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ABSTRACT

Solar cell technology, which harvests the solar energy and converts it to direct current electricity,
is a viable alternative to provide clean and renewable energy from an abundant source to meet the
energy demand of the growing world population in the future. For a solar cell technology to be
applicable practically it has to compete with other sources of energy in terms of cost. Furthermore
the power conversion efficiency (PCE) of a solar cell is important. Since the discovery of the
photovoltaic effect in 1839 by the French scientist Alexandre- Edmond Becquerel [1], various
materials and device structures have been investigated resulting in development of devices of high
PCE and even commercialized for practical applications. Among figures of merit, for example,
single junction devices have achieved a record PCE of 28.3 % [2] and multijunction devices (4
junctions) have achieved a PCE of 46 % [3]. The most widely commercialized single crystalline
silicon solar cells have achieved a record PCE of 25.6 %. However, these solar cells are produced
at very high processing cost and it is quite necessary to develop solar cells, which can be produced

at lower cost and with reasonable PCE so that they can compete with other sources of energy.

The solar cells investigated by a plethora of researchers so far are classified as different generations
based on their cost, PCE, device characteristics, and the nature of the materials involved. While
the first generation solar cells, such as single crystalline silicon solar cells, achieved high PCE,
their price is high. The second generation solar cells have low cost, but their efficiency is low. The
concept of the third generation solar cells is later on proposed towards making low cost and high
PCE solar cells. Quantum dots (QDs) based solar cells are considered as promising third generation
solar cells candidates. Among QDs synthesized by different techniques, colloidal QDs, which are
synthesized in solution, are attractive for applications in solar cells because of their easy, low cost
synthesis and their low temperature solution processability into solar cell devices. Moreover, they
possess several attributes, which endow them high potential to achieve high PCE. QDs are strong
absorbers of light due to their high extinction coefficient and thus thin layer of QDs can be used
in designing solar cells. The absorption of photons by QDs can be tuned by varying their size
thanks to the quantum confinement effect. Especially near infrared (NIR) QDs are very attractive
as they can absorb NIR part of the solar spectrum, which is wasted by other solar cell materials,

but yet comprise about 50 % of the solar spectrum, in addition to higher energy photons. QDs also



offer a possibility of utilizing multiple exciton generation (MEG) and extraction of hot carriers in
designing very high PCE solar cell devices and intermediate band solar cells, all of which have
potential to surpass Shockley-Queisser limit for single junction solar cells. Further considering
device stability, recently core-shell QDs attracted attention in solar cells due to the presence of a

robust, inorganic shell on the surface.

While designing solar cell devices from QDs, several factors need to be taken into consideration.
In devices involving continuous film of QDs, the QDs should be closely packed for efficient
mobility of charge carriers through the film and the charge carrier recombination sites should be
minimized. To alleviate this problem, combining the QDs with one dimensional (1D)
nanostructure to form continuous charge transport pathways is one solution in improving the
performance of QD based solar cell devices. Another means of overcoming limited charge carrier
diffusion in thick QD film is integrating plasmonic nanoparticles with thinner QD film to increase

absorption of light, while maintaining efficient charge carrier extraction.

In the first part of this work, solar cells fabricated by combining colloidal PbS and PbS/CdS core-
shell QDs with rutile TiO2 nanorod arrays (2 and 4 um long) have been investigated. The general
structure of the solar cell devices investigated is fluorine doped tin oxide
(FTO)/Ti02/QDs/interfacial layer/Au. Two types of QDs (PbS and PbS/CdS core-shell) and two
types of interfacial layer (Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and Mo0O3) between the QD film and the back electrode have been investigated. It
has been found out that both the processing atmosphere and the interfacial layer influence the
performance of the solar cell devices. A maximum PCE of 2.14 % has been achieved under air
mass (AM) 1.5 illumination with devices involving PbS/CdS core-shell QDs, 2 um long TiO>
nanorod arrays and MoOs interfacial layer. Moreover these devices were processed in ambient
atmosphere and have shown better performance (by about 40 %) than devices involving PbS QDs

processed under inert atmosphere in glove box.

