compared with previously published experimentally and
computationally obtained data are reported in Table Ill.1. It can be seen that nearly all
combinations of exchange-correlation functionals and basis sets (except for some of the
methods containing dispersion corrections) slightly overestimate the lattice constants but
they provide very similar u wurtzite internal parameters that approximate the ideal value of

3/8 = 0.3753 in each case.
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wurtzite zinc blende

method basis set a c u a
AE 4.482 7.245 0.377 6.313
PBE SBKJC 4.426 7.204 0.376 6.252
RSC 4.392 7.160 0.376 6.207
RSC 4.392 7.160 0.376 6.207
def2 4.393 7.159 0.376 6.211
PAW 4.388 7.169 0.375 6.205
AE 4.546 7.376 0.376 6.411
BLYP SBKIC 4.499 7.341 0.376 6.360
RSC 4.475 7.313 0.375 6.327
AE 4.482 7.268 0.377 6.317
BPW91 SBKIC 4.432 7.210 0.376 6.259
RSC 4.396 7.165 0.376 6.212
AE 4.447 7.182 0.377 6.263
PBEO SBKJC 4.391 7.135 0.376 6.199
RSC 4.348 7.083 0.376 6.148
AE 4.380 6.996 0.378 6.148
PBEO-D SBKJC 4.312 6.949 0.377 6.072
RSC 4.263 6.904 0.376 6.011
AE 4.500 7.297 0.376 6.345
B3LYP SBKIC 4.452 7.256 0.376 6.290
RSC 4.418 7.220 0.375 6.249
AE 4.429 7.134 0.377 6.232
B3LYP-D SBKJC 4.369 7.090 0.376 6.165
RSC 4.331 7.043 0.376 6.115
AE 4.457 7.205 0.377 6.278
B3PW91 SBKJC 4.404 7.256 0.376 6.218
RSC 4.365 7.112 0.376 6.167
AE 4.388 7.024 0.378 6.162
B3PW91-D SBKIC 4.323 6.979 0.377 6.090
RSC 4.277 6.930 0.376 6.033

CA/GTO* 4.21 6.86
CA/FP-LAPW?3 6.018
PBE/PAW? 4.299 7.012 0.376 6.077
EV-GGA/FP-LAPW3* 4.34 7.27

PBE/FP-LAPW?3 6.197
HSE/GTO*® 6.152
experimental 4.3003%¢ 7.0113¢ 0.375% 6.0523¢

Table Ill.1. Experimental and computed lattice and internal (u, the fractional coordinate of
the Se atoms along the c axis) parameters (in A) of the CdSe wurtzite and zinc blende
phases calculated with different exchange-correlation functionals and basis sets. For each
functional, the best results (with respect to experimental data) are given in bold.
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PBE
6
B3PW91.D i BLYP
B3PW91 “\\ BPWO1 AE
a) —SBKIC
—RSC
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B3INYP PEBEAON-D
PBE
6
B3PW91.D , BLYP
B3PW91 BPWO1 —AE
b) —SBRIC
—RSC

B3LYP-D

Figure Ill.2. Computed average deviation (in %) of CdSe bulk lattice parameters with
respect to experimental data: a) wurtzite a and c parameters and b) zinc blende a
parameter.

In order to visualize the the differences (in %) between computed GTO lattice parameters
and experimental data for the two CdSe polytypes, radar charts are reported in Figure I.2. It
can be seen from the charts that results obtained with the RSC basis set are the closest to
the experimental values in each case, followed by the SBKJC and the AE, although we have to
stress that the differences between these offsets are very small (for example, 0.85%
between the AE and SBKIC and 0.65% between the SBKJC and RSC basis sets in the case of
the B3LYP functional for the wurtzite polytype). In addition, we note that computed def2-
TZVP data are very close to the RSC and PAW values, the discrepancy with the SBKIC data
being only slightly larger. This further validates our choice of double-zeta plus polarization

quality GTO basis sets for the bulk study.
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Regarding the exchange-correlation functionals, it is known that LDA functionals
underestimate lattice parameters, while GGA functionals overestimate them,3%3° which is
reflected by the comparison between our computed results and previously published
theoretical and experimental data reported in Table Ill.1 and Figure Ill.2. Regarding the
performance of hybrid functionals, it has already been shown for the description of the
properties of the cubic CdSe bulk crystal that the B3PW91 functional considerably
outperforms the most popular B3LYP.? Our investigation confirms this result, and shows that
the same holds for the hexagonal phase. Also, we should note that the PBEO functional
performs very similarly to B3PW91. The inclusion of dispersion forces improved the accuracy
of all the hybrid functionals as it decreased the overestimated lattice parameters. Overall, it
should be noted that all methods tested in this study provide a fairly good geometrical
description of the bulk crystal of CdSe, with lattice parameters never exceeding or

underestimating the experimental data by more than 6%.

111.3.2. Energetic and electronic properties

Experimentally, the total energy per unit cell of the wurtzite and zinc blende phases of bulk
CdSe are very close. Indeed, depending on experimental parameters, any of the two phases
can be prepared at ambient pressure.?®? Several theoretical works predict that the zinc
blende phase is slightly more stable (by 1.4-2.9 meV/atom),>*® although wurtzite has also
been reported to be the more stable phase.>** Experimentally, the zinc blende phase is more
stable at low temperatures, and it transforms into wurtzite above a critical temperature
(95+5 °C).*> Nevertheless, to our knowledge, no experimental reference on their relative
total energies exists. In this study, we computed the difference between the total energy per
unit cell of the CdSe bulk crystal in the wurtzite and in the zinc blende phases with all basis
set-DFT functional combinations. These values defined as:

AE ;26 = Ews(total)-Ep(total) (111.2.)
are reported in Table [ll.2. It is observed that while the hybrid functionals including
dispersion corrections predicted higher stability for the wurtzite phase in each case, the
other methods gave variable results on the relative stability of the two polytypes, the
absolute value of the AEw.-a energy differences being always very small, in the order of less

than 9 meV/atom.
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method basis set Egap(wurtzite) Egap(zinc blende) AEwz-zb
AE 1.171 1.164 -3.35
PBE SBKIC 0.776 0.714 0.10
RSC 0.538 0.458 0.10
RSC 0.538 0.458 0.10
def2 0.759 0.700 0.10
PAW 1.000 1.170 1.00
AE 0.966 0.961 -2.64
BLYP SBKIC 0.575 0.524 1.20
RSC 0.309 0.263 1.01
AE 1.169 1.161 -3.48
BPW91 SBKIC 0.767 0.705 -0.07
RSC 0.520 0.767 0.03
AE 2.775 2.780 0.46
PBEO SBKIC 2.277 2.216 -1.47
RSC 2.170 2.014 -0.45
AE 2.913 2.937 -8.78
PBEO-D SBKIC 2.457 2.384 -3.59
RSC 2.194 2,122 -4.15
AE 2.216 2.210 -4.39
B3LYP SBKIC 1.745 1.694 0.19
RSC 1.445 1.416 1.01
AE 2.392 2.402 -6.69
B3LYP-D SBKIC 1.938 1.877 -1.17
RSC 1.649 1.601 -0.69
AE 2412 2,415 -0.27
B3PW9I1 SBKIC 1.920 1.862 -1.04
RSC 1.761 1.719 -0.09
AE 2.552 2.568 -7.12
B3PW91-D SBKJC 2.100 2.027 -2.37
RSC 1.911 1.834 -3.50
CA/GTO*? 0.60
CA/LAPW* 1.40
WC-GGA/FP-LAPW+lo*® 0.40
PBE/PAW? 0.99 0.97 2.90
B3LYP/GTO® 1.68
HSE/GTO® 1.39
mBJ/FP-LAPW* 2.10
experimental®® 1.83 1.90

Table Ill.2. Calculated and experimental band gaps (in eV) for the CdSe wurtzite and zinc blende
structures and total energy difference (in meV/atom) between the wurtzite and zinc blende phases
of bulk CdSe, obtained with different Hamiltonians and basis sets. For each Hamiltonian, the best

results for band gaps (with respect to experimental value) are given in bold.
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Figure I11.3. Computed deviation (in %) of CdSe wurtzite (a) and zinc blende (b) bulk band
gaps with respect to experimental data.

Table 111.2 also lists the band gaps calculated with different methods, compared to previously
published experimental and theoretical results. Figure 1ll.2 shows radar charts of the
computed differences between calculated and experimental band gaps of the two CdSe
polytypes.®® The general conclusions that can be drawn from Table //l.2 and Figure I11.3 are in
line with previous theoretical studies on semiconductor band gaps. While LDA and GGA
functionals underestimate band gaps>3%*¢, hybrid functionals give significantly better
results.”*° In addition, the PBE/SBKJC band gaps are in nice agreement with the def2-TZVP
data, the discrepancy with PAW results being small, further outlining the quality of the SBKIC

basis sets for CdSe bulk investigation.
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From the results collected in Table ll.2, it can be noted that the London-type corrections
increase the computed band gaps when comparing to the data obtained without the
inclusion of dispersion forces. This leads to the high accuracy of band gaps calculated with
the B3LYP-D/SBKJC and B3PW91-D/RSC methods. The first one differs only by 6.0% and -
1.2% from the experimental band gap of wurtzite and zinc blende bulk crystals, respectively,
while the latter gives corresponding deviations of 4.5% and -3.5%. Regarding the
computational protocols not including any dispersion corrections, the B3PW91 functional
combined with the SBKIC basis set gives the most accurate band gaps for both phases, with
errors of 5.0% with respect to the experimental wurtzite and -2.0% with respect to the zinc
blende values, which is comparable to the results obtained with the B3LYP-D/SBKJC and
B3PW91-D/RSC methods. Of note, the B3PW91/SBKJC method is also extremely accurate in
the prediction of geometrical parameters. For this reason, although the inclusion of
dispersion forces globally improves the geometrical parameters, and in some cases, gives
accurate band gaps, we did not use the empirical D2 correction scheme in further
investigations, since an already satisfactory precision for both the geometrical and electronic
properties is obtained with the B3PW91/SBKJC method. It was thus decided to use this
protocol for calculations of surface properties, with two main points in mind: (i) the overall
nice agreement of SBKJC data both with larger def2-TZVP basis sets and PAW results; (ii) the
additional computational cost associated to the RSC and def2-TZVP basis sets, when
compared to SBKIC. Indeed, although the SBKJC, RSC and def2-TZVP basis sets all have 20
explicit electrons for Cd, they correspond respectively to 6, 24 and 34 explicit electrons for
Se. If we aim at modeling CdSe nanoparticles of realistic sizes for QDSC application (about
500 atoms are needed for spherical stoichiometric clusters for instance), compared to the
SBKIJC basis set, the RSC and def2-TZVP basis sets correspond to an increase in the number of
explicit electrons to be treated of 4500 and 7000, respectively, making at least def2-TZVP
calculations on large systems intractable. The use of the SBKIJC basis set is therefore
particularly appealing, especially if we focus on absorption spectra calculation with TD-DFT
techniques, which are going to be particularly computationally-demanding for such large
systems. In addition, a recent benchmark carried out on small (CdSe)s clusters with different
DFT methods and basis sets®® revealed that the SBKJC basis set was the best one in terms of
accuracy and computational cost for geometrical parameters, vibrational normal modes and

low-lying excitation energies, validating the use of the SBKIC basis set.
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Figure Ill.4. Calculated band structure of the CdSe bulk wurtzite (left) and zinc blende
(right) phase obtained with the B3PW91/SBKJC method. The Fermi level was set at 0 eV.

Band structures of both phases of the bulk crystal of CdSe were computed at the
B3PW91/SBKIC level, as reported in Figure l1l.4. The overall band profiles and the observable
direct band gap at the I point of the Brillouin zone agree well with previous theoretical
results obtained with the DFT>°}%2 and the GW>3 methods. The valence bands have a
globally flat structure, which is typical to partially ionic compounds, although the observable
energy dispersion indicates a non-negligible covalent character, which is approximately

equal in case of the hexagonal and the cubic phases.

Analyzing the total density of states (DOS) reported in Figure 1ll.5, one can note that its
overall shape for the wurtzite and the zinc blende phases are very similar. It can be observed
that the sharp and large contribution of the Cdasq orbitals between -8 and -9 eV significantly
overlaps with the Seasp, revealing the partially covalent character of the Cd-Se bond in the
bulk crystal. Both the Cdsg and the Sess, bands are split into two peaks in this structure;
which is attributed to the tetrahedral environment of the Cd atoms, causing the Cdaq orbitals
to split into tog and eg states that couple with the Sesp orbitals.” The further contributions of
Sessp are a sharp peak at around -13eV, an approximately 4eV wide band below the Fermi
level, and they are also present in the conduction band, where they overlap with the Cdsp
orbitals. These observations agree well with other theoretical works>°%>* and previously
published X-ray photoelectron spectra®, although the low resolution of experimental

spectra allows only a qualitative comparison.
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Figure IIl.5. Calculated total and orbital-projected density of states of the CdSe wurtzite
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The Mulliken population analysis shows nearly equal results for the two polytypes in terms
of atomic charges: gcq = + 0.425 |e’|, gse = - 0.425 |e| for wurtzite, and gcg = + 0.424 |e’|
and gse = - 0.424 |e’|, for zinc blende. The relatively small atomic charges and high bond
overlap populations (bcgse = 0.366 for wurtzite and 0.368 for zinc blende, similarly to bcdse,zb =
0.38 in ref. 5), in agreement with the band structure, suggest the significant covalent

character of the bulk system.

l11.4. Surface properties of CdSe

11.4.1. Geometrical properties

[10-10]
|3 J:‘ .
[0001]  [0-110] dpzy
T —~
j : ) |
layer plane f—"(
W
a) b)

Figure lll.6. Side views of the unrelaxed (a) and relaxed (b) structures of the CdSe wurtzite
(10-10) surface. The definitions of the structural parameters of the relaxed surface are
shown in (b). Cd atoms shown as larger white spheres, Se atoms as smaller yellow spheres.

The (10-10) surface of the wurtzite structure is a neutral, stable and nonpolar Tasker type |
surface,® consisting of an equal number of cations and anions. It is one of the cleavage
surfaces of the wurtzite structure, besides the (11-20) surface, and has been studied
extensively both at the experimental®’*® and theoretical levels.”>®®® The experimental
measurement of two dimensional energetic properties like the surface formation energy is
difficult. It can give ambiguous results because extremely clean materials with uniform
exposed surface are needed and it is often not the case.”® Therefore, theoretical
investigations are of high relevance in this case. Using the previously selected computational

protocol (that is the B3PW91 functional combined with the SBKIC basis set), a detailed
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investigation of the geometrical and electronic properties of the CdSe (10-10) wurtzite

surface was thus performed.
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Figure Ill.7. Calculated surface formation energies for the (10-10) surface as a function of
the number of layers of CdSe wurtzite slabs. Convergence (indicated by a red arrow) is
reached at 8 layers.

First, the convergence of slab properties was investigated by calculating surface formation
energies of slabs with increasing thickness. In this study, one slab layer stands for a unit
containing two cadmium-selenium pairs per primitive cell, the two pairs being situated in
two <10-10> planes as depicted on Figure I1l.6. The calculated surface formation energies as
a function of slab thickness are reported in Figure Ill.7. Convergence is reached at 8 layers,
after which the difference between the surface formation energies does not exceed 0.02
meV / A2 if the slab thickness is increased by one layer. The converged surface formation
energy is 18.5 meV / A2, which is close to the 21.11 meV / A2 estimated by Sarkar et al* and

the 23.59 meV / A2 value obtained by Li et al,? both calculated at the GGA level.

Next, the structural parameters upon relaxation were computed for the 8 and 9 layers thick
slabs, in order to confirm the convergence at 8 layers of thickness. In agreement with
previous results for the CdSe wurtzite (10-10) surface,>®° we have found that cations of the
uppermost layer move inwards as a result of relaxation, while anions move outwards with
respect to their unrelaxed positions, as described in Figure Ill.6. The computed geometric
parameters of the relaxed structures are collected and compared to available data from

other experimental and theoretical works in Table Ill.3. As we can see from Table II.3, the
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geometrical parameters do not differ significantly in case of 8 and 9 layers, which confirms
the convergence of slab properties at 8 layers of thickness. Furthermore, our computed
results are in very good agreement with previously reported experimental data, which

justifies our choice of surface model.

present work | LEPD>’  LEED>’ Semiemp. Tight- Emp. Tight- LDA/PW>°
binding®® binding*

n 8 9 238-atom cluster 8 10
ASe) | 0596 0587 | nd nd 0.616 nd nd
ACd) | 0.225 0.216 nd nd 0.299 nd nd

43, 0.821 0.802 0.68 0.96 0.914 0.775 0.92
diz; 0.720 0.719 0.65 0.45 nd 0.639 0.46

do 1.347 1.346 nd nd nd 1.241 1.38
dizy 4.050 4.050 3.96 4.07 nd 4.036 nd
41y 4.725 4.724 4.48 4.57 nd 4.593 4.34

Table Il1.3. Structural parameters (in A) of the CdSe wurtzite (10-10) surface after
relaxation for 8 and 9 layers thick slabs, computed in the present study, in comparison with
experimental (LEED and LEPD) and other theoretical data. (nd: no data available)

111.4.2. Electronic properties

The Mulliken atomic charges and overlap populations for an 8 layer thick CdSe wurtzite (10-
10) slab are reported in Table Ill.4. The overall tendency is the increase of atomic charges
and the decrease of overlap populations when moving from the surface towards the center
of the slab. Defining Ag=g*"*-g*“ and Ab=bs"b-pPvk 35 the difference between the slab and
bulk atomic charges and overlap populations, respectively, one can conclude from the
computed Ag and Ab values that the upper surface layers are characterized by a significant
decrease of ionicity compared to the bulk system, and these differences attenuate from the
surface to the innermost layers of the slab. This is in line with the previously described
phenomena that the surface redistributes the occupied anion-derived dangling bond charge
density into bonding orbitals upon relaxation,®® which is reflected by the computed band
structure reported in Figure 111.8. Indeed, the S surface state typically observed for cadmium
chalcogenide crystals in scanning tunneling microscopy (STM) experiments,®? which

originates from the occupied surface anionic dangling bonds, lowers upon relaxation
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towards the rest of the valence band, and thus contributes to the stabilization of the
structure. In accordance with these observations, the Sessp, states corresponding to the
undercoordinated atoms in the uppermost plane are shifted towards the Fermi level with
respect to the second plane DOS contribution of Seass, orbitals, as reported Figure Il1.9.
Although more slowly than surface formation energies, band gaps also converge towards the
bulk value as the slab thickness is increased. For an 8 layers thick slab for instance, the band
gap is 2.06 eV compared to the computed bulk value of 1.92 eV. This confirms the reliability

of the model to describe the CdSe wurtzite (10-10) surface.