It has been encouraging to demonstrate the use of PbS/CdS core-shell QDs in solar cells with easy
processability and better performance compared to the PbS QDs. However, there still remained
room for improvement of the performance by further optimization. Accordingly, in the second
part, the solar cell devices involving PbS/CdS core-shell QDs have been further optimized and a
PCE as high as 4.43 % has been achieved. This PCE has been achieved by utilizing uniform
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sputter-deposited TiO> seed layer on FTO glass prior to the growth of TiO; nanorod arrays,
optimizing the length of the TiO> nanorod arrays and post deposition mild thermal annealing of
the PbS/CdS core-shell QD film under inert atmosphere. The performance of the solar cell devices
has been found to depend on the length of TiO2 nanorod arrays and reach maximum at optimum

TiO2 nanorod array length of about 450 nm.

In the third part, plasmon-enhanced bulk heterojunction (BH) solar cells involving Au nanostars
incorporated into NIR PbS/CdS core-shell QD film, which was spin coated onto TiO2 nanorod
arrays film on FTO glass substrate are studied. The effects of the density of the Au nanostars and
their location in between the TiO> nanorod arrays and the back electrode on the performance of
the device were investigated. After optimizing the density and the location of the Au nanostars a
PCE of 4.16 % has been achieved. This is about 16 % increase compared to the device without Au
nanostars with a PCE of 3.59 %. The improvement in the PCE as a result of Au nanostars
incorporation is mainly due to increase in the short circuit current (Jsc) (about 26 % in this case).
This indicates that the presence of Au nanostars enhances the charge carriers generation by
improving the absorption of photons. This was further confirmed by the enhancement of

photoresponse, as evidenced by external quantum efficiency (EQE) spectra of the devices.
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CHAPTER1 INTRODUCTION

According to a report of the basic energy sciences workshop on solar energy utilization, the annual

20
energy consumption of the world population in 2005 was about 4.1 X 10 J and is expected to

double by mid-21* century associated with projected population and economic growth [4, 5]. The
major fraction (about 78 %) of the current energy sources of the world is from fossil fuels like
petroleum, coal and natural gas [6], courtesy of the annual “Renewables global status” report of
2014. However, the energy sources from the fossil fuels come with environmental impacts, not to
mention about their potential to run out with time. Burning of the fossil fuels is associated with
emission of CO> to the atmosphere, which is one of the greenhouse gases resulting in global
warming. In addition, when fossil fuels like coal are burned, they emit SO> to the atmosphere that

is later converted to sulfuric acid, causing damages to vegetation, buildings, monuments, and

statues.
Renewable
® Traditional biomass 9%
® Bio-heat 2.6%
Ethanol 0.34%
= Biodiesel 0.15%
. @ ® Biopower generation 0.25%
Fossil Fuel 78.4% Hydropower 3.8%
B Wind 0.39%
Solar heating/cooling 0.16%
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Figure 1.1. Total world energy consumption by source (2013) [7].

Therefore, it is important to look for alternative renewable energy sources with less impact on the
environment [8]. Figure 1.1 shows the shares of different sources of energy including fossil fuels
and different types of renewables in the overall global energy consumption updated to 2013.
Among several potential renewable green energy sources, one very attractive source is the solar
energy. The sun emits energy, which is released from fusion of hydrogen via proton-proton chain

reaction at very high temperature (~ 16M °C) of its core. The energy released in this process of



conversion of a gram of hydrogen to helium is equivalent to the energy released from combustion
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of 20 tons of coal [9]. Solar energy flux towards the Earth’s surface is about 3 X 10 J/year, which

is about 10,000 times the present energy consumption of the world population [10].

Considering the availability of sunlight in abundance and the need for clean and renewable source
of energy, it is inevitable to look for a safe way to collect and utilize the environmental friendly,
renewable and cheap solar energy compared to fossil fuels. Among different ways of harvesting
solar energy, one very attractive and promising technology is using the solar cell technology,
which converts the solar energy to direct current electricity. Solar cells are among the technologies
expected to provide cheap, clean and renewable sources of energy for the growing world
population in the future [11]. The energy need of the world can then be fulfilled by about 0.1%
coverage of the Earth’s surface with solar panel of about 10% PCE [10], which is equivalent to the

solar energy received by Earth in less than an hour.