n gcd Aqcd gse AQgse bcdse Abcdse
1| 0375 -0.050 -0.263 0.162 0.540 0.174
0.361 -0.064 -0.418 0.007 0.540 0.174
2 | 0.371 -0.054 -0.440 -0.015 0.448 0.082
0.437 0.012 -0.419 0.006 0.386 0.020
3 | 0421 -0.004 -0.426 -0.001 0.380 0.014
0.427 0.002 -0.423 0.002 0.370 0.004
4 | 0.423 -0.002 -0.425 0.000 0.370 0.004
0.425 0.000 -0.424 0.001 0.370 0.014
Table Il1.4. Mulliken atomic charges (q) and overlap populations (b) for the CdSe wurtzite
(10-10) surface, obtained at 8 layers, each layer containing two Cd-Se pairs/primitive cell
(see Figure Il.6.). n refers to the number of layers, n=1 being the outermost one with
respect to the [10-10] direction indicated by an arrow. All data in |e’|.
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Figure 111.8. Calculated band structure of the unrelaxed (left) and relaxed (right) CdSe
wurtzite (10-10) surface obtained for an 8 layer thick slab. Corresponding Brillouin zone
with high-symmetry points are indicated between the two band structures.
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Figure I11.9. Computed total and orbital-projected density of states of the CdSe wurtzite
(10-10) surface obtained for an 8 layer thick slab. Fermi level was set at 0 eV.

l11.5. Conclusion

In this chapter, a comprehensive DFT investigation of the geometrical and electronic
properties of CdSe bulk crystals has been performed. We combined three main types of
Gaussian-type orbital basis sets with six exchange-correlation functionals (three GGA-based
and three global hybrids) within the density functional theory framework in order to find the
computational protocol that gives the most accurate description both in terms of
geometrical parameters and electronic structure for the two (wurtzite and zinc blende) CdSe
bulk phases in comparison to available experimental data, data as well as in reference to
def2-TZVP and PAW results. We found that the global hybrid B3PW91 functional combined
with small- and large-core effective pseudopotentials for Cd and Se, respectively, provides the
best description considering the overall accuracy on several parameters. Next, the nonpolar
CdSe wurtzite (10-10) surface was modeled with the as-defined method. After reaching
convergence on surface properties with slab thickness, we performed a detailed geometrical
and electronic investigation of this surface. The relaxation induced changes in atomic
positions and electronic structure have been described and compared to available
experimental and theoretical data. The overall good agreement found justifies the choice of
the model, and shows encouraging performance for an accurate modeling of quantum dot-

based systems at low computational cost. In the next chapter, this computational protocol is
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used to simulate the sensitizers that we chose for this thesis: quasi-2D CdSe nanoplatelets of

different thicknesses, passivated by various ligands.
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IV.1. Context

As discussed in Chapter I, quasi-two dimensional CdSe nanoplatelets with a well-controlled
thickness exhibit several advantageous properties for optical and opto-electronic
applications, such as in quantum dot sensitized solar cells (QDSCs). Typically, CdSe zinc
blende nanoplatelets are capped with fatty acids,>?3 which cannot be used as bifunctional
ligands, and are too long to ensure charge transfer between the sensitizer and the wide
band gap semiconductor. Organic capping agents of spherical CdSe quantum dots have been
efficiently replaced by inorganic ligands (S*, SH, OH;, Te?, TeH’) by ligand exchange
reactions. These inorganic ligands have been shown to facilitate charge transfer compared to
long-chain organic ones.* Therefore, the use of inorganic ligands can open interesting
possibilities for QDs of other shapes, such as the quasi-2D nanoplatelets. In this chapter, a
theoretical study of CdSe zinc blende nanoplatelets of different thicknesses in the (100)
direction is presented. Three cases have been studied: 1) nanoplatelets stabilized by fatty
acids, 2) thiols (SH) and 3) hydroxide groups (OH"). A theoretical model of these ligand-
nanocrystal hybrid systems has been built, and the geometric and electronic properties of
these nanocrystals have been in-depth investigated within the DFT framework. The
theoretical results obtained were validated by experimental measurements. More precisely,

the band gaps of the synthesized nanoplatelets were measured by absorption spectroscopy.

IV.2 Experimental details

The synthesis of 5, 7, 9 atomic layers thick nanoplatelets was based on ref. 1, and was
described in detail in Chapter Il, section 1l.2.1. TEM images of these nanoplatelets are
reported in Figure IV.1 a) and b). The definition of one monolayer (ML), standing for an
atomic layer composed exclusively of cadmium or selenium atoms in the same <100> plane,
is illustrated in Figure IV.1 c). The details of ligand exchange reactions based on ref. 4 can be
found in Chapter Il, section 11.2.3. b), as well as those of the UV-VIS absorption
measurements. The band gap of the NPLs was determined at the maximum of their first

absorption peak.
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Figure IV.1. TEM views of a) 9 and b) 13 atomic layers thick CdSe nanoplatelets. The scale
bar length is 20 nm. c) Side views of the alternate stacking of positively (+ sign) and
negatively (- sign) charged planes in a CdSe zinc blende five layers thick slab exposing its
Cd-terminated (100) surface. Cd atoms are presented as grey spheres, Se atoms as yellow
spheres. Blue arrows show the dipole momenta arising from the dangling bonds of the
surface Cd atoms, the vector sum of which is represented by a red arrow.

IV.3. Computational details

Similarly to the previous chapter, all calculations in this work were carried out with the ab
initio Crystal09>® code. Following the results obtained in the previous chapter,” our
investigations were carried out using the global hybrid B3PW91 functional.® For CdSe, we
used a Gaussian-type orbital (GTO) double-zeta basis set, and replaced the core electrons by
effective core potentials (ECPs) including scalar relativistic effects, as described in ref. 9. In
more detail, the SBKJC small-core ECP!° was applied for Cd and the SBKIC large-core ECP®
with a basis set augmented by one d polarization function!! for Se. As a consequence, the
following electrons were treated explicitly: 4s? 4p® 4d!° 5s2 for Cd and 4s? 4p* for Se. As
previously described for CdSe,® basis sets were modified by setting exponents inferior to

0.10. It is to note that although hybrid functionals can be also used with plane-wave (PW)
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basis sets, calculations remain computationally much more expensive in that case.’? On the
other hand, when combined with Gaussian-type basis sets, hybrids can efficiently be applied
to periodic systems,’>1% even to very large ones like the nanoplatelets studied here.'>To
simplify calculations, HCOO" served as a model for fatty acids, keeping in mind that it is only
through the carboxylate functional group that fatty acids bind to the surface, and the alkyl
chain has no influence on the changes induced in the surface electronic states upon
adsorption of the ligand. All-electron GTO basis sets taken from ref. 16 were applied for the
modeling of the C, O and H atoms of the adsorbed species with the following contractions:
(9s,3p,1d)=>[3s,2p,1d] for C atoms, (14s,6p,1d)—>[4s,3p,1d] for O atoms, (7s,1p)—>[3s,1p] for
H atoms, and (14s,8p,1d)—>[5s,4p,1d] contraction for S atoms.!’

An extra-large DFT integration grid, consisting of 75 radial and 974 angular points, was
applied in order to provide accurate results for calculations. The following truncation criteria
(ITOL parameters)® were set for the accuracy of the Coulomb and exchange series: 107 as
the overlap threshold for Coulomb integrals, 10”7 as the penetration threshold for Coulomb
integrals, 107 as the overlap threshold for HF exchange integrals, and 10° and 102° as the
pseudo-overlap for HF exchange series. A Monkhorst-Pack shrinking factor'® of 6 has been
applied, which corresponds to 20 k points in the irreducible Brillouin zone (IBZ) of the
stabilized zinc blende (100) surfaces. For the calculations of surface properties, we adopted a
slab model: a slice of material with a thickness of several atomic layers, terminated by two
free surfaces, for which two dimensional periodic boundary conditions were imposed. Only
atoms were allowed to relax during geometry optimization in the stabilised CdSe zinc blende
slabs. All of the slabs studied here are non-stoichimetric, and are terminated by Cd atoms on
both basal planes like the CdSe zinc blende nanoplatelets previously synthesized by Ithurria
et al.! Two adsorption modes of formiate and one adsorption mode of hydroxide and sulfide
ions on CdSe (100) surface were considered. In the following, the studied systems are

abbreviated as CdSe.HCOO, CdSe.OH and CdSe.SH, respectively.

In general, the adsorption energy of an X ligand on the surface of Y can be calculated as:

Eads = Etot (Y.X) — Etot (X) — Etot (Y) (Iv.1.)
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Where E.qgs is the calculated adsorption energy, Ew:i(Y.X) is the total energy of Y with the X
ligand adsorbed on its surface, E:t(X) is the total energy of the X ligand, and E:t(Y) is the
total energy of the bare Y. In case of the systems studied here, this equation cannot be
directly applied. Instead, the zinc blende (100) surface is a polar, unstable Tasker type 3
surface, that is characterized by a divergent surface energy originating from the permanent
dipole momenta perpendicular to its surface,’ as illustrated in Figure IV.1 c). The third term
(the energy of the clean slab) in Equation IV.1 is therefore approximated as the total energy
of a part of the bulk crystal which contains a number of atoms equal to that of the slab.
Furthermore, since the Cd-terminated (100) slab is nonstoichiometric, the first term of
Equation IV.1. is replaced by the average of the total energies of a slab terminated by Cd
atoms and stabilized with anionic ligands on both basal planes and that of a CdSe zinc blende
slab terminated by Se atoms and stabilized by Na* ions on its basal planes. This approach is
similar to the one proposed for the calculations of non-stoichiometric perovskite slabs by
Evarestov et al.?% Next, the total energy of both the anion and the Na* should be subtracted
from this term. To sum up, in this chapter, the adsorption energies of HCOO", OH  and SH"
ligands on the CdSe zinc blende (100) surface were thus calculated according to the

following equation:

Eads=(Ewt(CdSe.X)+Etot(CdSe. NG))/Z—Etot(x-)—EtOt(NG’L)-n'Etot(CdSEbu/k) (|V2)
where n is the ratio of the number of atoms per unit cell in the slab and in the bulk, and X
stands either for HCOO", OH or SH". In the following, CdSe.X means a slab terminated by Cd

and stabilized by X on both (100) surfaces, while CdSe.Na is a slab terminated by Se and
stabilized by Na* on both (100) surfaces.

IV.4. Theoretical model of the CdSe zinc blende (100) surface

Under atmospheric conditions, two stable phases are found for CdSe: the hexagonal wurtzite
structure and the face-centered cubic zinc blende structure,?! the latter belonging to the

Fm3m space group. The zinc blende (100) surface consists of alternately charged planes,*® as
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also shown on Figure IV.1. In this structure, the dipole moments originating from the two
dangling bonds of the under-coordinated Cd atoms in the uppermost layer of the (100) basal
planes sum up as a dipole moment perpendicular to the (100) surface (as illustrated in Figure
IV.1 c)), which results in a divergent surface energy. In order to stabilize this kind of surfaces,
a substantial surface reconstruction or the adsorption of additional species is needed.
Because of their instability, polar semiconductor surfaces are less investigated than cleavage
surfaces like the wurtzite (10-10) and (11-20) of CdSe.??7%4 In theoretical studies, polar CdSe
surfaces have been passivated by phosphines,?>?® amines,?>?’ thiols,?> and fatty acids.?®?°
These organic ligands are commonly used during and after the synthesis of CdSe quantum
dots.13%31 Atomic reconstructions of the polar zinc blende (111) and (001) surfaces of CdSe
have also been investigated,?? the latter surface being equivalent to the (100) surface of our

interest.

Carefully chosen ligands can influence the shape of the nanocrystal.333> The CdSe zinc
blende crystal structure has an isotropic unit cell structure, which facilitates the growth of
isotropic structures like cubes. In order to produce quasi-two-dimensional (2D) zinc blende
nanocrystals, one needs to suppress the high reactivity of polar surfaces.?®3® This is
commonly done by using ligands that specifically bind to these planes, such as oleic acid
(OA). As these ligands link to cations, a thin quasi-2D (100) nanocrystal whose synthesis is
based on the passivation of polar surfaces should be terminated by Cd atoms on both (100)
basal planes, as in previously studied CdSe zinc blende nanoplatelets.3”?8 However, this
results in a non-stoichiometric structure and excess positive charges due to the additional Cd
plane which should be compensated by negative charges. Li et al?® proposed a structure in
which onefold negatively charged ligands are adsorbed on both basal planes of a
nanocrystal. Indeed, in this case, in a purely ionic picture, the additional +2 charge per unit
cell due to the excess of Cd planes is neutralized by the 2:(-1) charge of the ligands on the
two basal planes, as long as each surface Cd is bound to a ligand. The appropriately chosen
ligands also serve as a model of different capping agents of the synthesized nanoplatelets,
which influence their charge transfer properties,* therefore this way of stabilizing the zinc
blende (100) surface leads to a model that is better adapted to simulate the synthesized
nanoplatelets than the surface atomic reconstructions. In the present work, calculations

were performed only on slabs with selected thicknesses: 5, 9 and 13 atomic layers.
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IV.5. Geometrical investigation

Unit cell
(100) —
L(OO])
(0-10)
{Cd ;if’i‘_" y
{ Cdsr:ﬁ
a) b)

Unit cell

I
=S g o e ~
Hl;iJ H: \?2 Hi jl \‘u’ l)

: - )
- Cdya S Cdin $__»Cdia \f/”)\(ﬂ)
€2b €2a
(0-10) L - W W
Y ¥ ¥F Y Y
J\ /,di_ga /d15b > /.) /.J
(100) g 2 2 2 ;
)
Unit cell
N S

» 1,90 ioz
gy |

"

(0-10) $—>(001) [ g O @Ed"’\fzh N
YR f/
\?/ \g?/ \%/ \{

100
( ) "/') w"CJSE*'/C{SbY/J Y ﬁ

d)

Figure IV.2. Optimized structures of stabilized five layers thick slabs: the CdSe.HCOO
system in the a) bidentate and b) monodentate adsorption mode of the formiate ligand,
and those of the c) CdSe.SH and d) CdSe.OH systems. Cd, Se, O, C, H and S atoms are
presented as beige, orange, red, grey, white and yellow spheres, respectively.
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Figure IV.2 represents the optimized geometries of five layers thick slabs stabilized with

different ligands. With the chosen orientation, the ligands on the two basal planes are

turned by 90° with respect to each other, following the relative positions of tetracoordinated

Cd and Se atoms in the bulk crystal. The optimized geometrical parameters are reported in

Table IV.1. It is to note that the interatomic distances characterizing the optimized

adsorption geometries of the ligands on the CdSe zinc blende (100) surface do not change

with slab thickness.
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Figure IV.3. Initial geometries of CdSe.HCOO with a) bidentate and b) monodentate

adsorption mode of the HCOO" ligand.

CdSe.HCOO CdSe.SH CdSe.OH
d(C-01) 2.43 | d(Cd1a-S1) 2.60 | d(Cd1,-0) 2.34
d(C-0) 2.37 | d(Cdw-S;) 2.61| d(Cd1-0) 2.34
d(C-0y) 2.27 d(Si-H1) 1.37 | d(01-Hi) 0.96

d(Cd1a-C) 2.75 d(Si-H;)  3.58 | d(01-H) 3.62
d(Cd1»-C) 2.75 d(Sz-H2) 1.37 | d(02-H2) 0.96
d(C-H) 1.10 d(Sz-H1)  2.75| d(02-Hi) 3.62

Table IV.1. Relaxed geometrical parameters (in A) of the bidentate CdSe.HCOO, the

CdSe.SH and the CdSe.OH slabs.
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In the present study, the mono- and bidentate adsorption geometries of the formiate ion
(Figures 1V.3. a) and b), respectively) were considered on the CdSe zinc blende (100) surface.
As mentioned above, the excess +2 charge per unit cell (see Figure IV.2.) of the additional Cd
layer is compensated in these cases, as one HCOO™ anion is attached to each Cd atom on
both basal planes, which means that 2:(-1)= - 2 charge is introduced upon ligand adsorption.
A test optimization on five layer slabs showed that the two optimized structures actually
converge on the same minimum. Starting either with a mono- or with a bidentate adsorption
mode resulted in a geometry in which the formiate group is tilted in a way that one of its O
atoms (01) forms a bridge between two neighboring Cd atoms and the other O atom (O3)
stays connected to one single Cd atom, resulting in pentacoordinated Cd atoms, as shown on
Figures IV.2 a) and b). As a consequence, only the bidentate adsorption mode has been

considered as initial geometry for investigations on thicker slabs,.

Also, in the case of SH ligands, the initial configuration was chosen to be a bridging one (see
Figure IV.2 c) ). This structure can be regarded as a result of a surface treatment of the CdSe
zinc blende (100) surface with sulfide ions that occupy the same positions as selenide ions in
a bulk zinc blende CdSe crystal. This ensures the tetrahedral coordination of the surface Cd
atoms. Each surface Cd atom is linked to 2 Se and 2 S atoms, and each S atom is linked to
two Cd atoms and one H atom. In this arrangement, the negative charges introduced by the
so formed S% layers (-2 per unit cell) are compensated by H* counter ions (2:(+1) per unit
cell), in a manner similar to that described above for CdSe.HCOO. As a result of the
optimization, S atoms are displaced closer to H atoms of the neighbouring bridges, possibly
forming a network of S-H hydrogen bonds. Regarding the distance between S and H atoms of
the neighbouring bridges, alternating rows are formed on the (100) basal planes,
characterized by small but remarkable differences in the relative positions of the atoms
(Table IV.1). Finally, the initial structure for the OH" stabilized CdSe zinc blende (100) slabs
was constructed based on the relaxed CdSe.SH geometry: the S atoms of the relaxed SH-
stabilized slabs were simply replaced by O atoms. Upon optimization, the O atoms got closer
to the surface than S atoms (Figure IV.2. d)), and instead of alternating rows, all optimized O-

H distances were equal (Table IV.1).
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IV.6. Adsorption energies
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Figure IV.4. Adsorption energies of HCOO", OH and SH" ligands on the CdSe zinc blende
(100) surface (in kcal mol?) calculated according to Equation IV.2 for 5; 9 and 13 atomic
layers thick slabs.