1.1. Historical Development of Solar Cells

Solar cell is a device, which converts solar light to electricity by the means of photovoltaic effect.
Solar energy has been used by human beings for thousands of years [12]. For example, the energy
of the sun was used to keep warm. Buildings were also designed in a way that the walls and the
floors collect solar energy during the day and release them as thermal energy during the night. The
term photovoltaic, which has been in use in English language since 1849, came from the Greek
word photos meaning light and voltaic (the name of the Italian physicist Alessandro Volta after
whom the unit of electromotive force, the volt, is named) [13]. In 1839 the French scientist
Alexandre-Edmond Becquerel observed that illuminating a conductive solution would create an

electric current between electrodes submerged in the solution [1].

In 1876, William Adams discovered that illuminating a junction between selenium and platinum
can have a photovoltaic effect [14]. This effect is the basis for modern solar cells. In 1883 inventor
Charles Fritts built what many regard as the first true photovoltaic cell using selenium on a thin
layer of gold [15]. His solar cell had a PCE of only 1 to 2 %, but represented the beginning of the
solar cell technology as we know it today. In 1888 Alexander Stoletov built the first photoelectric
cell based on the photoelectric effect, which was discovered by Heinrich Hertz earlier in 1887 and

later explained by Albert Einstein in 1905 for which he received the Nobel Prize in physics in



1921. Following the patenting of the modern semiconductor junction solar cell in 1946 by Russell
Ohl [16], Bell laboratories developed the first practical solar cell in 1954 using diffused silicon p-
n junction, which reached a PCE of about 6% [17].

Since then the solar cell technology has undergone remarkable development in terms of PCE as
well as diversity with respect to materials and structure. The commercialization of solar cells has
also been realized and the price has decreased and the volume of production increased almost
exponentially with time. The highest PCE so far achieved by a single junction solar cell is 28.8 %
using GaAs [2]. However, this type of solar cells is expensive due to its high processing cost and
is limited to a few areas like space applications. As for Si solar cells, the record PCE of 25.6 %
has been achieved in 2014 by the mostly commercialized single junction, single crystalline silicon

solar cells with module PCE reaching up to 19.3% [18-20].

Multijunction solar cell devices involving four sub-cells of III-V semiconductors have reached a
record PCE of 46 % under concentrated sunlight as high as 508 times [3]. However, achieving
high PCE solar cells at low cost so that they can compete with fossil fuels is still a challenge and
remains to be the area of focus in solar cell research. The different generations of solar cells are

presented in the next subsection.

1.2. Different Generations of Solar Cells

Solar cells are classified into three generations. The first generation of solar cells includes wafer
based solar cells, such as, single crystalline silicon solar cells. The solar cells of this generation
have achieved high PCE, but their price is high due to the high processing cost to obtain pure,

defect-free silicon [8].

The second generation of solar cells includes thin film amorphous silicon, polycrystalline silicon,
CulnGaSe; and CdTe solar cells, which are less expensive compared to the first generation solar

cells but their PCE is relatively low [8].

The implementation of the third generation solar cells involves the development of new materials
or structures, which are believed to be cheaper and have potential to lead to high PCE [21, 22].
Colloidal QD based solar cells, which can be processed from solution at low cost, are one example.
In general, for solution processable solar cells to be practically applied they have to reach a PCE

of 10 % [23]. The record PCE landmarks of different types of solar cells are shown in Figure 1.2.
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Figure 1.2. Evolution of record PCE values of different generations of solar cells since 1976, retrieved from
http://www.nrel.gov/ncpv/images/efficiency chart.jpg on January 26, 2015; this plot is courtesy of the

National Renewable Energy Laboratory, Golden, CO. [24].

1.3. Quantum Dots Based Solar Cells

QDs are semiconductor nanocrystals with confined electrons and holes within the Bohr radius of
the material. In QDs the energy levels are discrete, quantized and similar to those of an atom, rather
than the continuous bands of bulk semiconductors. As a result QDs are sometimes referred to as
“artificial atoms” [25]. Figure 1.3 demonstrates comparison of the band structure of bulk material

and QDs of varying sizes.

The energy levels and the band gap of QDs can thus be fine-tuned simply by changing the size of
the QDs, not to mention the availability of materials with different chemical composition for
choice to synthesize QDs. Accordingly their excitonic absorption peak position can be tuned.
Figure 1.4 shows the absorption of PbS QDs tuned over a wide range of wavelength. Among
different techniques utilized to make QDs, colloidal synthesis is the cheapest and facile method

that can produce monodisperse, high-quality QDs.
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Figure 1.3. Schematic illustration of band gap of QDs versus size compared to bulk semiconductor, CdSe in
this case [26].

Colloidal QDs have huge potential for applications in solar cells. The above-mentioned unique
tunability of their absorption makes them attractive in designing advanced solar cells as their
adjustable band gap allows to efficiently harvest photons from the wide range of the solar
spectrum. In addition, they feature low cost and easy synthesis, and solution processability into

devices at low temperature, all of high relevance to practical applications [27].

Moreover, QDs possess high extinction coefficient, making them good light absorbers, which in
turn allows employment of less amounts of material in construction of solar cell devices. They are
also capable of MEG, a phenomenon in which two or more excitons are generated by a single
photon of energy at least higher than twice the band gap of the QDs via impact ionization [28-30].
MEG in PbSe QDs has also been practically demonstrated via achieving EQE exceeding 100 % at
certain wavelengths [31]. Fast extraction of hot carriers is also possible in solar cell devices
involving QDs [32, 33]. QDs can also be used to design intermediate band solar cells [34]. All of
these result in increase of the theoretical PCE achievable by QD solar cells compared to other
materials and endow them high potential to surpass the Shockley-Queisser limit for single-junction
solar cells (about 31 %) [21]. With all these advantages, QDs have been so far investigated in solar

cell devices of various architectures.
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Figure 1.4. Absorption spectra of PbS QDs tuned over a wide range of wavelength [35].

Since efficient light absorption is one of the prerequisites of designing solar cell devices with
improved performance, it is important to span the optical absorption of the devices over the whole
solar spectrum including the NIR part, which comprises about half of the solar spectrum but wasted
by conventional solar cells. This can be achieved by using NIR QDs [36, 37]. The lead
chalcogenides PbS and PbSe are very good examples of materials capable of yielding NIR QDs
since their band gap can be tuned from IR to UV as they possess large Bohr radius and narrow
band gap. In particular, PbS exhibits a small bulk band gap of 0.34 eV and large Bohr radius of 20
nm [38], which means the band gap can be tuned over a large range of energy by controlling
particle size due to the quantum confinement effect [39]. Moreover, PbS QDs can be synthesized

from earth abundant elements [40].

1.4. Core-shell Quantum Dots in Solar Cells

Even though QDs offer many advantages in designing solar cells, there are associated drawbacks
that need to be addressed. Most QDs have limited stability against the environment. They are also
sensitive to liquid electrolyte, which is a transport medium for holes via redox process in quantum

dot sensitized solar cells (QDSSCs). These electrolytes may be corrosive to the QDs, adversely
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affecting their optoelectronic properties. QDs are also sensitive to ligand exchange process, which
is done to decrease inter-particle spacing by replacing the long chain ligands with shorter chain
ligands so as to increase the charge carriers mobility through the QD film. They are also sensitive
to elevated temperature during processing, testing and operation of solar cell devices [41]. Core-
shell QDs are believed to offer remedies for these problems endured by the QDs capped only with
organic ligands. Core-shell QDs are QDs containing a core dot and an epitaxial shell. The shell
passivates the surface defects of the core arising from dangling bonds on the QD surface, which
arise due to the partial passivation by organic ligands [42, 43]. These surface defects could act as

charge carrier trapping sites or recombination sites, and thus adversely affecting the performance
of the ultimate solar cell devices. In addition, thanks to the presence of an inorganic, robust shell,

the core-shell QDs possess enhanced chemical, thermal and photochemical stability [44-46].