The adsorption energies of the studied ligands on slabs of different thickness have been
calculated based on Equation IV.2. Bifunctional linkers that are used to attach CdSe quantum
dots to wide band gap semiconductors such as ZnO and TiO; are typically mercaptoalcanoic
acids, e.g. mercaptopropionic acid (MPA, HS-CH,-CH,-COOH).3840 These molecules link to
the QD with their sulfide functional group, and their carboxylate group links to the wide
band gap oxide. This is in line with the reported average adsorption energies in Figure IV.4:
the absolute value of the obtained adsorption energy of the SH™ ligand on the CdSe zinc
blende (100) surface is higher than that of the HCOO" ligand. One can also see in Figure IV.4
that according to the established theoretical model, the OH" ligand is attached even more
strongly to the CdSe zinc blende (100) surface than the SH™ ligand. In contrary to this result,
as mentioned above, Nag et al previously observed that unlike SH™ ligands, OH" ligands
cannot be completely exchanged with the fatty acids used as capping agents during the
synthesis of colloidal CdSe quantum dots,* from which one could conclude that the
adsorption energy of SH on CdSe QDs is superior to that of OH". However, it should be noted
that the spherical quantum dots used in their study expose several different surfaces*' to
which the adhesion of ligands can be different.*?>4* Most importantly, one can remark from

Figure IV.4 that the adsorption energy of the studied ligands is practically independent of the
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slab thickness, confirming the convergence of results on the overall of the chosen

thicknesses.

IV.7. Electronic properties

Mulliken population analysis performed for 5 and 13 atomic layers thick CdSe zinc blende
slabs stabilized with different ligands on their (100) surfaces is reported in Table IV.2. One
can conclude that the difference between the charges of corresponding atoms in the
uppermost layers of the slabs is negligible in case of 5 and 13 layers thick slabs with the
same ligands, which indicates that increasing the thickness of these CdSe nanoplatelets does
not significantly change the electronic properties of the zinc blende (100) - ligand interface,
in line with the practically constant adsorption energies of the different ligands on this
surface as a function of slab thickness (see before). In case of 13 layers thick slabs, regarding
the evolution of the absolute values of the atomic charges of Cd and Se from the (100)
surface towards the innermost layers in the [100] direction, they both converge to a value of
around 0.42-0.43 |e| (where |e’| is the elementary electron charge), close to the previously
obtained 0.424 |e"| value for bulk CdSe.” This shows that the ions in the innermost layers of

a 13 layers thick CdSe zinc blende slab already possess bulk like charges.

The total charge of the adsorbed hydroxide ligand (-0.644 |e’|) is close to that of the
adsorbed formiate ligand (-0.663 |e’|). The relatively high atomic charges of the surface Cd
(0.880-0.882 |e’|) and the O atoms involved in the binding of the OH™ (-0.950 |e’|) and
HCOO' ligands (go1 = -0.485 |e’| and go2 =-0.610 |e"|) and the low bond overlap populations
between them (bcd-0 = 0.150 |e"| for CdSe.OH, bcd-01 = 0.038 |e7|, bcd-02=0.130 |e’| and bca-
01=0.018 |e’| for CdSe.HCOO) suggest a significant ionic character of the Cd-O bonding. On
the other hand, in case of the surfaces stabilized with SH" ligands, both S and corresponding
Cd atoms exhibit much weaker charges (gcq = 0.341-0.348 |e’|, gs1 =- 0.098 |e| and gs2 = -
0.116 |e’]), and one can observe a significantly higher bond overlap population between the
surface Cd and S atoms (bcg-s = 0.452 |e|), suggesting the strong covalent character of the

Cd-S bond.
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Indeed, from the computed charges it seems that a pronouncedly effective charge transfer
mechanism from the SH™ to the CdSe slab surface takes place, the SH” moiety being only very
marginally negatively charged when adsorbed on the surface (of the order of -0.1 |e’|).
Furthermore, as a consequence to the not fully symmetric arrangement of the two SH-
ligands, the H1 and S; atoms, that are closer to each other are more negatively charged than
the H; and S; atoms. This pattern of charges induced by ligands with alternate configurations

is observable until the third layer in the CdSe.SH slabs.

CdSe.HCOO
5 layers 13 layers
Cd1a (Cdsa) +0.882 Cd1a (Cd13a) +0.880
Cdip (Cdsp) +0.882 Cd1b (Cd13b) +0.880
Seza (Sesa) -0.434 Se2, (Se12a) -0.430
Sezp (Sean) -0.434 Seap (Seian) -0.430
Cds, +0.430 Cd3; (Cd11a) +0.426
Cds, +0.430 Cd3; (Cd11a) +0.426
(o] -0.485 Sesa (Se10a) -0.427
(07 -0.610 Sesa (Se10a) -0.427
C +0.293 Cds (Cdo) +0.424
H +0.140 Ses (Ses) -0.427
Cdy +0.423
01 -0.485
(07} -0.611
C +0.293
H +0.140
CdSe.SH
5 layers 13 layers
Cd1a (Cds,) +0.342 Cd1a (Cdi3a) +0.341
Cd1p (Cdsb) +0.348 Cd1p (Cd13p) +0.348
Seza (Sesa) -0.436 Seza (Se12a) -0.435
Sezp (Sean) -0.448 Sezp (Seian) -0.446
Cds, +0.448 Cd3; (Cd11a) +0.431
Cdsp +0.448 Cd3p (Cd11b) +0.440
S1 -0.098 Seasa (Se1oa) -0.423
Sz -0.116 Sesa (Se10a) -0.423
Hi -0.052 Cds (Cdo) +0.423
H, +0.013 Ses (Ses) -0.424
Cd; +0.422
S1 -0.097
S2 -0.118
H1 -0.049
H2 +0.013
CdSe.OH
5 layers 13 layers
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Cd1a (Cdsa) +0.857 Cd1, (Cd13a) +0.856
Cdip (Cdsp) +0.857 Cd1b (Cd13b) +0.856
Se2, (Seasa) -0.434 Se2, (Se12a) -0.429
Sea, (Seap) -0.434 Seap (Sei1an) -0.429
Cds, +0.441 Cd3; (Cd11a) +0.432
Cdsp +0.441 Cds3p (Cd11b) +0.432

o -0.949 Seasa (Se1oa) -0.427

H +0.306 Seasa (Se1oa) -0.427

Cds (Cdo) +0.424

Seg (Ses) -0.422

Cdy +0.422

(o) -0.950

H +0.306

Table IV.2. Computed Mulliken atomic charges (in [e [) for 5 and 13 layers thick CdSe zinc
blende slabs with HCOO", OH or SH" ligands adsorbed on both of its [100] basal planes. Cd
and Se atoms are indicated as Cd, and Se, where n=1-13 and n is the number of atomic
layers, n=1 and n=5 (13) being the outermost layer of the slab. The atoms in equivalent
positions with respect to the (100) surfaces are shown in parentheses.

CdSe.HCOO
Cd, 4sp 4d 5sp 5d 6sp 6d 7sp
4171 5.820 0.908 3.224 0.248 0.998 3.750
0, 1sp 2sp 3sp 3d 4sp
1.998 2.715 2.660 0.024 1.087
0, 1sp 2sp 3sp 3d 4sp
1.999 2.714 2.698 0.020 1.179
CdSe.SH
Cdia 4sp 4ad 5sp 5d 6sp 6d 7sp
4.181 5.797 0.851 3.204 0.852 1.031 3.742
Cdip 4sp 4d 5sp 5d 6sp 6d 7sp
4.181 5.797 0.862 3.203 0.835 1.032 3.742
S1 1s 25+2p 3s+3p 3d 4s+4p 5s+5p
2.010 4.759 3.313 0.049 5.295 0.672
Sz 1s 25+2p 3s+3p 3d 4s+4p 5s+5p
2.010 4.759 3.313 0.049 5.293 0.692
CdSe.OH
Cd, 4sp 4d 5sp 5d 6sp 6d 7sp
4.171 5.815 0.826 3.223 0.365 0.993 3.750
(o] 1sp 2sp 3sp 3d 4sp
1.998 2.682 2.737 0.016 1.516

Table IV.3. Computed Mulliken atomic orbital populations for 5 layers thick CdSe zinc
blende slab with HCOO", OH or SH' ligands adsorbed on both of its [100] basal planes. All
values are expressed in [e|.
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CdSe.HCOO
Cd: 4sp 4ad 5sp 5d 6sp 6d 7sp
417 582 090 3.22 025 09 3.75
1 0 8 4 0 98 0
(o] Isp 2sp 3sp 3d 4sp
199 271 2.66 0.02 1.08
8 5 0 4 7
0, Isp 2sp 3sp 3d 4sp
199 271 2.69 0.02 1.18
9 5 8 0 0
CdSe.SH
Cdi. 4sp 4d 5sp 5d 6sp 6d 7sp
418 5.79 0.85 3.20 0.85 1.03 3.74
1 7 1 4 3 1 2
Cdw, 4sp 4d 5sp 5d 6sp 6d 7sp
418 5.79 0.86 3.20 0.83 1.03 3.74

1 7 2 3 5 2 2

S1 1s 2s+2 3s+3 3d 4s+4 5s+5
P P P P

201 475 3.31 0.04 529 0.67
0 9 3 9 4 7

S, 1s 2s+2 3s+3 3d 4s+4 5s+5
P P P P

201 475 3.31 0.04 529 0.69
0 9 3 9 2 5

CdSe.OH

Cd;, 4sp 4d 5sp  5d 6sp 6d 7sp
4.17 5.81 0.82 3.22 0.36 0.99 3.75
1 5 6 3 7 3 0
(0] Isp 2sp 3sp 3d 4sp
199 268 2.73 001 1.51
8 2 7 6 6
Table IV.4. Computed Mulliken atomic orbital populations for 13 layers thick CdSe zinc
blende slabs with HCOO', OH or SH" ligands adsorbed on both of its [100] basal planes. All
values are expressed in [e "[.

In more detail, the Mulliken atomic orbital populations for Cd, O and S atomic orbitals of the
CdSe-ligand interface is reported in Table I1V.3 for 5 and in Table IV.4 for 13 layers thick slabs.
One can remark that in case of the CdSe.SH system, the 6sp orbital of surface Cd atoms is
filled with more electrons (0.835 or 0.853) than in the CdSe.OH (0.367) and CdSe.HCOO
systems (0.250), while the other corresponding orbitals of these systems are filled with
nearly the same amount of electrons. This indicates that the above mentioned charge
transfer from the ligands towards the CdSe zinc blende slab is directed to the 6 sp orbitals of
the surface Cd atoms. The total and orbital-projected density of states (DOS) together with

the corresponding band structures are shown in Figure IV.5. The reported figures correspond
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to 13 layers thick slabs, for which the atomic charges of the innermost layers are already
converged to the bulk value, as previously discussed in Table I1V.4. The overall flat structure
of the bands with the nonetheless observable energy dispersion shows that the compounds
studied here have a partially ionic, partially covalent character. It is also important to note

that none of the ligands introduce electronic states in the band gap.

As regards the Cd atoms of the (100) surfaces of the systems studied here, their 4d orbitals
mainly contribute to the valence band of the stabilized slabs. In the CdSe.HCOO and
CdSe.OH, the 2sp of the O atoms also contribute to the DOS in the valence band. The overlap
between these two orbitals suggests a partially covalent character of the Cd-O bond on the
(100) surfaces of the slabs. Supposing an analogy with the CdSe.OH system, the S 3p orbital
should overlap with the Cd 4d in the CdSe.SH system. However, it does not contribute to the
total DOS, only the S 2p core orbital, which, on the other hand, overlaps with Cd 4d, showing
the covalent character of the Cd-S bond as well. Also, in case of the Cd 6sp orbital, which is
more negatively charged in the CdSe.SH than in the CdSe.OH and CdSe HCOO system, the
peak at around -14 eV is significantly more intense than in the other two slabs. These
observations confirm again the above described charge transfer from the SH" ligand to the

Cd terminated CdSe zinc blende (100) surface.

The computed band gaps as a function of slab thickness together with the experimental
values are listed in Table IV.5 and shown in Figure IV.6. Taken all together, the computed
data are in very good agreement with the experimental ones both in terms of trend and
absolute value. In more detail, the results show that the gap is slightly overestimated for the
HCOO" and SH ligands, while the reverse holds for OH" ligands. It can also be noted that the
experimental Egap (CdSe.OH) > Egap (CdSe.SH) order is inversed in case of the computed
results. It must be kept in mind however, that as it has previously been shown by FTIR
spectroscopy,* the ligand exchange reaction is not complete for OH" ligands, contrary to SH-
ligands. Therefore, the synthesized, OH" passivated CdSe zinc blende 2D nanocrystals are, in
reality, covered by a mixture of hydroxide ligands and, in an inferior proportion, fatty acids,
which can indeed increase their band gap compared to a purely OH™ capped nanoplatelet,

such as the here established CdSe.OH model.
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Figure IV.5. Total and orbital-projected density of states of the S and O atoms of the
ligands and of the Cd atoms of the (100) surface and band structures of the a) CdSe.HCOO,
b) CdSe.SH and c) CdSe.OH systems. Fermi level was set at 0 eV.
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n 5 7 9 11 13

HCOO" computed 331 nd 257 nd 2.29

experimental | 3.13 2.68 2.42 2.25 2.16

SH- computed 3.00 nd 248 nd 2.25
experimental | nd 2.46 2.29 2.15 nd

OH- computed (250 nd 2.17 nd 2.05
experimental | nd 250 2.39 2.21 nd

Table IV.5. Computed and experimental band gaps (in eV) of CdSe zinc blende slabs
stabilized with HCOO", SH" and OH" ligands on their (100) basal planes. nd: no data
available

---0---HCOO- calc
3,41 ---0-- OH- calc
oy --A--- SH- calc
) —m— HCOO- exp
—e— OH- exp
—A— SH- exp

Egap / eV

number of layers (n)

Figure IV.6. Calculated and experimental band gaps as a function of slab thickness for CdSe
zinc blende slabs stabilized with HCOO", SH and OH" ligands on their (100) basal planes.
Note for the experimental values that the ligand exchange for OH- is not complete.*

IV.8. Conclusions

We have performed a comprehensive density functional theory investigation of non-
stoichiometric CdSe zinc blende nanoplatelets of various thicknesses and stabilized by
different ligands (HCOO", SH  and OH") on their polar (100) surface. A theoretical model has
been established for these hybrid ligand-nanocrystal systems. The global hybrid B3PW91
functional was used for all calculations, combined with the SBKJC small- and large-core
effective pseudopotentials for Cd and Se, respectively, and all-electron basis sets for H, C, S

and O atoms. The relaxation parameters of the ligands adsorbed on the (100) surface of the

114



Chapter IV. Cadmium selenide nanoplatelets

nanoplatelets have been calculated, along with their adsorption energies. We found that
these parameters do not change with the thickness of the nanoplatelets, confirming the
convergence of these properties on the overall of the chosen thicknesses. Regarding the
electronic properties, the band gaps, band structures and orbital-projected density of states
of the stabilized nanoplatelets have been calculated, along with a detailed Mulliken analysis
of the atomic and orbital charges. The latter revealed a major electron transfer from the SH-
ligands towards the surface of the nanocrystals, in line with what can be inferred from the
density of states. CdSe zinc blende nanoplatelets of various thicknesses, stabilized by fatty
acids, SH™ and OH- ligands have also been synthesized, and their band gaps have been
measured by absorption spectroscopy. A nice agreement is found between the experimental
and calculated band gaps, especially concerning the evolution of the band gaps with the
thickness of the nanoplatelets. We can thus conclude that the chosen theoretical model and
computational protocol together can serve as a powerful tool for the qualitative and
guantitative description of the geometrical and electronic properties of CdSe nanoplatelets,
which can potentially be applied in solar cells and various advanced optoelectronic
applications. In the next chapter, the potential photoanode of a solar cell is simulated as a
CdSe.SH — ZnO heterostructure, using the same computational protocol and the same
CdSe.SH model as in this chapter. The results of the theoretical investigation are confirmed

and completed by experimental measurements.
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V.1. Context

The first challenge in fabricating QDSCs is the preparation of the photoanode. The WBSC
substrate with a high surface area is expected to be generously and homogeneously covered
with QDs. It can be demanding to fulfill these requirements when combining pre-
synthesized, bifunctional ligand-capped nanocrystals with ZnO/TiO; nanorods for
photovoltaic application. In the literature, pre-synthesized sensitizers are typically attached
to mesoporous ZnO or TiO; substrates made of spherical nanoparticles.™ Very few articles
can be found about ligand-capped QDs being attached to ZnO or TiO2 nanorods, and these
studies reported low QD loading and solar cell efficiency.>” As what concerns nanoplatelets,
the main focus of this thesis, up to this date, no articles have reported their photovoltaic

application, and not even their attachment to ZnO and TiO; nanorods.

As detailed in Chapter Il section 11.2.3. a), the first step of the linker-assisted attachments
was to exchange the oleic acid (OA) passivating ligands of the CdSe nanocrystals
(nanoplatelets of various thicknesses and spherical QDs) to smaller bifunctional ligands (SH-,
OH and MPA). Next, the nanocrystals were linked to ZnO and TiO; nanorod arrays (resumed
as WBSC in the following) via bifunctional ligands. Likewise, the coming subsections start
with the characterization of the CdSe nanocrystals before and after ligand exchange. This is
followed by the analysis of the CdSe-ligand-WBSC heterostructures. The samples studied in

this chapter were characterized by UV-VIS absorption and Raman spectroscopy.

Quasi-2D nanostructures have a step function-like absorption spectra with a high-intensity
peak at each tread of a stair. As the latter is due to the creation of excitons in these quantum
confined systems, these peaks are known as excitonic peaks. The absorption spectra of 3D-
confined quantum dots also feature an excitonic peak structure due to the widening of
discrete spectral lines, which is caused by heterodisperse QD size distribution and phonon-
photon coupling. Changes in the shape and the position of excitonic peaks indicate structural
changes in the nanocrystals, therefore their absorption spectra provides interesting insights

into the functionalization of the nanocrystals, and their subsequent attachment to ZnO/TiO;
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nanorods. In the following, we will only concentrate on the position of the first excitonic
peak, which corresponds to the lowest energy electron excitation,® the energy of which we
associated with the band gap of these nanocrystals. It is to note that although the spectra of
dispersions and solid thin layers were recorded with different spectrophotometers, they are
all reported on the same figure in order to the compare peak positions. For clarity, all

spectra were scaled to the same order of magnitude.