Depending on the localization of the electron and hole wave functions, which are dictated by the
core-to-shell band-edge offset, there are three types of core-shell QDs (Figure 1.5). They are type-
I, type-1I and quasi-type-1I core-shell QDs [47, 48]. Type-I core-shell QDs are the core-shell QDs,
in which the band gap of the shell is higher than that of the core with both the conduction and
valence band edges of the core located in the band gap of the shell and both the charge carriers -
electrons and holes are mainly confined inside the core. Type-II core-shell QDs are those QDs, in
which either the conduction band edge or the valence band edge of the core is located in the band
gap of the shell allowing confinement of one of the carriers inside the core and the other inside the
shell. Quasi-type-II core-shell QDs have intermediate band alignment compared to type-I and type-
IT and permits the delocalization of one carrier over the entire core-shell structure, while the other

is confined either in the core or in the shell.

Core/Shell ~ Core/Shell ~ Core/Shell
type-I type-II quasi-type-II

Figure 1.5. Different types of core-shell structures and their wave functions [48].



Core-shell QDs, in general, possess increased exciton lifetime as the nonradiative relaxation
process is suppressed due to better surface passivation. For example, with respect to PbS QDs, the
corresponding PbS/CdS core-shell QDs show increased lifetime (1.56 s for PbS/CdS core-shell
QDs versus 0.75 us for PbS QDs), as we previously reported (Figure 1.6). This inhibits phonon
emission, resulting in reduced carrier cooling and increased rate of impact ionization, hence the
increase of MEG efficiency. For example, it has been demonstrated that thick shell PbSe/CdSe
quasi-type-II core-shell QDs can yield nearly a 4-fold increase in the MEG compared to PbSe QDs
[49].

Experimantal data (PbS/CdS QDs)
Experimantal data (PbS QDs)
] & ——Fitdata
;. — Fit data
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Figure 1.6. Comparison of PL decay of core-shell QDs with the parent QDs [50].

Type I and type II core-shell QDs have been demonstrated to have potential in designing solar
cells. For example, the charge transfer process from type I core-shell QDs to electron acceptor
materials, such as methyl viologen chloride (MV?") [51, 52], multi wall carbon nanotubes
(MWCNTs) [51], TiO2 and SnO» [53] that can be used in solar cells has been studied by our group
and others’. These studies have shown that even if the shell in type I core-shell QDs appears to
impose energetic barrier against the transfer of charges from the photoexcited core to the charge
acceptors, the advantages they offer in passivating the surface defects and providing protection for
the core shouldn’t be underestimated. Thin shells can still allow the transfer of charge carriers and
the shell thickness can be tuned in such a way that there is a best compromise between charge
transfer and surface passivation. Type I core-shell QDs have been applied in heterojunction solar
cells solar cells [54-56]. Type-II and quasi Type-II have also been implemented in QDSSCs [57-
59] and heterojunction solar cells [60-62].



1.5. Different Quantum Dot Solar Cell Structures

1.5.1. Quantum Dots Sensitized Solar Cells

QDSSC:s are analogous to dye sensitized solar cells (DSSCs), with the dye being replaced by QDs
as light absorbers. In QDSSCs, a monolayer of QDs is attached to the surface of the mesoporous
photoelectrode made of wide band gap semiconductors like TiO2 or ZnO. Under illumination the
photons are absorbed by the QDs, which excite electrons to the conduction band. The electrons
are then accepted by the mesoporous electrode driven by conduction band offset and transported
to the photoelectrode. The redox electrolyte accepts holes and transports them to the counter
electrode. In this way photocurrent is generated, flowing from the counter electrode to the
photoelectrode in the external circuit. A schematic illustration of the working principle of QDSSCs

is shown in Figure 1.7.

Figure 1.7. Schematic representation of working principles of QDSSCs [27].

To achieve QDSSCs with high performance, a thick mesoporous photoelectrode with adsorbed
QDs should be used in principle. However, it is challenging to fully infiltrate the QDs into the
thick photoelectrode and thus the photon absorption is limited, resulting in low performance cell.
The vulnerability of the QDs to corrosion in the liquid electrolyte represents another problem. So

far a PCE as high as 7 % has been reported for QDSSCs [63].



1.5.2. Schottky Junction Quantum Dot Solar Cells

In Schottky junction architecture, the QD film is sandwiched between a transparent conducting
electrode and a low work function electrode like aluminum, at which it forms a Schottky contact
(Figure 1.8 a). The transport of photogenerated charge carriers is assisted by the presence of a
built-in electric field within the depletion layer of the QD film developed due to the Schottky

contact.