Raman spectroscopy can efficiently identify crystal phases, since the frequency of lattice
vibrations (phonons) is specific to crystal geometry. The shape, width and the position of
peaks in a crystal’s Raman spectra are very sensitive to structural changes. In more
particular, Raman spectroscopy has been demonstrated to be a useful method for
characterizing semiconductor surfaces and interfaces, since the surface (interface) formation
gives rise to characteristic Raman modes which reflect the surface (interfacial) geometry and
strain.? In this study, we were interested to see how Raman spectroscopy reflects the

structural changes induced by sensitization in the semiconductors.

V.2. ZnO and TiO; nanorod arrays

Figure V.1. a) Cross-sectional and b) top-view SEM images of ZnO NRs. The yellow scale bar
is 1 um long.

The SEM images (Figure V.1), reveal that the synthesized ZnO nanorod arrays are vertically

aligned along the ¢ axis, and are around 800 nm long. The vertical alignment is also
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confirmed by X-ray diffraction (XRD) analysis (Figure V.2), as the peak corresponding to the
(002) facet of the nanorods has significantly higher intensity than the other ones. Figure V.2
also reveals that the resulting ZnO nanorods are of the hexagonal wurtzite phase. In
agreement with XRD, the Raman spectra of the ZnO NR substrate (Figure V.3) also features
peaks corresponding to vibrations of the ZnO wurtzite lattice.0!!
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Figure V.2. XRD analysis of ZnO NRs. Peaks marked with an asterisk correspond to the
cubic phase of SnO; on the TCO glass substrate (standard JCPDS card N°04-008-8130),
while those marked with a diamond correspond to the different crystal planes of wurtzite
ZnO (standard JCPDS N° 01-070-8072)
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Figure V.3. Raman spectra of ZnO NRs with characteristic ZnO wurtzite peaks.

The SEM images of the synthesized TiO; nanorods are reported in Figure V.4. The nanorods
are well-aligned along the ¢ axis, and are stuck together in bunches. The XRD patterns
reported in Figure V.5 and the Raman spectra in Figure V.6 show that the nanorods are of

the rutile phase of Ti02.12
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Figure V.4. a) Cross-sectional and b) top-view SEM images of TiO> nanorods arrays. The
yellow scale bar is 1 um long.
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Figure V.5. XRD patterns of TiO2 nanorod arrays. Peaks marked with an asterisk
correspond to the cubic phase of SnO; on the TCO glass substrate (standard JCPDS card N°
04-008-8130), while those marked with a diamond correspond to the different crystal

planes of the rutile phase of TiO; (standard JCPDS N° 04-005-4692).
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Figure V.6. Raman spectra of TiO> nanorod arrays with characteristic TiO; rutile peaks.
Peaks corresponding to first-order scattering are marked with an asterisk.
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V.3. Attachment of CdSe nanoplatelets to WBSC via SH" ligands

The OA>SH ligand exchange changes the color of the NPL dispersions, which manifests in
the redshift of the NPL excitonic peaks in the UV-VIS absorption spectra, as illustrated in
Figure V.7. As discussed in previous chapters, due to the quantum confinement effects, the
band gap of the NPLs (associated with the position of the first excitonic peak in this work)
varies with NPL thickness. Hence, the redshift is explained by the fact that ligand exchange
results in the addition of a sulfide layer on the two Cd-rich (100) facets of the
nanoplatelets.'®'* The resulting sulfide-passivated NPLs can thus be regarded as quasi-(n+2)
layers thick nanocrystals if they originally consisted of n atomic layers. This hypothesis is
confirmed by the observation that the first excitonic peak of n layers thick CdSe.SH NPLs is
approximately at the same wavelength as that of (n+2) layers thick CdSe.OA NPLs, indicating
a similar degree of quantum confinement in the two systems. Other observable feature of
the CdSe.SH absorption spectra is that its peaks are wider and less structured than those of
the CdSe.OA peaks, which suggests that the addition of sulfide layers distorts the CdSe NPL

crystal structure.

—— CdSe.0A TL
---- CdSe.SH 7L
CidSe.0OA 9L
CdSe.SH 9L
—— CdSe.OA 11L
---- CdSe.SH 11L
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Al nm

Figure V.7. UV-VIS absorption spectra of CdSe NPLs of different thicknesses (7, 9 and 11
layers). NPLs passivated by oleic acid (OA) are indicated as full, while NPLs after ligand
exchange with SH™ are shown as dotted lines.

When attached to ZnO nanorods, the dispersion of CdSe.SH NPLs of all thicknesses formed a

homogeneous colored layer on the ZnO substrate, as demonstrated by the SEM views in
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Figure V.8. The UV-VIS absorption spectra of these heterostructures are reported in Figure
V.9, along with the UV-VIS absorption spectra of the bare NPLs for comparison. A redshift of
the CdSe.SH NPLs excitonic peaks could be observed for all NPL thicknesses considered in
this study. This suggests that significant structural changes took place in the NPLs upon
attachment to the ZnO nanorod arrays. In order to make sure that this shift was not the
result of the aggregation of the NPLs on the ZnO substrate, the absorption spectrum of a
sample prepared with 7 layers thick NPLs, rinsed with ethanol after sensitization, was also
recorded and shown in Figure V.9. Although the peaks in its UV-VIS absorption spectra
(indicated by a dotted line Figure V.9) were less structured, the sensitization still resulted in

a redshift of the excitonic peaks confirming the attachment of the nanostructures.

Figure V.8. Top SEM view of ZnO nanorod arrays sensitized by 9 layers thick CdSe.SH
nanoplatelets. The length of the yellow scalebar is 1 um.

——CdSe.SH 7L
- — CdSe.SH 7L - ZnO
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- — CdSe.SH 11L - ZnO
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Figure V.9. UV-VIS absorption spectra of ZnO nanorod arrays and 7, 9 and 11 layers thick
CdSe.SH NPLs in dispersion (indicated by green, orange and red full lines, respectively) and
after attachment to ZnO nanorod arrays (indicated by dashed lines of the corresponding
color, and by a dotted line after consequent washing with ethanol).

123



Chapter V. Hybrid semiconductor heterostructures

: -.I‘n ‘-H TIL-FTO

CdSe.SH-TL-Zn0

a
fntensity [ a.w,

N, Lﬂ_,w }\ -

200 400 600 800

Raman shift [ cm -1

CdSe.SH-9L-FT

=
b) e
'§. /.n
=
‘/\’J\“ In()
’(N) 4()() ()(N) \()U
Raman shift / em’
le CdSe.SH-11L-FTO
c) ' In0  CdSe.SH-11L-Zn0O

\_/'(\ HH___.-""“'“'*’“'“WH- P i

A=

*uu 4:H| ﬁnu 2010
1

Tntensiny £ a. w.

Raman shife [ cem”

Figure V.10. Raman spectra of a) 7, b) 9 and c) 11 layers thick CdSe.SH NPLs, of ZnO
nanorod arrays sensitized by the same NPLs and of bare ZnO nanorod arrays.

In Figure V.10, the Raman spectra of CdSe.SH NPLs of different thicknesses on FTO glasses is
compared to the spectra of CdSe.SH-ZnO heterostructures and that of the bare ZnO nanorod
arrays (which had already been in Figure V.3). The experimental Raman spectra of the
isolated CdSe.SH NPLs of different thicknesses on the bare FTO-coated glass (represented as

purple curves in Figure V.10) features peaks related to the zinc blende phase of CdSe and
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CdS. The reported spectra are globally very similar to previously published spectra of zinc
blende CdSe/CdS core shell quantum dots*>!®, The first peak at around 200 cm™ is attributed
to the CdSe zinc blende longitudinal optical (LO) mode. Its broadening towards the lower
frequencies can be explained by the presence of interface and surface optical phonons,* as
shown in Figure V.11. The peak at around 280 cm™ is attributed to the LO mode of the zinc
blende phase of CdS, although redshifted from its bulk position near 300 cm™. It is due to the
large strain that the single CdS layer suffers at the interface, as observed previously for
CdSe/CdS core/shell QDs with a thin CdS shell.?>"18 The other modes observed for Raman
shifts above 400 cm™ correspond to overtones and mixed modes.>'® On the experimental
Raman spectra of the CdSe.SH NPL-sensitized ZnO nanorod arrays (reported in Figure V.10),
we can observe the superposition of peaks characteristic of the bare NPLs and of the bare
ZnO substrate, although the latter has a low intensity compared to the NPL peaks. Therefore,

only the highest intensity ZnO peak, E}! is observable in these spectra at 438 cm™. In Figure

V.10., we did not observe a significant shift of the Raman peaks of the semiconductor
components after they are linked. In order to account for the changes that the CdSe.SH —
Zn0 interface formation induces in the Raman shifts, or the eventual formation of interface

modes, a more refined measurement is needed.
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Curve name Centre (nm) Width (nm) Height (counts) % Gaussian

CdS interface 274.6 39.66 0.2839 100

CdSe bulk LO 202.9 18.30 0.6198 100
CdSe SO 192.3 18.30 0.3399 50
CdSe TO 175.4 18.30 0.1147 50

Figure V.11. Decomposition of the CdSe- and CdS-related peaks in the experimental Raman
spectra of 9 layers thick CdSe.SH NPLs. Surface optical modes are denoted as SO,
transverse optical mode as TO.
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When attached to TiO2 nanorods, the dispersion of CdSe.SH NPLs of all thicknesses formed a
homogeneous colored layer on the TiO; substrate, as illustrated in Figure V.12. The UV-VIS
absorption spectra of these heterostructures are reported in Figure V.13, along with the UV-
VIS absorption spectra of the bare NPLs for comparison. It can be observed for all NPL
thicknesses that the NPL excitonic peaks are redshifted after the NPLs attachment to the
oxide. However, they are far less structured in case of 7 layers thick NPLs than for 9 and 11
layers thick NPLs, suggesting that the original NPL structure is more distorted upon

attachment to TiO2 NRs if the nanocrystals are thinner.

Figure V.12. Top SEM view of TiO2 nanorod arrays sensitized by 9 layers thick CdSe.SH
nanoplatelets. The length of the yellow scalebar is 1 um.
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Figure V.13. UV-VIS absorption spectra of TiO2 nanorod arrays and 7, 9 and 11 layers thick
CdSe.SH NPLs in dispersion (indicated by green, orange and red full lines, respectively) and
after attachment to TiO> nanorod arrays (indicated by dashed lines of the corresponding
color)
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Figure V.14. Raman spectra of a) 7, b) 9 and c) 11 layers thick CdSe.SH NPLs, of TiO;
nanorod arrays sensitized by the same NPLs and of bare TiO2 nanorod arrays.

On the experimental Raman spectra of the CdSe.SH NPL-sensitized TiO2 nanorod arrays
(reported in Figure V.14), we can observe the superposition of the characteristic peaks of the
bare NPLs and of the bare TiO; substrate, although the latter has a very high intensity
compared to the NPL peaks. Similarly to what was observed in the Raman spectra CdSe.SH —
Zn0O systems reported in Figure V.10, the NPL- and TiO;-related peaks observed in the
Raman spectra of the CdSe.SH — TiO; heterostructures are found at the same Raman shift as

in the Raman spectra of the bare NPLs and of the TiO; nanorod substrate.

127



Chapter V. Hybrid semiconductor heterostructures

V.4. Attachment of CdSe nanoplatelets to WBSC via OH" ligands

CdSe.OA 91,
CdSe.OH 91
=
"
-
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Figure V.15. UV-VIS absorption spectra of 9 layers thick CdSe NPLs before and after ligand
exchange with OH" (indicated by full and dotted lines, respectively).

In case of 7 and 11 L thick NPLs, the ligand exchange reaction with OH" resulted in the
aggregation of the NPLs, and no homogeneous solution could be obtained. This observation
is in accordance with a previous study in which it was demonstrated by FTIR that the
OA<>0H exchange on CdSe.QDs is only partial, in contrary to the OA¢>SH™ exchange.!®
However, in case of 9 L thick NPLs, it was possible to obtain a homogeneous NPL dispersion
after the biphasic OA¢>0H" ligand exchange. The UV-VIS absorption spectra of 9 L thick
CdSe.OA and CdSe.OH NPLs are compared in Figure V.15. Only a very slight redshift of the

excitonic peaks can be observed as the OA ligands are exchanged to OH".

CdSe.OH 9L
CdSe.OH 9L-ZnO!
——Zn0
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Figure V.16. UV-VIS absorption spectra of ZnO nanorod arrays and 9 layers thick CdSe.OH
NPLs in dispersion (indicated by orange full lines) and after attachment to ZnO nanorod
arrays (indicated by orange dashed lines)
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Figure V.17. UV-VIS absorption spectra of TiO2> nanorod arrays and 9 layers thick CdSe.OH
NPLs in dispersion (indicated by orange full lines) and after attachment to TiO; nanorod
arrays (indicated by orange dashed lines)

It can be observed on the corresponding UV-VIS absorption spectra presented in Figures
V.16. and V.17. that after sensitization, the NPL excitonic peaks are only slightly blueshifted
with respect to their position in the spectra of the bare NPL, and this effect is more
enhanced when they are attached to TiO, nanorods. This blueshift indicates a slight decrease
in their thickness upon sensitization (presumably due to compressive strain along the
thickness), in contrary to what was observed in case of CdSe.SH NPLs. The compression of
lattice constants in the c direction results in the lateral expansion of lattice parameters
according to Poisson’s law. Indeed, this horizontal lattice expansion is manifested in the
slight redshift of NPL-related CdSe LO Raman peak, as reported in Figures V.18. and V.19.
and Table V.1. The ZnO or TiO; related peaks stay in the same position as in the Raman

spectra of the bare ZnO or TiO2 NR arrays.
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Figure V.18. Raman spectra of 9 layers thick CdSe.SH NPLs, of ZnO nanorod arrays
sensitized by the same NPLs and of bare ZnO nanorod arrays.
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Figure V.19. Raman spectra of 9 layers thick CdSe.SH NPLs, of TiO> nanorod arrays
sensitized by the same NPLs and of bare TiO; nanorod arrays.

sample

Raman shift of the CdSe LO peak (cm™)

CdSe.OH 9L - FTO
CdSe.OH 9L -ZnO
CdSe.OH 9L - TiO2

205
201
200

Table V.1. Raman shift of the CdSe LO peak before and after the CdSe.OH NPLs are
attached to ZnO or TiOz2 nanorods

V.5. Attachment of CdSe nanoplatelets to WBSC via MPA ligands

Similarly to OA¢>SH- ligand exchange reactions on CdSe NPLs, their passivation by MPA also
resulted in the redshift of excitonic peaks, which became less structured than those of
CdSe.OA NPLs, as reported in Figure V.20. As MPA ligands are known to link to the Cd-rich
<100> NPL facets with their SH functional groups, it can be assumed that they also form a
quasi-CdS shell on the CdSe NPLs. The sensitization of WBSC substrates by CdSe.MPA NPLs
was successful only in case of 9 layers thick NPLs. 7 and 11 layers thick NPLs aggregated and
did not form a homogeneous colored layer on the WBSC substrates. When attached to ZnO
and TiO2 NR arrays, the excitonic peaks of 9 layers thick CdSe. MPA NPLs do not significantly
change their positions, they only become less structured, as illustrated in Figures V.21 and
V.22. This indicates that the sensitization-induced structural changes in the CdSe.MPA NPLs
are less important than in the CdSe.SH NPLs, which is intuitively explained by the fact that
the MPA ligands increase the sensitizer-WBSC distance, the NPLs are thus not affected by

strain caused by the lattice mismatch between the NPLs and the WBSC.
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Figure V.20. UV-VIS absorption spectra of 7, 9 and 11 layers thick CdSe NPLs before and
after ligand exchange with MPA (indicated by green, orange and red full and dotted lines,

respectively).
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Figure V.21. UV-VIS absorption spectra of ZnO nanorod arrays and 9 layers thick CdSe.MPA
NPLs in dispersion (indicated by orange full lines) and after attachment to ZnO nanorod
arrays (indicated by orange dashed lines)
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Figure V.22. UV-VIS absorption spectra of TiO2 nanorod arrays and 9 layers thick CdSe.MPA
NPLs in dispersion (indicated by orange full lines) and after attachment to TiO; nanorod
arrays (indicated by orange dashed lines)
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On the Raman spectra of the CdSe.MPA-ZnO and of the CdSe.MPA TiO; systems reported in

Figures V.23 and V.24, one can mainly observe peaks corresponding to its two components.

A significant redshift of the CdSe LO peaks can be observed after the NPLs are attached to

the ZnO and TiO2 nanorods, as reported in Table V.2, which suggests that in contrary to what

we could observe from the UV-VIS absorption spectra reported in Figures V.21 and V.22, the

sensitization does alter the structure of CdSe.MPA NPLs.
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Figure V.23. Raman spectra of 9 layers thick CdSe.MPA NPLs, of ZnO nanorod arrays
sensitized by the same NPLs and of bare ZnO nanorod arrays.
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Figure V.24. Raman spectra of 9 layers thick CdSe.MPA NPLs, of TiO> nanorod arrays
sensitized by the same NPLs and of bare TiO> nanorod arrays.
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sample CdSe LO
Raman shift (cm?)
CdSe.MPA - FTO 203
CdSe.MPA - ZnO 200
CdSe.MPA -TiO; 198

Table V.2. Raman shifts of the CdSe LO peaks before and after the CdSe.MPA NPLs are
attached to ZnO or TiO; nanorods

V.6. Attachment of CdSe quantum dots to WBSC

Ligand exchange reactions on CdSe QDs resulted only in a slight shift of excitonic peaks, as
shown in Figure V.25. This is explained by the fact that the spherical quantum dots expose
several different surfaces?® to which the adhesion of ligands can be different.??2, Therefore,

a large area of the QD surface can still remain passivated by oleic acid after ligand exchange.

. i— CdSe QD - OA

CdSe QD - MPA
—— CdSe QD - OH
—— CdSe QD - SH

ala.u.

400 500 600 700
A/ nm

Figure V.25. UV-VIS absorption spectra of CdSe.OA QDs before and after ligand exchange
with MPA, SH and OH'.

Among the ligand-passivated QDs, only the attachment of the CdSe.SH QDs to ZnO nanorod
arrays was successful. The sensitization using other linkers or a TiO2 substrate resulted in the
aggregation of QDs with an inhomogeneous coverage. The UV-VIS absorption spectra of the
CdSe.SH-ZnO system is compared to that of its components in Figure V.26. No significant
change in the QD excitonic peak positions is observed after sensitization, the spectra only

became less structured. We can thus conclude that in contrary to CdSe.SH NPLs, the
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guantum confinement effects in CdSe.SH QDs did not change dramatically after attachment

to a WBSC surface, although their structural distortion is observable upon sensitization.

fis —_CdSe.SH QD
— — - CdSe.SH QD - ZnO

Zn0O

ala. u.