The performance of Schottky junction QDs solar cells is limited due to the fact that
photogeneration of charge carriers occurs in the quasi-neutral region in the illumination side
opposite to the Schottky junction and the charge diffusion length in the QD film is limited. This
limits the thickness of the QD film that can be used, and thus decreases light absorption. The
Fermi-level pinning and charge back recombination at the QDs-low work function metal interface
also limits the open circuit voltage (Vo) of the Schottky junction solar cells. So far the highest

PCE of 4.5 % has been achieved by this type of solar cells [64].
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Figure 1.8. Device architecture (a) and energy band model (b) of a Schottky QDs solar cell [65].

1.5.3. Bulk Heterojunction Solar Cells Based on Quantum Dot/polymer Hybrid

The photoactive layer of this type of solar cells is comprised of a nanocomposite formed by
blending semiconducting conjugated polymer and QDs (Figure 1.9). The driving force for charge
separation and transport in this kind of solar cells is generated by the band alignment of the QDs
and the semiconducting polymer as well as the electric field generated due to the difference in
work function between two electrodes, the transparent conducting oxide and the low work function

backelectrode. The light is absorbed by both the QDs and the semiconducting polymer generating
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excitons, which are separated into charge carriers at the polymer-QDs interface. In the particular
case illustrated in Figure 1.9, the QDs act as both the electron acceptor and transporter, though not

always the case.

In this kind of solar cell architecture, the QDs have to be interconnected to efficiently transport the
electrons to an electrode. To enhance the transport of electrons, QDs can be grafted onto MWCNT's
and mixed with the polymer making up the photoactive layer [66]. In this case the electrons
accepted by and/or photogenerated in the QDs can be transferred to the MWCNTSs and transported
quickly. As shown in our previous work, this strategy led to higher performance compared to a
polymer/phenyl-C61-butyric acid methyl ester (PCBM) solar cell fabricated and tested under

similar conditions.
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Figure 1.9. Illustration of polymer-QDs BH device [67].

1.5.4. Depleted Heterojunction Quantum Dot Solar Cells

Depleted heterojunction (DH) solar cells have a planar p-n junction configuration, usually
involving p-type QD layer and n-type materials like TiO2[39], ZnO [68, 69], CdS [70] and PCBM
[71]. This architecture overcomes the limitations of Schottky junction solar cells in the sense that
the device can be illuminated on the depleted region side so that the charge carriers can be
separated and transported more efficiently. An example of DH device structure and the band

alignment of the materials involved are shown in Figure 1.10.
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Combined with band alignment engineering of the QDs via ligand treatment of the QD film, this
solar cell architecture is the highest performing QDs solar cell reported to date with certified PCE
of 8.55 % and a laboratory record PCE of 9.2 % [72].

I
(a) (b)

Figure 1.10. Architecture of DH solar cell device (a) and energy band diagram (b) [39].

1.5.5. Depleted Bulk Heterojunction Quantum Dot Solar Cells

This architecture involves porous phtoelectrode either as mesoporous film or nanorod/nanowire
arrays, in which the QDs are infiltrated forming a three dimensional interpenetrating network of
interface between the QDs and the photoelectrode, and hence the depleted region [55, 73-77]. This
results in increased interfacial area between the QDs and the photoelectrode, which in turn
increases the volume of the depleted region. The schematic representations of the depleted bulk

heterojunction (DBH) architectures are shown in Figure 1.11.

TiO, barrier layer
PbS/TiO,(Zn0O) nanowires

(a) (b)

Figure 1.11. DBH architecture with porous structured electrode (a) and 1D nanostructure arrays electrode

(b) [76].
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This architecture allows the use of more amounts of QDs compared to the planar structures. A high
PCE of 6.1 % has been reported for the device of this kind [77], involving TiO> nanopillar prepared
by lithography. Later on a PCE of 7.3 % has been reported for the device involving solution
processed TiO, nanowire network converted from ZnO nanorod arrays synthesized by

hydrothermal method [78].