400 500 600 700
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Figure V.26. UV-VIS absorption spectra of ZnO nanorod arrays and CdSe.SH QDs in
dispersion (indicated by green full lines) and after attachment to ZnO nanorod arrays
(indicated by green dashed lines)

V.7. Conclusion

In this chapter, CdSe nanocrystals (nanoplatelets of various thicknesses and spherical QDs)
Next, the nanocrystals were linked to ZnO and TiO, nanorod arrays (referred to as WBSC) via
bifunctional ligands (SH, OH and MPA). The as-prepared nanocrystal-ligand-WBSC

heterostructures were characterized by UV-VIS absorption and Raman spectroscopy.

In case of OH and MPA ligand exchange reactions on CdSe NPLs or QDs, some ligand
exchanges or the attachment of ligand-passivated CdSe nanocrystals to ZnO/TiO2 nanorods
resulted in the aggregation of nanocrystals, and were thus regarded as unsuccessful.
Therefore, these systems were not suitable for examining the effect of NPL thickness on the

physical chemical properties of these systems.

On the other hand, all OA<>SH" ligand exchange reactions on NPLs of various thicknesses, as
well as QDs resulted in homogeneous CdSe nanocrystal dispersions. Subsequently, ZnO
nanorod arrays could be homogeneously coated by CdSe.SH NPLs of all thicknesses, as well

as CdSe.SH QDs, while TiOz nanorod arrays could only be sensitized by NPLs. Comparing the
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UV-VIS absorption spectra of the CdSe.SH-ZnO and CdSe.SH-TiO; heterostructures and that
of the bare NPLs, it can be concluded that the NPL attachment to a ZnO or a TiO; substrate
induces structural changes in the nanocrystals. The Raman spectra of the mixed CdSe.SH-
ZnO and CdSe.SH-TiO; systems features peaks of both of its components. While the NPL-
related peaks have low intensity compared to the TiO,-related ones, they have high intensity
with respect to the ones associated with the ZnO NRs. In the latter case, it would thus be
possible to analyze the shape of these NPL-related peaks in detail and decompose them into
surface or interface modes. Hence, a more refined analysis of the Raman modes of the latter
system would make it possible to study the peak structure in detail, and in consequence to
obtain interesting insights on the structural changes that the sensitization induces in the

CdSe nanocrystals.

To sum up, SH ligands can be regarded as the best-working linkers for the goals of this
thesis, especially when they are used to attach CdSe nanocrystals to ZnO substrates. We thus
concluded that CdSe.SH - ZnO systems are worth studying in more detail, and conducted a
mixed theoretical/experimental investigation on their interface properties, which is

presented in Chapter 6.
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Chapter VI. Towards the modeling of QDSCs: sensitizer-
oxide heterostructures

VI.1. Context

A deep understanding of the structure-property interplay is essential for the design of
complex devices such as quantum dot solar cells (QDSCs), in which interfacial
recombinations are a major source of performance loss. This requires an accurate
characterization of semiconductor interfaces from both the experimental and theoretical
point of view, which remains problematic especially in case of lattice-mismatched
compounds. It is particularly difficult to account for the inter-diffusion and bond distortions
at the interfaces that appear in case of high lattice mismatch between the QDs and the
substrate.”? Previous computational studies focused on TiO; surfaces sensitized by Sb,Ss
nanoribbons with nearly matching lattice parameters® or on the modelling of PbSe,* CdS®
and CdSe® QDs which do not form a laterally extended interface with the substrate. Only
very few examples of computational studies of semiconductor interfaces formed between
compounds with a significant lattice-mismatch can be found in the literature.”'! These
calculations were mostly limited to an interface made between a single’ or a double
adsorbate layer'® and a substrate surface. Moreover, DFT was applied using local density and
generalized gradient approximations which severely underestimate band gaps.!?
Furthermore, an accurate model will have to reproduce the vibrational properties of the
heterostructure and interface which depend in a large extent to compositional changes® and

bond lengths.!3

Raman spectroscopy is a very sensitive characterization method of semiconductor
interfaces. The formation of the interface gives rise to characteristic Raman modes whose
frequencies reflect the interfacial geometry and strain.'* Moreover, phonon properties are
known to influence the material electron mobility and thus the performance of opto-
electronic devices. Moreover, simulations have shown that certain vibrations can promote
charge recombination* or electron transfer!®> at the QD-TiO; interface by varying the

electronic density distribution between donor and acceptor species. Hence, Raman spectra
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of these systems provide valuable information that can be related to the device functioning.
Since the experimental measurement of the Raman spectra of nanostructures can be rather
challenging with traditional instrumental setups, and might demand special techniques, 618
computational methods to simulate the vibrational properties of these systems can be very

helpful to understand the vibrational behavior of heterointerfaces.

In this chapter, we combine theoretical and experimental methods to address the challenge
of characterizing a lattice mismatched interface formed between a QDSC sensitizer and a
wide band gap semiconductor surface. As an interesting alternative to spherical quantum
dots (QDs), the quasi two-dimensional CdSe nanoplatelets (NPLs) of different thicknesses
have been linked to ZnO nanorods using SH™ functional group as a simple linker. The general
advantages and the synthesis of these CdSe NPLs have been discussed in Chapters | and I,

and their geometric and electronic properties have been studied in detail in Chapter IV.

This chapter is organized as follows. First, a consistent model of the interface is built and its
Raman spectrum is computed and analyzed. Secondly, results of the electronic property
calculations of the NPL/ZnO heterostructure are shown (including the band gaps, the band
structures, the density of states (DOS), the crystalline orbitals (CO)).Then the electron
injection efficiency from the NPL towards the ZnO surface is computed. In order to examine
the effect of NPL thickness on these properties, all calculations were performed on a ZnO
surface sensitized by 5 and 9 layers thick CdSe NPLs with SH™ linkage (denoted by CdSe.SH

NPLs in the following).

VI.2. Experimental details

The synthesis of ZnO nanorods, as well as that of 7, 9 and 11 layers thick CdSe NPLs and the
ligand exchange reactions replacing oleic acid ligands to SH™ have been described in Chapter
Il, section I1.2.1. The details of the characterization of the samples by UV-VIS and Raman
spectroscopy are also provided in Chapter Il section 11.2.7. In order to sensitize the ZnO

nanorods by CdSe NPLs, a droplet of 100 ul of CdSe.SH NPL dispersion in N-methyl
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formamide (NMF) was cast on the ZnO NR arrays, and heated at 150°C on a hot plate for 5

minutes in order to evaporate the solvent.

VI.3. Computational details

All calculations were carried out with the ab initio CRYSTAL14%%20 code. Following the results
obtained in Chapters Il and Ill, our investigations were carried out using the global hybrid
B3PW91 functional.?®> As the interface formation between two, largely lattice-mismatched
semiconductors is assumed to alter the atomic distances significantly even in atomic layers
that are far from the actual interface, long-range interactions including dispersion forces are
expected to be relevant for the present study. Since hybrid functionals do not describe them
satisfactorily,?#?> an empirical London-type correction was also taken into account
(according to the DFT-D2 scheme, as described by Grimme et al?®). Following standard
notation, this approach is denoted as B3PW91-D. These corrections altered the atomic
positions compared to the B3PW91 functional,?? and provided us an accurate description of

the electronic properties of the semiconductor heterostructures.

For CdSe, we used a double-zeta basis set, in which core electrons were replaced by
effective core potentials (ECPs) including scalar relativistic effects, as described in ref 27.
SBKJC small-core ECP?® was applied with a (8s, 8p, 5d)->[4s, 4p, 3d] contraction for Cd, and
the SBKJC large-core ECP?® with a basis set augmented by one d polarization function,?® with
a (5s, 5p, 2d)->[2s, 2p, 1d] contraction for Se. As a consequence, 4s2 4p® 4d'° 552 and 4s? 4p*
electrons were treated explicitly for Cd and for Se, respectively. As previously described for
CdSe,*° basis sets were modified by setting exponents inferior to 0.10 to this value. The
suitability of this modified SBKIC basis set to describe CdSe, both in its bulk and surface
forms, has already been discussed in a previous work.>® In order to reduce the
computational burden, pseudopotentials were applied for S, Zn and O atoms as well. Durand
and Barthelat large-core pseudopotentials with a (4s, 4p)—>[2s, 2p] contraction were used
for the O atoms33?, while large core Hay and Wadt pseudopotentials with a (3s, 3p,
5d)->[3s, 3p, 2d] contraction were retained for Zn atoms.?®* The sp and d polarization

functions of Zn and O atoms were reoptimized in a previous work.3* The core electrons of S
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were described using Durand and Barthelat large-core pseudopotentials as well332, For the
valence electrons of S, a split valence basis set optimized for periodic systems and
completed with a 3d polarization function was applied with a (4s, 4p, 1d)->[2s, 2p, 1d]
contraction.? As a consequence, the following electrons were treated explicitly: 2s? 2p* for
0, 3d'% 452 for Zn and 3s? 3p* for S. An all-electron basis set with a (7s, 1p)->[3s, 1p]

contraction was used for H.

An extra-large DFT integration grid, consisting of 75 radial and 974 angular points, was
applied in order to provide accurate results for calculations. The following truncation
criterial®?® were set for the accuracy of the Coulomb and exchange series: 10”7 as the
overlap threshold for Coulomb integrals, 107 as the penetration threshold for Coulomb
integrals, 107 as the overlap threshold for HF exchange integrals, and 10° and 102° as the

pseudo-overlap for HF exchange series.

For the calculations of surface and interface properties, we adopted a slab model described
in Chapter Il, section 11.1.6. b). As illustrated in Figure VI.1, the ZnO surface was modeled as
a wurtzite (10-10) slab at a converged thickness of 8 ZnO layers (with one layer containing a
row of Zn and O atoms in the same <10-10> plane).3* CdSe.SH NPLs were modeled as CdSe
zinc blende slabs cut along the <100> plane, and passivated by SH™ ligands at the (100)
surfaces.** The thickness of the CdSe NPLs was defined as in Chapter Il section 11.2.1., that is
one layer corresponds to an atomic layer composed exclusively of cadmium or selenium
atoms in the same <100> plane (Figure VI.1). As explained in more detail in the following
section, in order to form an interface between the CdSe.SH and the ZnO slabs, we placed a
CdSe.SH unit cell with altered lattice parameters on top of a 3x2 supercell of a ZnO wurtzite
(10-10) slab. The lateral dimension of the resulting heterostructure was 9.86 A x 10.34 A. We
applied a Monkhorst—Pack shrinking factor of 2 for this system, which corresponds to 4
independent k points in the irreducible Brillouin zone (IBZ) of the CdSe.SH-ZnO slab
heterostructure. In the present work, heterostructures based on 5 and 9 layers thick CdSe.SH
NPL have been modeled. Since the obtained results are qualitatively similar in both cases, we

only comment the results obtained for the system containing the 5 layers thick NPL, except
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for the band gap data. The results obtained for the heterostructure with 9 layers thick NPL

are provided in the Annexe I.

The calculation of harmonic vibrational frequencies at the I point, as implemented in the
CRYSTAL14 code,*®3” was carried out on the same fragment. Raman intensities were
calculated via the Coupled-Perturbed Hartree-Fock/Kohn-Sham (CPHF) approach.3®42 The
threshold of the self-consistent field energy for the frequency calculations was set to 1072
hartree. Experimental conditions (temperature of measurement: 293.15 K, laser wavelength:

473 nm) were taken into account for the calculation of Raman intensities as described in ref.

20.
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Figure VI.1. Initial structural model of 5 layers thick CdSe.SH nanoplatelets attached to the
Zn0 (10-10) surface via SH ligands. Zn atoms are represented by grey, O by red, H by white,
S by yellow, Cd by beige and Se by orange spheres.

VI.4. Structural features of the CdSe.SH — ZnO system

The efficient sensitization of wide band gap semiconductors by nanostructures for QDSC
application requires the actual bonding between the sensitizer and the electron transport

material. This bonding allows the charge transfer between the two components after the
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excitation of the absorber material by solar light and exciton generation. In the present case,
the absorber is composed of CdSe NPLs whereas ZnO, in the form of nanorods, was used as
the oxide substrate. Both components were supposed to be connected through SH™ surface
linkers. In order to experimentally evaluate the structural interactions between the two
semiconductors and the modifications induced by the formation of the NPL-ZnO interfaces,
the CdSe.SH — ZnO systems were firstly characterized by UV-VIS absorption measurements.
NPLs described in Chapter Il section I.2.1. were attached to the ZnO NRs presented in

Chapter Il section 11.2.2 a).

Figure VI.2 shows that, when linked to the ZnO NR substrate, a redshift of the CdSe.SH NPLs
excitonic peaks was observed for all NPL thicknesses considered in this study. This suggests
that significant structural changes took place in the NPL upon attachment to the ZnO
nanorod arrays. In order to make sure that this shift was not the result of the aggregation of
the NPLs on the ZnO substrate, the absorption spectrum of a sample prepared with 7 layer
thick NPLs, rinsed with ethanol after sensitization, was recorded and shown in Figure VI.2.
Although the peaks in its UV-VIS absorption spectrum (indicated by a dotted line in Figure
VI.2) were less structured, the sensitization still results in a redshift of the excitonic peak,

confirming the attachment of the nanostructures.
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Figure VI.2. Experimental UV-VIS absorption spectra of 7, 9 and 11 layers thick CdSe.SH
NPLs in dispersion (indicated by green, orange and red full lines, respectively) and after
attachment to ZnO nanorod arrays (indicated by dashed lines of the corresponding colour,
and by a dotted line after subsequent washing with ethanol).
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Figure VI.3. a) Structure of the isolated subsystems: 5 layers thick (5L) CdSe.SH and 8 layers
thick (8L) ZnO slabs. b) Optimized geometry of the CdSe.SH (5L) — ZnO (8L) heterostructure,
viewed along the (001) and (0-10) directions.

CdSe.SH NPL ZnO slab Optimized CdSe.SH — ZnO interface
a 8.79 9.93 9.86
b 8.79 10.50 10.34
Dnpr 10.23 - 7.32
Dsup - 9.42 9.89
y 90.00 90.00 90.02
d (Cd-Se) 2.69 - 2.64-2.90
d(cd-S) 2.60 - 2.49-2.65
d (Zn-S) - - 2.39-2.69
d (O-H) - - 0.98-1.00
d* (zn-0) - 1.86 2.05-2.08
d? (zn-0) - 2.00 2.00
51 (zn) - - 0.78
51 (0) - - 0.33

Table VI.1. Lattice parameters (a, b in A and y in degrees) and relevant interatomic distances (d
(Cd-Se), d (Cd-S), d (Zn-S), d(O-H) of the isolated subsystems and of the optimized heterostructure.
d*(Zn-0) and d? (Zn-0) correspond to Zn-O distances in the first and in the second ZnO slab layer,
respectively. 82 (zn) and &2 (0) are the shifts, upon optimization, of Zn and O atoms along the z
axis compared to their initial positions in the uppermost layer of the ZnO slab.
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The next step was to actually model the formed heterostructures and to better understand
the structural relationship between the CdSe NPLs and ZnO. In the periodic approach applied
here, the large lattice mismatch between the CdSe.SH NPL (a=b=8.79 A, a=8=y=90.00°)?! and
the ZnO wurtzite slab (a=3.31 A, b=5.25 A, a=8=y=90.00°)3 made the modeling of the
adsorption of nanoplatelets on the substrate difficult. Based on the above detailed UV-VIS
absorption spectroscopic data, we chose to alter the structural parameters of the CdSe.SH
NPL rather than those of the ZnO slab. In particular, the lattice parameters of a CdSe.SH slab
unit cell were enlarged to match those of a 3x2 supercell of a ZnO wurtzite (10-10) slab.
Then, the slab representing the CdSe.SH nanoplatelet was positioned on top of the ZnO slab,
and the above described fragment let to relax. The resulting optimized structure is shown in
Figure V1.3 b), and its lattice parameters are compared to those of the isolated subsystems in
Table VI.1. The optimized geometry is greatly distorted with respect to the isolated
subsystems, especially the CdSe.SH fragment. The thickness of the CdSe.SH slab in the (100)
direction (denoted as Anp. in Table VI.1) drastically decreases upon optimization. Moreover,
the symmetric tetrahedral organization of Cd, Se and S atoms is lost in the optimized
structure. This latter effect is indeed characterized by a range of different Cd-S and Cd-Se
atomic distances. For the ZnO slab, the atomic positions in its uppermost layer are slightly
altered. The 6; (Zn) and 6; (O) values in Table VI.1 show that upon the interface formation,
the atoms of the uppermost ZnO layer are shifted upwards along the z axis with respect to
their position in the isolated ZnO slab. This also causes a slight increase in the thickness of
the substrate as indicated by the Asu» value. At the interface, the bottom H atoms of the SH
groups are bound to the oxygens of the ZnO surface, and the S atoms are horizontally shifted
towards bridging positions between Zn atoms, to form almost a ZnS layer at the NPL-ZnO
interface. The optimized Zn-S atomic distances are ranging between 2.39 and 2.69 A, close to
the 2.36 A value of the interatomic distance observed in zinc blende ZnS, or to 2.58 A,
corresponding to the sum of the ionic radii of the two compounds.*® These data indicate the
emergence of a strong and iono-covalent bonding between CdSe.SH and ZnO upon interface

formation.
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VI.5. Vibrational features

The modeled optimal heterostructure is characterized by vibrational modes which can be
efficiently explored by Raman spectroscopy. Therefore, a computational protocol was
developed for the calculation of the Raman spectrum of the heterostructure. First, the
accuracy of the protocol was validated by calculating the Raman modes of the bulk phases of
zinc blende CdSe and ZnO. The data reported in Table VI.2 agree globally well with the

experimental data available from the literature.

mode Computed (this work) Experimental
Cds TO 230 230%
LO 303 305%
Cdse TO 160 170%
LO 206 211%
ZnO E; (low) 114 994
A, (TO) 391 379
E:(TO) 434 410%
E, (high) 462 437

Table VI.2. Computed and experimental Raman shifts (in cm™) of the bulk modes of CdS,
CdSe, ZnO. TO and LO correspond to the transverse and longitudinal optical modes,
respectively.

An important point on the calculation of vibrational spectra is that the splitting between
longitudinal optical (LO) and transverse optical (TO) modes experimentally observed for ionic
compounds is not straightforwardly obtained in our calculations, as a consequence of
imposing periodic boundary conditions.?’ In more detail, the eigenvalues obtained by the
diagonalization of the mass-weighted W matrix correspond to the TO frequencies. W is then
corrected with a term WM that depends on the cell volume, the dynamic dielectric tensor
and the Born effective charges, as described in ref.%°, and the LO frequencies correspond to
the eigenvalues obtained by the diagonalization of the W+W" matrix. The correspondence
between the LO and TO modes is established based on the maximum overlap between LO
and TO modes. However, the TO and LO vectors originate from independent
diagonalizations, and do not belong to the same orthonormal set. Therefore, a TO mode
from one orthonormal set of vectors and the corresponding LO mode from another one

might not have a mutual maximum overlap with each other, preventing us from making a
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one-to-one correspondence between the two. Due to the high symmetry of bulk
compounds, it was possible to compute the LO/TO splitting in their Raman spectra with the
chosen computational protocol. This was not the case for the low-symmetry slabs, therefore
we deduced their LO frequencies by adding the corresponding bulk LO/TO splitting values to

their TO frequencies.
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Figure VI.4. a) Computed Raman spectra of 5, 7 and 9 layers thick CdSe.SH NPLs. b)
Experimental Raman spectra of 7, 9 and 11 layers thick CdSe.SH nanoplatelets dropcasted
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on FTO/glass substrates. R = ICdS /ICdSe. The spectra was normalized to the highest
intensity peak for each curve.

Next, the Raman modes of 5, 7 and 9 layers thick CdSe.SH NPLs were computed, as reported
in Figure V1.4 a). In all cases we found:
i. - High intensity peaks at 17-22 cm™ assigned to ligand-related S-H vibrations.

ii.  Low intensity peaks between 98 and 184 cm! related to CdSe- vibrations of the inner

part of the NPL.

jii. Large intensity peaks at 33-55 cm™ and peaks between 184 and 200 cm®

corresponding to vibrations delocalized on the whole slab.

iv.

v.  Vibrations from 212 cm™ to 224 cm™ clearly localized on the outermost, quasi-CdS

layers of the NPLs.

vi.  Low intensity peaks computed above 300 cm™ are ligand-related S-H vibrations.
Considering an LO/TO splitting of 46 cm™ for CdSe and 73 cm™ for CdS, both derived from
the differences between the Raman shifts of LO and TO bulk modes shown in Table VI.2, we
obtained that CdSe-related LO peaks are at 144-230 cm™ and CdS-related LO peaks are in the
interval of 285-297 cm™ in the computed spectra of the NPL. These values are relatively

close to the experimentally measured ones reported in Figure VI.4 b).
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Curve name Centre (nm) Width (nm) Height (counts) % Gaussian

CdS interface 274.6 39.66 0.2839 100

CdSe bulk LO 202.9 18.30 0.6198 100
CdSe SO 192.3 18.30 0.3399 50
CdSe TO 175.4 18.30 0.1147 50

Figure VI.5. Decomposition of the CdSe- and CdS-related peaks in the experimental Raman
spectra of 9 layers thick CdSe.SH NPLs.
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Similarly to the theoretical one, the experimental Raman spectra of the isolated CdSe.SH
NPLs of different thicknesses (Figure VI.4 b)) also features CdSe and CdS-related peaks. The
reported spectra are globally very similar to previously published spectra of zinc blende
CdSe/CdS core shell quantum dots>%>%, The first peak at around 200 cm™ is attributed to the
CdSe zinc blende longitudinal optical (LO) mode. Its broadening towards the lower
frequencies can be explained by the presence of interface and surface optical phonons,*° as
shown by the band deconvolution detailed in Figure VI.5. The peak at around 280 cm™ is
attributed to the LO mode of the zinc blende phase of CdS, although redshifted from its bulk
position near 300 cm™. It can be due to the large strain that the single CdS layer suffers at
the interface, as also observed previously for CdSe/CdS core/shell QDs with a thin CdS
shell.>%>3 The other modes observed for Raman shifts above 400 cm™ correspond to
overtones and mixed modes.>%>3 Since the NPLs of various thicknesses were all passivated by
a single layer of SH-, the ratio of CdS layers with respect to CdSe layers decreased with the
increase of NPL thickness. This structural feature was qualitatively reflected on the
experimental spectra shown in Figure VI.4 b): the ratio R of the intensity of the CdS-related
peak (near 280 cm™) to the CdSe-related peak (near 200 cm™) decreases with the increase of
the nanoplatelet thickness. A similar effect was observed in several works on the Raman
spectroscopy of CdSe/CdS core/shell structures where the authors grew CdS shells of
different thicknesses on a CdSe core of the same diameter.>>>? In line with the present work,
they observed that the decrease of CdS shell thickness with respect to the CdSe core size

results in the decrease of R.

Finally, the Raman spectra of the CdSe.SH-ZnO system was computed. The spectra of this
system reported in Figure VI.6 a) features a dense array of peaks. This is clearly a
consequence of the symmetry lowering when moving from the isolated subsystems towards
the interface. Generally speaking, one can distinguish:

| A group of peaks at low frequencies (<50 cm™) corresponding to the entire CdSe.SH part
of the heterostructure.

ii- A ligand (S-H)-related peak at 100 cm™.

iii- Between around 150 and 200 cm, the lattice vibrations are localized on the
uppermost CdS layer of the adsorbate.
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iv- Peaks between 200 and 300 cm™ are assigned to vibrations related to the interface
CdS and ZnS layer.

v- Frequencies above 300 cm™ correspond to ligand- (S-H) and ZnO-related modes.
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Figure VI.6. Computed Raman spectra of a) the CdSe.SH (5L) - ZnO heterostructure, b) a 5
layers thick CdSe.SH slab and c) the uppermost layer of a ZnO wurtzite (10-10) slab.
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Figure VI.7. Experimental Raman spectra of a) 7, b) 9 and c) 11 layers thick CdSe.SH NPLs,
of ZnO nanorod arrays sensitized by the same NPLs and of bare ZnO nanorod arrays.

In comparison to the Raman spectra of the isolated subsystems, it is worth to note that most
peaks are redshifted with respect to their equivalent in bare CdSe.SH and ZnO slabs. In the
case of CdSe.SH, this can be explained by the greater lattice parameters, while in the case of

the ZnO fragment, it is attributed to the formation of an additional quasi-ZnS layer upon the
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ZnO surface. Also, as a result of the structural disorder in the final optimized geometry of the

CdSe-SH-ZnO system, all bands are split into several ones.
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Figure VI.8. Two representations of the depth Raman profile of ZnO nanorod arrays
sensitized by 7 layers thick CdSe.SH NPLs. The arrow indicating the z direction points
towards the CdSe.SH nanoplatelet-coated surface of the sample.

On the experimental Raman spectra of the CdSe.SH NPL-sensitized ZnO nanorod arrays
reported in Figure VI.7.a), b) and c) for 7, 9 and 11 layers thick CdSe.SH NPLs, respectively,
we can observe the superposition of peaks characteristic of the bare NPLs and of the bare

ZnO substrate, although the latter have a low intensity compared to the NPL peaks.

Therefore, only the highest intensity ZnO peak, E;ﬂgh is observable in these spectra at 438
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cm. This is explained by the fact that the ZnO nanorod substrate is buried under a thick
CdSe.SH layer, as revealed by the depth profile reported in Figure VI.8 and Figure VI.9. As the
incident light is focalized deeper and deeper in the sensitized substrate (towards decreasing
z on Figure VI.8), ZnO-related peaks appear besides the CdSe.SH-related ones, and the
intensities of the former increase compared to the intensities of the NPL peaks. Similar
trends were observed in a previous study by Drews et al,”* who deposited a CdTe layer on a
InSb (110) surface by molecular beam epitaxy growth, and performed in situ Raman

monitoring of the growth process.
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Figure VI.9. Comparison of the experimental Raman spectra of 7 layers thick CdSe.SH NPLs,
of bare ZnO nanorod arrays and of ZnO nanorod arrays sensitized by the same NPLs. The
latter is an inset from the 4th acquisition of the depth Raman profile reported in more
detail in Figure VI.8.

CdSe.SH7L  CdSe.SH 7L -ZnO ZnO

CdSe LO 200 206

A 245

cds Lo 278 279

B 293
Zno Egiﬂ‘% — Elow 332 332
Zno E2'6" 438 438
Zno Alew 582 582

Table VI.3. Experimental Raman shifts (in cm™) of notable modes in the Raman spectra of
the?7 layers thick CdSe.SH NPLs, of ZnO nanorods sensitized by the same NPLs, and of the
bare ZnO nanorods

Further details could be observed on the Raman spectra acquired deeper inside the sample,

near the NPL-ZnO interface. In the 4t acquisition (red curve) of Figure VI.9, the intensity of
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the ZnO-related peak at around 438 cm™ became comparable to those of the CdSe and CdS-
related peaks at around 200 and 280 cm™, respectively. By focusing even deeper inside the
sample, the intensity of ZnO peaks became higher with respect to the NPL-related ones.
Therefore, the spectrum obtained in the 4™ acquisition was chosen to be analyzed in more
detail and compared to the computed Raman spectra. The Raman shifts of the most notable

peaks are gathered for clarity in Table VI.3.

It can be observed in Table VI.3 that the ZnO-related peaks were not shifted with respect to
their position in the spectra of the bare ZnO nanorods. A significant redshift of the ZnO-
related peak was on the contrary observed in the computed Raman spectra upon the
interface formation. In this respect, it should be underlined that the frequencies were
computed only on a single ZnO layer, due to the high computational cost associated with
Raman spectra calculation with periodic boundary conditions. On the other hand, the
experimental spectrum isnot limited to one atomic layer, and the Raman spectra of the
ensemble of ZnO nanorods are expected to be similar to that of the bulk.>> However, the
peaks attributed to the ZnO substrate in Figure VI.8 became wider, and surrounded by
several smaller intensity peaks, as reported in Figure VI.9. The latter was also observed in
the computed Raman spectra in Figure VI.6 a), and can be explained by the structural

distortions related to the interface formation, especially in the upper atomic layers of ZnO.

The experimentally observed CdSe and CdS LO peaks are both slightly blueshifted with
respect to their position in the Raman spectra of the bare nanoplatelets, which can be a sign
of the compressive strain that the NPLs suffer upon interface formation. Two additional
peaks appear in partial overlap with the CdS LO mode that were not present in the spectra of
the bare nanoplatelet: A at 245 cm™ and B at 293 cm™. Based on previous works that
reported the LO mode of CdxZn(1-xS nanostructures at around 300 cm™,°%°7 and their surface
optical (SO) mode at around 250-270 cm™,°%>7 A and B peaks are assighed to the
nanoplatelet- oxide interface formed via Cd-S-Zn bonds. The equivalent of A and B modes in

the theoretical spectra are the interface modes appearing between 200 and 300 cm™.
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To summarize, we can point out that we observed the same groups of peaks in the
experimental and in the computed spectra in the same frequency order, corresponding to
characteristic vibrations of the single components of these heterostrucures and of the
interface they formed. This qualitative agreement mutually validates the two approaches to

characterize the nanostructures studied in this work, and, besides, our model.

VLI.6. Electronic properties

Considering the basic working principle of QDSCs, illumination promotes an electron to a QD
excited state, from which it is injected into the conduction band (CB) of a wide band gap
semiconductor (WBSC), typically TiO2 or ZnO. The electrons are then transported through
the WBSC layer until they reach the front contact. They are then transferred through an
external load to the counter-electrode. An appropriate description of the electronic
structure of solar cell components is thus crucial for optimizing the performance of these
devices. Due to the difficulties related to obtaining an experimentally accurate description of
the electronic properties at an atomistic scale, the use of computational approaches is highly
relevant. The band structure, especially band gaps, the top of VB and the bottom of CB
levels, density of states (DOS) and the electronic structure of surfaces and interfaces are
actually all essential parameters for the quantification of electron excitation and injection

processes.

Band structures, as well as density of states (DOS) of the CdSe.SH NPL and the CdSe.SH-ZnO
system have been computed, and are shown in Figure VI.10, in which the top of VB of the
CdSe.SH NPL was chosen as the zero of energy in each case. The comparison of the DOS
computed for the optimized CdSe.SH-ZnO structure and that of the CdSe.SH NPL, highlights
significant differences due to the formation of the interface. Adsorbate (CdSe.SH)-projected
DOS are shifted towards higher energy with respect to the DOS of the bare NPL, causing a
lowering of the band gap of the heterostructure compared to that of the bare NPL, as also
reported in Table VI.4. This is qualitatively in line with the experimental observation that the
band gap of CdSe.SH NPLs decreased by 0.1-0.2 eV upon adsorption onto the ZnO nanorod

arrays (Table VI.4). This decrease is overestimated by the theoretical model. It can also be
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observed in Figure VI.10 b) that the adsorbate- and substrate-projected DOS overlap in a
large interval below the Fermi level and also in the conduction band (CB) of the CdSe.SH-ZnO
structure, which indicates a strong interaction between the NPL and the ZnO substrate. As
shown in Figure VI.10 b), the top of valence bands (VB) of the heterostructure is dominated
by NPL-projected states with low ZnO-projected contribution. On the other hand, the
bottom of CB is dominated by ZnO-projected states with low NPL contribution. These
findings indicate that the electron transfer from the excited CdSe.SH NPL towards the ZnO
surface should be possible, in line with the basic operating principles of QDSCs, in which a
photoexcited electron localized on the quantum dot is injected to the CB of a wide band gap

semiconductor.

E/eV

e

raBochDl | I

Figure VI.10. Band structures and density of states (DOS) of a) the bare CdSe.SH slab and b)
the CdSe.SH (5L) — ZnO (8L) heterostructure. The Fermi energy of the bare CdSe.SH slab was

chosen to be the zero of energy in each figure. The k points in the reciprocal space are

senedasasr(000,4(0 0} (322 c( 320 (33 e(GT0)r:20)

CdSe.SH 5L CdSe.SH 7L CdSe.SH 9L CdSe.SH 11L
Egap (€V) 3.07 (d)theo 2.45 (d)e 2.53 (d)theo; 2.29 (d)exp 2.18 (d)e
CdSe.SH 5L - ZnO CdSe.SH 7L - ZnO CdSe.SH 9L - ZnO CdSe.SH 11L - ZnO
Eap (€V) 1.93 (j)theo 2.25 (i)ee 1.83 (i)theo; 2.19 (j)ex 2.02 (i)e®

Table VI.4. Computed band gaps of the isolated CdSe.SH NPLs and CdSe.SH —ZnO
heterostructures. Experimental and theoretical band gaps referred to as “exp” and “theo”.
The nature of band gaps (direct (d) and indirect (i)) is also indicated.

To better clarify this point, the highest occupied and lowest unoccupied crystalline orbitals

at the I' point (HOCO and the LUCO, respectively) are reported in Figure VI.11. It can be
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observed that although the HOCO is dominated by adsorbate contributions and the LUCO is
mainly localized on the substrate, there are significant contributions from the other
subsystem in both cases. This qualitatively suggests that the electron injection from the NPL

towards the ZnO surface is partial.

HOCO LUCO SD

>
>

CdSe.SH

oy = 63%

a) b) c)
Figure VI.11. a) I-point HOCO and b) I-point LUCO of the CdSe.SH-ZnO heterostructure.
Isosurface level at 0.02 a.u. Spin densities (SD) of the reduced CdSe.SH (5L)-ZnO system
(excess of alpha electron is indicated in blue) isosurface level at 0.00034 a.u.

CdSe.SH

Hinj = 64%

Zn0O

Figure V.12. Spin densities (SD) of the reduced CdSe.SH (9L)-ZnO system (excess of alpha
electron is indicated in blue) isosurface level at 0.00034 a.u.
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In order to model the electron injection from the CdSe.SH NPL to the ZnO surface, the

corresponding one-electron reduced system was studied. This approach is analogous to
experimental spectro-electrochemical studies that mimic excited states resulting from
photo-induced electron transfer processes via the reduced system.>®>° Besides, it has also
been shown to be particularly efficient for predicting electron injection rates in dye
sensitized solar cells (DSSCs).59%2 In order to analyze the electronic structure of the reduced
system, its spin density map (corresponding to the difference between alpha- and beta-spin
electron densities) was computed and reported in Figure VI.11. c) for 5 layers thick CdSe.SH
NPLs. The computed spin density is delocalized over the whole system, and by integration of
the spin density over the ZnO slab, we obtained that only 63% of the electron is injected
from the sensitizer to the substrate in case of the heterostructure with 5 layers thick

CdSe.SH NPLs.

We have also shown that the injection efficiency is not sensitive to the slab thickness, since a
value of 64% for the system with 9 layers thick NPLs has been computed (Figure VI.12.).).
This partial electron injection is in line with the analysis of the DOS and the I-point frontier
crystalline orbitals and highlights the delocalized nature of the reduced state, which predicts

a high probability of electron-hole recombinations between the sensitizer and the substrate.

VI.6. Conclusions

We developped a combined theoretical and experimental approach to characterize a
semiconductor heterostrucure consisting of CdSe nanoplatelets linked to a ZnO surface by
SH™ ligands, and paid a special attention on the interface properties of this system.
Experimentally, ZnO wurtzite nanorods were grown by a hydrothermal method, and quasi
two-dimensional CdSe nanoplatelets of different thicknesses were bounded to them through
SH- ligands. The attachment of NPLs to the ZnO substrate caused a redshift of the excitonic
peaks in their UV-VIS absorption spectra, which suggests that structural modifications took
place upon sensitization, especially in the NPLs. The Raman spectra of the nanoplatelet-

nanorod heterostructures featured the peaks of both bare components, with the additional
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presence of interface related peaks. Applying a computationally affordable but accurate
periodic DFT-based computational protocol, we were able to characterize the nature of the
heterostructure that contains the CdSe.SH part and the uppermost ZnO layer. The obtained
results suggest that the CdSe.SH nanoplatelet is covalently bound to the ZnO surface
through sulphur atoms. In agreement with the experimental findings, the formation of this
semiconductor interface resulted in significant structural modifications, especially in case of
the CdSe.SH subsystem whose atoms were largely displaced with respect to their initial
position, and lost their tetrahedrally symmetric coordination. The computed Raman spectra
reflected this loss of symmetry, as the peaks of the initial subsystems were split into several
ones. The computed frequencies were in qualitative agreement with the experimental data.
Moreover, the interface formation through Cd-S-Zn bonds was demonstrated by peaks
related to vibrations specific to the Cd-S and Zn-S bonds at the interface of this
heterostructure. The electronic properties of the system, including band gaps, density of
states and crystalline orbitals were also calculated. In line with the experimental results, the
computed band gap of the heterostructure was also found smaller than that of the bare NPL,
although the computed band gap decrease was superior to the experimental one. Finally, we
calculated the electron injection efficiency from the nanoplatelet towards the ZnO, an
important parameter for solar cell applications. In agreement with the density of states and
the crystalline orbitals investigation, this charge injection turned out to be possible, although
only partial: a 63% efficiency was obtained for the heterostructure with 5 layers thick
CdSe.SH NPLs, and 64% for the one with 9 layers thick NPLs. The delocalized nature of the
electronic states indicated that electron-hole recombinations between the CdSe.SH NPL and

the ZnO substrate are highly probable.

From these results, we can thus conclude that the here presented system is less
advantageous for photovoltaic applications but can be used to draw guidelines for designing
more efficient systems. In particular, replacing atomic linkers such as the here studied SH-,
by longer molecular linkers such as mercaptopropionc acid (MPA) should result in a less
distorted nanoplatelet-oxide interface (as it can actually be deduced from the UV-VIS

absorption spectra of CdSe.MPA — ZnO systems reported in Chapter V Figure V.19), and
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eventually in electronic states that are more localized on either of the components, making

it possible to obtain a more complete electron injection.

In the next chapter, the CdSe.SH — ZnO systems will be incorporated into solar cells, and the
as-made devices tested. Their performance will be compared to those based on CdSe.SH —
TiO2 photoanodes, as well as ZnO and TiO2 nanorods sensitized with in situ grown CdSe QDs,

instead of pre-synthesized nanoplatelets.
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Chapter VII. Quantum dot sensitized solar cells

In a final study of this thesis, photoanodes made with ex-situ grown nanoplatelets studied in
Chapters V and VI have been implemented in solar cells. Both all-solid-state and liquid
electrolyte-based configurations were tested and compared. Next, we have compared solar
cells prepared with pre-synthesized nanocrystals and with in situ grown QDs. While
photoanodes prepared with the former method were characterized and modeled in
Chapters V and VI, the in situ growth of CdS and CdSe QDs on ZnO and TiOz NR arrays is

studied in this chapter.

VII. 1. QDSCs based on ex-situ prepared CdSe NPLss

VII.1.1. All-solid-state QDSCs

The assembly of solar cells was described in detail in Chapter Il. Briefly, ZnO NR arrays were
sensitized with 9 layers thick CdSe.SH and CdSe.MPA NPLs. A spiro-OMeTAD-based solid-
state hole transport material (HTM) was spin-coated on the top of the photoanodes, and a
silver counter electrode was evaporated on the HTM. In the notation of the as-prepared
solar cells, the first number corresponds to the NPL thickness (9 layers thick), the second
character (S or M) is an abbreviation of the linker (SH™ or MPA), the third one (Z or T)
corresponds to the ZnO or TiO2 NR arrays, and the last one indicates that a solid-state
electrolyte (S) was used. While 9MZS and 9SZS solar cells did not generate current, 9STS

solar cells worked, although their performance was poor, as reported in Table VII.1.

| Voc/V | Jic/mA | Fillfactor /% | /%
9STS 0426 | 0.052 34.8 0.008
9STS 0.136 | 0.014 28.8 0.006

Table VII.1. J-V characteristics of all-solid state QDSCs based on pre-synthesized CdSe.SH
NPLs

The low performance is explained by the incomplete pore filling of the hole-transporting

material within the WBSC film.! Hence, despite the presumed advantage of using solid HTM

164



Chapter VII. Quantum dot sensitized solar cells

for the long-term stability of the cells,? we did not continue testing all-solid-state QDSCs, and

focused on solar cells made with a liquid redox electrolyte instead.

VII.1.2. QDSCs with liquid redox electrolytes

CdSe nanocrystals of different shapes (spherical QDs and quasi-2D NPLs of various
thicknesses) have been linked to ZnO and TiO; nanorod arrays via SH™ ligands. The devices
were completed by a S?/Sh? liquid redox electrolyte and a brass/Cu,S counter electrode,
which preparation and composition are described in Chapter Il. Similarly to the all-solid-
state QDSCs, the different combinations of materials are denoted as follows. The first
number or character corresponds to the CdSe nanocrystal shape. If NPLs were used, their
thickness is denoted as 7, 9 or 11 layers as defined in Chapter Il, and the QDs are indicated
as Q. In the following notations, S corresponds to the SH linker, Z and T to the ZnO and TiO;
nanorod arrays, respectively, and L indicates that these QDSCs were prepared with a liquid

redox electrolyte.

VII.1.2. a) ZnO-based QDSCs

As reported in Table VII.2, the efficiency parameters of QDSCs prepared with a ZnO substrate
were very variable and irreproducible. A possible explanation is that the S%/Sh? electrolyte
washed off the majority of sensitizers from the ZnO or the TiO; substrate, as it was observed
when the cells were disassembling after their characterization. Indeed, it has been reported
in a previous study that CdSe.SH QD aggregates are easily solubilized in polar solvents
containing an excess of SH™ ions.? As it was deduced from our Raman depth profile study of
the CdSe.SH-ZnO system (Chapter V), probably only a few of the NPLs were linked to the
side facets of the nanorods, while most of them were stacked as a thick layer on top of the
substrate. The nanoparticles in this layer could likely be dissolved by the liquid electrolyte.
Table VII.2 shows that in general, all the solar cells made with 7 and 11 L thick NPLs, as well
as QDs performed poorly. However, in case of 9 layers thick CdSe.SH NPLs, it was possible to

obtain a power conversion efficiency of up to 0.69%.
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Voc/V | Jsc/mA | Fillfactor /% | /%
7SZL 0.151 0.063 23.2 0.002
9SZL 0.175 0.835 56.8 0.08
9SZL 0.245 9.49 29.8 0.69
11SZL 0.123 0.192 34,5 0.01
11SZL 0.160 0.215 31.9 0.01
QSZL 0.247 0.319 25.9 0.02
QSZL 0.075 0.043 32.2 0.003
QSZL 0.241 1.66 25.3 0.09

Table VII.2. J-V curve parameters of QDSCs prepared with a liquid electrolyte and pre-
synthesized CdSe.SH nanocrystals attached to ZnO nanorod arrays

VII.1.2. b) TiO>-based QDSCs

Similarly, we have investigated QDSCs prepared with TiO2 NRs. Poor performance and hardly
reproducible results were obtained using pre-synthesized CdSe nanocrystals, as reported in
Table VII.3. The power conversion efficiency of the studied TiOz-based cells was generally
higher than those with ZnO substrates reported in Table VII.2. n = 0.65 % was measured for
the best performing QDSC with 7 L thick CdSe.SH NPLs, and # = 1.90 %with 9 L thick CdSe.SH

NPLs.
Voc/V | Jsc/mA | Fillfactor /% | /%
7STL 0.251 7.37 35.1 0.65
7STL 0.151 0.011 18.4 0.002
9STL 0.561 8.11 41.7 1.90
9STL 0.173 0.113 33.9 0.01
9STL 0.211 1.420 25.1 0.08

Table VII.3. J-V curve parameters of QDSCs prepared with a liquid electrolyte and pre-
synthesized CdSe.SH NPLs attached to TiO; nanorod arrays

VII.2. QDSCs with in-situ prepared CdSe QDs

As a first step, we tested the SILAR procedure described in ref. 4 both on ZnO and TiO;
nanorod arrays, and prepared solar cells with the same S%/S,? liquid redox electrolyte and a
brass/Cu,S counter electrode as described above. We compared the performance of QDSCs

prepared in 6 and 12 SILAR cycles. Moreover, we also constructed a system which was
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comparable to the previously studied CdSe.SH-ZnO heterostructure. Accordingly, we
incorporated a CdS layer by doing one CdS SILAR cycle first before to carry out the successive
Cd and Se layers deposition for 12 cycles (see experimental details in Chapter Il section

11.2.3. b).

VII.2.1. QDSCs with a ZnO substrate

Figure VII.1. a) Cross-sectional and b) top SEM views of ZnO nanorods prepared as
described in Chapter Il. c) Cross-sectional and d) top SEM views of the same ZnO
nanorods sensitized by CdSe QDs in 12 SILAR cycles. Scale bar length (indicated as
a yellow bar) is 500 nm.

SEM images of the ZnO nanorod arrays before and after sensitization by 12 SILAR cycles are
displayed in Figure VII.1. The cross-sectional images show that the voids between the 3.6-3.7
um long NRs are filled with QDs. As demonstrated by the top-view SEM images, an excess of

QDs is accumulated on top of the ZnO NR arrays. However, it does not form a thick
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homogeneous layer on top of the substrate, in contrast to the samples with pre-synthesized

CdSe nanocrystals presented in the Figure V.8 of Chapter V.

The UV-VIS absorption spectra of the samples are reported in Figure VII.2. The spectra show
a clear increase of the sample absorbance with the number of cycle. Also, it can be observed
that the absorbance threshold is redshifted as the number of SILAR cycle is increased from 0

to 12.

Intensity [ a. u.

0.0 . T . T - .
400 S00 600 700 800

A/ nm

Figure VII.2. UV-VIS spectra of ZnO nanorod substrates sensitized with CdSe QDs in 2, 4, 6,
8, 10 and 12 SILAR cycles.

The Raman spectra of the samples are shown in Figure VII.3. The E¥ peak of the ZnO

wurtzite nanorod substrate at 437 cm™ can be observed on the Raman spectra of all the
CdSe QD-coated samples.®> However, with the increase in the number of SILAR cycles, its
intensity gradually decreases compared to the CdSe zinc blende-related 1%t and 2" order LO
peaks (LO and 2LO) at 208 cm™ and at 420 cm™ respectively.® It is also observed that the
characteristic CdSe LO peak at around 208 cm™ becomes thinner and better defined as the
number of SILAR cycles is increased. Initially, after 2-6 cycles, it is wide and presumably
composed of several overlapping peaks corresponding to surface modes and a large range of
Cd-Se bond distances. It is thus assumed that a lower number of SILAR cycles results in a
structurally distorted CdSe layer, and the formation of a crystalline CdSe film on the ZnO

surface with a more bulk-like character is observed only from 8 cycles.
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Figure VII.3. Raman spectra of ZnO nanorod substrates sensitized with CdSe QDs in 2, 4, 6,
8, 10 and 12 SILAR cycles. Intensities were normalized to the highest intensity peak in each
curve.

The XRD patterns of ZnO NR arrays sensitized by CdSe QDs in 6 and 12 SILAR cycles are
reported in Figure Vil.4. After 6 cycles, only one peak at 43° is assigned to the zinc blende
CdSe, and is identified as its (220) facet. After 12 cycles, one more CdSe zinc blende facet
(111) becomes visible at 25°. Although these peaks are wide and their intensity is low (only
visible on a logarithmic scale), it can be concluded that by increasing the number of SILAR
cycles, the XRD CdSe peaks increase in intensity and that more zinc blende CdSe is
deposited. The in situ made CdSe QD layer becomes more and more bulk-like with the
number of SILAR cycles, This result is in agreement with the analysis of the UV-VIS
absorption and the Raman spectra displayed in (Figures VIl.2. and VIl.3., respectively. The
crystallite size in the CdSe QD films was estimated from the full-width at half-maximum

(FWHM)of the XRD peak at 43°, using the Scherrer’s formula:”’

g KA
_,[?::DSE}

(VII.1.)
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In Equation VIl.1., d means the crystallite size in nm K is a shape factor that can be

approximated as K=0.89 for the presumably spherical CdSe QD grains, 4 = 0.154060 nm is the

wavelength of the incident X-rays in nm, f is the peak width at half of the peak intensity

maximum (expressed in radian), and 0 is the Bragg angle of the peak. The values we plugged

in the Equation VII.1. and the obtained results are summarized in Table VIl.4. From this

calculation, we obtained a CdSe crystallite size of 9.9 nm after 12 SILAR cycles.

Q
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Figure VII.4. XRD patterns of ZnO nanorod substrates sensitized with CdSe QDs in 6 and in
12 SILAR cycles with logarithmic intensity scales. The peaks marked with an asterisk
correspond to the zinc bende phase of CdSe, according to the JCPDS standard N° 04-004-

5648.
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Figure VII. 5. UV-VIS absorption spectra of ZnO nanorod substrates sensitized with CdS QDs
in 1 SILAR cycle, followed by CdSe QDs in 2, 4, 6, 8, 10 and 12 cycles.

In order to bring closer our ex-situ and in-situ sensitization experiments, we also studied
samples prepared by sensitizing ZnO NR arrays with CdS QDs in 1 SILAR cycle, followed by
CdSe QDs, denoted as ZnO-CdS-CdSe in the following. The UV-VIS absorption spectra of
these samples are reported in Figure VII. 5. The addition of CdS in the 0™ cycle results in the
same spectra as that of the bare ZnO substrate. The slight difference in absorbance can be
due to a measurement error. In the following SILAR cycles, we could not observe the same
redshift and intensity growth tendencies by increasing the number of SILAR cycles as in case

of the ZnO-CdSe samples shown in Figure VII. 3.

The Raman spectra of the ZnO-CdS-CdSe samples are reported in Figure VII.6. After the
addition of a CdS QD layer, the Raman spectra of this sample did not feature new peaks with
respect to that of the bare ZnO substrate. Although CdS and ZnS-related peaks would be
expected at around 270-300 cm™, it appears that such a thin layer of CdS is not observable
with this Raman setup. However, a low-intensity and wide peak is observable from the
following cycles when CdSe QDs are deposited, which is attributed to CdS and /or ZnS.8 In
order to explain why these peaks are observable only after starting to add CdSe QD layers, it
can be supposed that interflowing layers are formed by the SILAR technique in this case,
therefore some of the Cd?* ions added in the subsequent cycles actually bond with the S

ions of the “O™" cycle.
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Figure VII.6. Raman spectra of ZnO nanorod substrates sensitized with CdS QDs in 1 SILAR
cycle, followed by CdSe QDs in 2, 4, 6, 8, 10 and 12 cycles. Intensities were normalized to
the highest intensity peak in each curve.

Similarly to the Raman spectra of these samples, Figure VII.7 shows that the addition of a
CdS layer in one SILAR cycle did not result in clearly identifiable ZnS or CdS peaks on the XRD
patterns of the sample. When SILAR procedure was continued, CdSe zinc blende-related
peaks became observable on the XRD patterns (Figure VII.8). After 6 SILAR cycles, the (220)
plane of the CdSe zinc blende appeared at 43°, while a wide peak corresponding to the CdSe
(110) plane also appeared at 25°. These peaks were poorly-defined, and it was not trivial to
measure their width. The intensity of these peaks was significantly increased after 12 cycles.
We used the Scherrer equation to estimate the crystalline size in the CdSe QD layer.” We
obtained that the intermediate sulfide layer between the CdSe QDs and the ZnO nanorods
resulted in a smaller QD crystallite size of 4.2 nm a value approximately half of that obtained
deposing solely CdSe QDs, (Table VII. 4). In accordance with what we observed from the UV-
VIS absorption spectra reported in Figure VII.5., this indicates an inferior crystalline quality

with respect to the CdSe QD film deposited directly on the ZnO NR arrays.
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Figure VII.7. a) XRD patterns of ZnO substrates after the deposition of a CdS layer in one
SILAR cycle in a logarithmic intensity scale. b) XRD patterns of ZnS sphalerite according to
the JCPDS reference N° 01-071-5976. c) XRD patterns of CdS zinc blende according to the

JCPDS reference N° 01-079-3167.
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Figure VII.8. XRD patterns of ZnO nanorod substrates sensitized with CdS QDs in 1 SILAR

cycle, followed by 6 and in 12 cycles of CdSe QD deposition (logarithmic intensity scales).

The peaks marked with an asterisk correspond to the zinc bende phase of CdSe, according
to the JCPDS standard N° 04-004-5648

Number of SILAR cycles 8 (rad) cos © d (nm)
12 0.01484 0.9325 9.9
CdS+12 0.03491 0.9320 4.2

Table VII.4. Determination of the crystallite size in CdSe QD thin films from the Scherrer
equation. CdS+12 corresponds to the sample sensitized with CdS QDs in 1 SILAR cycle,
followed by CdSe QDs in 12 SILAR cycles.
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The J-V characteristics of solar cells based on these systems are reported in Table VII.5. The
first character C in the notation of the solar cells corresponds to the sensitization with CdSe
QDs. In case the deposition of CdSe QDs on the WBSC substrate was preceded by the
deposition of a CdS layer in SILAR cycle, the C character is followed by an S. Sensitization
carried out in 6 (12) cycles is notated as 6 (12). Finally, the ZnO substrate is indicated as Z. It
can be concluded from the data presented in Table VII.5 that the SILAR method generally
resulted in more reproducible solar cell performances than the ex-situ sensitization. 6 SILAR
cycles appear to be insufficient to properly sensitize ZnO NRs, but the results are significantly
better when applying 12 cycles. The addition of a CdS layer between the CdSe QDs and the

ZnO NRs resulted in a lower but more reproducible solar cell performance.

Voc/V | Jic/mA | Fillfactor /% | /%

c6z 0.154 1.43 26.4 0.06
c6z 0.111 2.90 22.6 0.07
c6z 0.012 1.13 20.5 0.01
c12z 0.295 7.75 25.8 0.59
c12z 0.338 11.66 31.6 1.25
c12z 0.281 7.29 29.8 0.61
CS12Z 0.219 3.64 24.4 0.19
CS12Z 0.194 3.16 25.9 0.16
CS12Z 0.216 3.76 27.8 0.23

Table VII.5. J-V characteristics of QDSCs prepared with a liquid electrolyte and ZnO
nanorod arrays in-situ sensitized with CdSe and CdS QDs

VII.2.2. QDSCs with a TiO; substrate

The absorbance spectra of TiO2 NR sensitized by silar CdSe are shown in Figure VII.9. The
absorbance was found to continuously increase with the number of SILAR cycles. On the
contrary to the ZnO-based samples (Figure VII.2), the UV-VIS absorption spectra of the TiO3-
based ones demonstrated no redshift of the absorbance threshold as the number of SILAR
cycles were increased. We also noted that the measured intensities were lower than those

of the corresponding ZnO-based samples reported in Figure VIl.2.
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Figure VII.9. UV-VIS spectra of TiO2 nanorod substrates sensitized with CdSe QDs in 2, 4, 6,
8, 10 and 12 SILAR cycles.
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Figure VII.10. Raman spectra of TiOz nanorod substrates sensitized with CdSe QDs in 2, 4, 6,
8, 10 and 12 SILAR cycles. Intensities were normalized to the highest intensity peak in each
curve.

The Raman spectra of the samples are shown in Figure VII.10. The LO and 2LO peaks of the
zinc blende phase of CdSe (at around 210 and 420 cm™, respectively) can clearly be observed
even after 2 SILAR cycles. The following vibrations of the TiO, rutile crystal are also
measured: By at around 140 cm?, Eg at around 440 cm™ and Ag at around 610 cm™.2 As the

number of SILAR cycles increased, the intensity of the CdSe-related peaks increased with
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respect to those of the TiO,-related peaks. However, the peak corresponding to the CdSe LO
mode was thin and well-defined even after 4 cycles, and retains this shape in the following
SILAR cycles. We can thus conclude that even at the lowest QD coverage, the CdSe QD are
well-crystallized with a regular zinc blende structure on the TiO, NRs, which does not
significantly change as more and more QDs are adsorbed on the substrate, in accordance

with the observations of the UV-VIS absorbance measurement.
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Figure VII.11. XRD patterns of TiO2 nanorod arrays sensitized by CdSe QDs with the SILAR

method in 6 and in 12 cycles with logarithmic intensity scales. The peaks marked with an

asterisk correspond to the zinc bende phase of CdSe, according to the JCPDS standard N°
04-004-5648.
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The XRD patterns of TiO2 NR arrays sensitized by CdSe QDs in 6 and 12 SILAR cycles are
reported in Figure VII.11. CdSe-related peaks at 25° and at 43° can be observed, although
their intensity was lower than in case of ZnO-based samples. As the CdSe peaks on Figure
VII.11. are poorly-defined, it was not possible to find their width, therefore we do not

provide a Scherrer analysis of the sample crystallite size.

The J-V characteristics of the solar cells prepared with the above characterized TiO2-based
samples are reported in Table VI.6. We found that the performance of the TiO;-based
QDSCs were reproducible but inferior to the ZnO-based ones. Comparing the Vo values,
higher open-circuit voltages were measured for TiO,- than for ZnO-based solar cells, which
indicates a weaker dark current and less recombination. On the other hand, the short circuit
current is lower for the latter than for the former cells, which indicates a less efficient
sensitization by CdSe QDs. This is in accordance with the UV-VIS absorption spectra reported
Figure VII.9., where it was observed that the absorbance of the TiO, substrates is inferior to

that of the ZnO nanorod arrays sensitized under the same experimental conditions.

Voc/V | Jsc/mA | Fillfactor/% | n/ %
ceT 0.275 0.099 67.7 0.02
ceT 0.223 0.460 50.4 0.05
ceT 0.278 0.429 63.6 0.08
C12T 0.379 1.23 52.2 0.24
C12T 0.373 1.07 52.0 0.21
C12T 0.364 1.23 48.6 0.22

Table VII.6. J-V characteristics of QDSCs prepared with a liquid electrolyte and TiO>
nanorod arrays in situ sensitized with CdSe QDs

VII.3. Conclusion

In summary, several QDSC configurations were tested in this chapter
1. with liquid or solid-state electrolyte
2. using ZnO or TiOz nanorod arrays
3. applying either an in-situ or an ex-situ protocol to attach CdSe nanocrystals to ZnO

and TiO,
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a. sensitizing the nanorods with CdSe QDs or NPLs of different thicknesses

b. modifying the conditions of the SILAR growth procedure

1) Zero or hardly measurable photocurrent was generated in all-solid state QDSCs. On the
other hand, many solar cells with a liquid electrolyte worked. We thus propose the use of
liquid electrolytes, rather than solid-state ones in solar cells with nanorod-based

photoanodes because of their better pore filling in the samples studied in this thesis.

2) It was interesting to compare the performance of ZnO and TiO; as a WBSC material, as the
latter is much more commonly applied, despite the advantages of the former, as discussed in
Chapters | and Il. In case of ex-situ sensitized substrates, the use of TiO2 nanorods resulted in
higher power conversion efficiencies, while ZnO-based cells performed better than TiO»-
based ones if CdSe QDs were grown in situ. Further structural investigations (both with
experimental and computational approaches, as demonstrated in Chapter V) and probing
electron lifetimes by photoluminescence spectroscopy could contribute to the rationalization

of the results.

3) Solar cells with pre-synthesized CdSe nanocrystals performed better but were less
reproducible than those prepared by the SILAR method because the liquid electrolyte
washed the nanocrystals off the substrate. As a continuation of this work of implementing
CdSe NPLs in QDSCs, we propose three possible approaches (or the combination them) to
improve and to stabilize the solar cell performance: i) considering a less dense array of ZnO
or TiOz nanostructures and ii) finding a liquid electrolyte that is less prone to solubilize CdSe
nanocrystals, either by decreasing its polarity or the concentration of sulfide ions in the
solution iii) sensitize the ZnO and TiO, nanorod arrays more slowly, allowing the NPLs to

diffuse in the gaps between the nanorods.

3. a) Although the performances of the NPL sensitized solar cells were
hardly reproducible, we generally conclude from our data that the best
results were obtained when applying CdSe NPLs of intermediate thickness

(9 layers). This is in accordance with the recent study of Bozyigit et al
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discussed in Chapter I section 1.6.1, in which the authors argued that after
QDSC sensitizers of different sizes, the best electron injection efficiency
was found for intermediate nanocrystal sizes. By optimizing the
attachment of NPLs to ZnO and TiO, nanorods and by obtaining more
reproducible solar cell characteristics, this interesting point could be

experimentally investigated.

3. b) QDSCs prepared in 6 SILAR cycles performed poorly both in the case
of ZnO- and TiO,-based photoanodes. Solar cell performance is
significantly better for cells prepared in 12 SILAR cycles. In general, weaker
but more reproducible results were obtained with TiO;-based QDSCs. In
the case of ZnO-based QDSC, it was demonstrated that the addition of a
CdS layer between the ZnO nanorods and the CdSe QDs seems to alter the
crystalline quality of the QDs and decreases solar cell performance, but

the measured results were more reproducible.
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Conclusions and perspectives

The general aim of this thesis was to contribute to a better understanding of the processes
governing the performance of quantum dot sensitized solar cells. We used a mixed
theoretical/experimental approach to analyze the semiconductor components of these
devices and the interfaces formed between them. On one hand, we have checked the
capacity of the used experimental and theoretical methods to characterize the systems
studied in this thesis by their cross-validation. On the other hand, we have developed a
mixed approach to provide a complementary picture of the semiconductor heterostructures
and their elements, the characterization or testing of some physico-chemical properties

being more feasible computationally, while others being more accessible experimentally.

Regarding the computational part, we first identified a computational protocol that
accurately and efficiently describes the bulk and surface geometric and electronic properties
of the chosen sensitizer material, CdSe both in the wurtzite and zinc blende structures. Then,
we simulated zinc blende CdSe nanoplatelets of various thicknesses, passivated by different
ligands. Next, a model of the sensitizer - wide band gap semiconductor heterostructure was
built, and its properties were calculated. In the meantime, computational results were
compared to experimental data, with an overall good agreement. Experimentally, both wide
band gap semiconductors in the form of ZnO and TiO; nanorod arrays and sensitizer
nanocrystals (CdSe nanoplatelets and quantum dots) were synthesized. The WBSC
substrates were sensitized both by ex situ and in situ grown CdSe QDs. The semiconductor
systems were characterized by UV-VIS absorption and Raman spectroscopy. Finally, solar

cells based on these heterostructures were fabricated and tested.

In more detail, in Chapter lll, a comprehensive DFT investigation of the geometric and
electronic properties of CdSe bulk crystals has been performed. We combined three main
types of Gaussian-type orbital basis sets (with and without the use of pseudopotentials) with
GGA and global hybrid functionals in order to find the computational protocol that gives the
most accurate description both in terms of geometric parameters and electronic structure
for the two (wurtzite and zinc blende) CdSe bulk phases in comparison to available
experimental data. We found that the global hybrid functional B3PW91 combined with

small- and large-core effective pseudopotentials for Cd and Se, respectively, (denoted as
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the SBKIJC basis set) provides the best description considering the overall accuracy on several
parameters. Next, the nonpolar CdSe wurtzite (10-10) surface was modeled with the as-
defined method. The relaxation-induced changes in atomic positions and electronic
structure have been described for a surface with a converged thickness, and compared to
available experimental and theoretical data. The overall good agreement found justified the
choice of the model, and forecast an encouraging performance for an accurate modeling of

quantum dot-based systems at low computational cost.

In Chapter IV, a detailed DFT investigation has been performed on non-stoichiometric CdSe
zinc blende nanoplatelets of various thicknesses, stabilized by different ligands (HCOO-, SH-
and OH") on their polar (100) surface. A theoretical model has been established for these
hybrid ligand-nanocrystal systems. Their properties were calculated using the computational
protocol defined in Chapter Il (B3PW91/SBKIC). First, the relaxation parameters of the
ligands adsorbed on the (100) surface of the nanoplatelets have been computed, along with
their adsorption energies. Regarding the electronic properties, the band gaps, band
structures and orbital-projected density of states of the stabilized nanoplatelets have been
calculated, along with a detailed Mulliken analysis of the atomic and orbital charges. The
band gaps of CdSe zinc blende nanoplatelets of various thicknesses, stabilized by fatty acids,
SH™ and OH" ligands have also been measured by UV-VIS absorption spectroscopy. A good
agreement was found between the experimental and calculated band gaps, especially
concerning their evolution with the NPL thickness. We could thus conclude that the chosen
theoretical model and computational protocol together can serve as a powerful tool for the
qualitative and quantitative description of the geometric and electronic properties of CdSe

nanoplatelets that we intended to use as sensitizers in this thesis.

In Chapter V, the initial oleic acid (OA) ligands on the CdSe nanocrystals (nanoplatelets of
various thicknesses and spherical QDs) were first exchanged to smaller bifunctional ligands
(SH, OH and MPA). Next, the nanocrystals were linked to ZnO and TiO; nanorod arrays
(resumed as WBSC in the following) via bifunctional ligands. The as-prepared nanocrystal-
ligand-WBSC heterostructures were characterized by UV-VIS absorption and Raman
spectroscopy. Among the ligand exchange reactions, only the OA<>SH" exchange resulted in

homogeneous CdSe nanocrystal dispersions for NPLs of all thicknesses, as well as for QDs.

183



Conclusions and perspectives

From the comparison of the UV-VIS absorption spectra of the CdSe.SH-ZnO and CdSe.SH-TiO,
heterostructures and of the bare NPLs, it was concluded that the NPL attachment to the ZnO
or TiO; substrate induces structural changes in the nanocrystals. The Raman spectra of the
mixed CdSe.SH-ZnO and CdSe.SH-TiO, systems featured peaks of both of its components.
While the NPL-related peaks had low intensity compared to the TiO;-related ones, they had
high intensity with respect to the ones associated with the ZnO NRs. Hence, a more refined
analysis of the latter system would make it possible to obtain interesting insights on the

structural changes that the sensitization induces in the CdSe nanocrystals.

Making a step towards the application of CdSe nanoplatelets in solar cells, the above
mentioned deep analysis of the CdSe.SH — ZnO interface was performed in Chapter VI. A
combined theoretical and experimental approach was used to characterize a semiconductor
heterostrucure consisting of CdSe nanoplatelets linked to a ZnO surface by SH™ ligands. The
experimental characterization of these systems by Raman and by UV-VIS absorption
spectroscopy suggested significant structural changes upon the formation of the interface. A
theoretical investigation, performed using the computational protocol chosen in Chapter Il
enabled us to clarify the nature of these structural rearrangements, the characterization of
the vibrational and electronic properties of this system, as well as to predict the electron
injection efficiency from the NPLs to ZnO. In line with the working principles of QDSCs, the
charge injection was proven to be possible, although only partial, which is explained by the
delocalized nature of the electronic states at the interface. This result forecasts that
electron-hole recombinations in the CdSe.SH — ZnO system will be highly probable, causing a
reduced solar cell performance for the devices that incorporate these systems. Therefore, we
suggest that by replacing atomic linkers such as the here studied SH", by longer molecular
linkers such as mercaptopropionc acid (MPA) should result in a less distorted nanoplatelet-
oxide interface, as could be deduced from the UV-VIS absorption spectra in Chapter V.
Eventually, the electronic states in CdSe.MPA — ZnO systems should be more localized on

either of the components, making it possible to obtain a more complete electron injection.

The performance of solar cells made with ZnO or TiO, nanorods, sensitized either by pre-

synthesized CdSe nanocrystals or in situ grown CdSe QDs, using either a solid-state or a
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liquid electrolyte were evaluated in Chapter VII. The following conclusions were made based

on the results obtained in this chapter:

1.

3.

We suggest using liquid electrolytes instead of solid-state ones with nanorod-based
photoanodes because of their better pore filling.
Comparing the performance of ZnO and TiO2 as a WBSC material, we found that the
use of TiO2 nanorods resulted in higher power conversion efficiencies, while ZnO-
based cells performed better than TiO2-based ones if CdSe QDs were grown in situ.
Further experimental and computational investigations are suggested to rationalize
these results. In more particular, the mixed approach presented in Chapter VI could
provide interesting insights into the structural and electronic properties of these
systems.
The in situ sensitization resulted in more reproducible solar cell performances than
the use of ex situ synthesized CdSe nanocrystals. Regarding the latter, three main
approaches were proposed in order to improve their reproducibility:
a. considering a less dense array of ZnO or TiO; nanostructures
b. finding a liquid electrolyte that is less prone to solubilize CdSe nanocrystals,
either by decreasing its polarity or the concentration of sulfide ions in the
solution
c. sensitize the ZnO and TiO; nanorod arrays more slowly, allowing the NPLs to

diffuse in the gaps between the nanorods

4. The low solar cell performance for devices based on CdSe.SH — ZnO systems forecast

in  Chapter VI was confirmed, which further validates the mixed

theoretical/experimental approach presented in Chapter VI.

Based on the obtained results, this PhD thesis opens up the following perspectives:

By validating the computational investigations by experimental data, the
computational protocol identified in Chapter Il (B3PW91/SBKJC) proved to be
suitable for the modeling of more complex systems, such as quasi-2D CdSe
nanoplatelets passivated by various ligands. Moreover, it was useful for modeling
sensitizer-WBSC heterostructures based on these nanoplatelets. We can thus project
that this protocol could be used to computationally screen potential candidate

materials in QDSCs.
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e It was demonstrated that by simple physico-chemical characterization methods, such
as UV-VIS absorption and Raman spectroscopy, we can provide valuable structural
information that can be directly related to computational results. Hence, it is possible
to cross-validate the capacity of the two approaches for the characterization of
semiconductor heterostructures.

e The theoretical and experimental results obtained in this thesis made it possible to
provide guidelines for the screening of QDSCs components.

e The here proposed mixed theoretical/experimental approach can be extended to the
study of other semiconductor heterostructures present in a wide variety of
optoelectronic applications, and it could contribute to better understand the working
principle of these devices. In a broader perspective, it can contribute to the

improvement of their performance.
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Annexes

Annexe |l. Geometrical and electronic properties of the CdSe.SH (9L)

—Zn0 system
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Figure Al.1. a) Structure of the isolated subsystems: 9 layers thick (9L) CdSe.SH and 8 layers
thick (8L) ZnO slabs. b) Optimized geometry of the CdSe.SH (9L) — ZnO (8L) heterostructure,
viewed along the (001) and (0-10) directions.
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CdSe.SH (9L) NPL ZnO (8L) slab Optimized CdSe.SH (9L)- ZnO (8L) interface
a 8.79 9.93 9.88
b 8.79 10.50 10.33
Anpt 16.16 - 11.69
Dsup - 9.42 9.89
Y 90.00 90.00 90.25
d (Cd-Se) 2.67-2.70 - 2.59-2.84
d(cd-S) 2.60 - 2.52-2.68
d (Zn-S) - - 2.39-2.69
d (O-H) -- -- 0.98-1.00
d* (zn-0) - 1.86 2.05-2.08
d? (zn-0) - 2.00 2.00
6;(Zn) - - 0.78
6.(0) - - 0.33

Table Al 1. Lattice parameters (a, b in A and y in degrees) and interatomic distances of the
isolated subsystems and the optimized CdSe.SH (9L) — ZnO (8L) heteostructure. d* and d?
correspond to Zn-0O distances in the uppermost ZnO slab layer and in the second layer,
respectively. . 81 (Zn) and &2 (O) are the shifts, upon optimization, of Zn and O atoms
along the z axis compared to their initial positions in the uppermost layer of the ZnO slab.
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Figure Al.2. Computed Raman spectra of a) the CdSe.SH (9L) - ZnO system b) a 9 layers
thick CdSe.SH slab and c) the uppermost layer of a ZnO wurtzite (10-10) slab.
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'ABEDE F T
CdSe.SH — projected DOS
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a) b)

Figure Al.3. Band structures and density of states (DOS) of a) the bare 9 layers thick
CdSe.SH slab and b) the CdSe.SH (9L) — ZnO (8L) heterostructure. The Fermi energy of the
bare 9 layers thick CdSe.SH slab was chosen to be the zero of energy in each figure. The k

points in the reciprocal space were defined as I (00 0), A (ﬂ § ﬂ), B (E 2 E), C (E = E), D

22 2 32 21 133 233
G33 eGS0 F(350)

CdSe.SH 5L ZnO 8L CdSe.SH (5L) - ZnO
Top of VB in k-space r(ooo) r(ooo) W (E 32 E)
666
Bottom of CB in k-space r(0oo) r(0oo) r(ooo

CdSe.SHOL  znO 8L CdSe.SH (9L) - ZnO

Top of VB in k-space roo) roo) W (i‘ 3 i‘)
£ 66
Bottom of CB in k-space r(0oo) r(0oo) r(ooo)

Table Al.2. Characteristics of the computed band gaps of the isolated subsystems and the
constructed heterostructure
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Annexe Il. J-V curves of the solar cells tested in Chapter VII.

All.1. QDSCs with ex-situ prepared QDs

All.1.1. 758ZL solar cell J-V curves
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11S8ZL solar cell J-V curves
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All.2. QDSCs with in situ prepared QDs

All.2.1. C12Z solar cell J-V curves
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All.2.2. C5122Z solar cell J-V curves
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All.2.4. C12T solar cell J-V curves
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