1.6. Plasmon Enhanced Solar Cells

Plasmonic materials are materials with oscillation of electron cloud at their surface called
plasmons. Metallic nanostructures display the surface plasmon resonance properties, and can
scatter incident photons or induce field enhanced absorption in the medium around them [79].
Plasmonic metal nanostructures can be used to enhance the performance of solar cells by
enhancing the absorption of light, because of both path length enhancement due to plasmon
enhanced light trapping via the scattering and field enhanced absorption phenomena, which leads
to increase in photocurrent in thin film solar cells. Since the plasmonic nanostructures increase the
optical thickness of the thin film without increasing the physical thickness, they can also enable
efficient extraction of hot carriers which is strongly dependent on the physical film thickness of

solar cells; the thinner the film the more efficient hot carriers extraction is [80].

Plasmonic enhancement of photocurrents and/or efficiencies have been demonstrated in different
types of solar cells, such as silicon solar cells [81, 82], polymer solar cells [83, 84], dye sensitized
solar cells [85, 86] and perovskite solar cells [87]. Recently there were also reports on plasmon
enhancement of QD based solar cells [88-90]. A plasmonic PCE and Js. enhancements by about
36 % and 19 %, respectively, in PbS QD based solar cells have been reported [89]. Even though
the plasmonic nanoparticles are advantageous in enhancing the absorption of photons and thus
charge carriers generation, they may also have shortcomings. Among which are introduction of
charge carrier recombination sites and parasitic absorption [79]. Therefore, detailed investigation
in designing of plasmon enhanced solar cells is required to overcome these side effects and take
advantage of the positive aspects of plasmonic materials in improving the performance of solar

cell devices.
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1.7. Thesis Objectives and Organization

1.7.1. Objectives

Solar cell devices involving colloidal QDs are mainly processed and tested under inert atmosphere
due to the sensitivity of QDs to oxidative atmosphere. In this regard the surface nature of the QDs
is very important. Since core-shell QDs are believed to be more stable against the environment, it
is quite interesting to implement them in solar cells processed in air. On the other hand NIR QDs
have the potential to extend the absorption of photons to infrared region of the solar spectrum and
thus can be used to design solar cell devices, which can harvest the solar photons efficiently.
Therefore two of the aims of this thesis are to i) investigate the use of NIR core-shell QDs,
specifically PbS/CdS core-shell QDs in DBH solar cell devices processed in atmospheric air by
combining them with TiO> nanorod arrays synthesized via low cost, wet chemical synthesis and
i1) compare their performance with that of similar, PbS QD based solar cells, which are fabricated
in a glove box. The photoactive QD film is prepared via layer-by-layer spin coating followed by

ligand exchange.

Since the engineering of device architecture is one of the main factors dictating solar cell
performance, it is necessary to design core-shell QD solar cells in a better way to improve the PCE.
Moreover, further modification of the properties of the QD film is one way of improving the
performance of the devices. Based on these considerations, the thesis also aims at investigating the
effect of thin TiO; seed layer, TiO> nanorod array length, and thermal annealing of PbS/CdS core-

shell QDs on the performance of the DBH solar cell devices.

As a means of increasing absorption of light, plasmonic nanoparticles have attracted attention to
be employed in different types of solar cell devices. One of the aims of this thesis is to investigate
Au nanostars in the DBH device involving the NIR PbS/CdS core-shell QDs. The Au nanostars
are incorporated in the QD film and the effect of the location of the Au nanostars in between the
TiO2 nanorod arrays and the backelectrode and the effect of their density on the performance of

the DBH solar cell devices are investigated.

1.7.2. Thesis Organization

This thesis is presented in five different chapters including:
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Chapter 1 Introduction: This chapter is the introduction to the thesis. It also presents the objectives

and the skeleton of the thesis.

Chapter 2 Literature Review: The second chapter is a literature survey of the background
underlying the subject of focus of the thesis. A review on QD/1D nanostructure hybrids in solar

cell applications is presented.

Chapter 3 Experimental: The experimental chapter presents the procedure for synthesis and
characterization of the nanostructures, such as QDs and TiO> nanorod arrays. The fabrication and

testing process of the solar cell devices are also presented.

Chapter 4 Results and Discussion: This chapter is presented in three different parts. The first part
is about the first demonstration of PbS/CdS core-shell QDs in DBH solar cells. The second part
focuses on further optimization of the solar cell devices by tuning the length of TiO2 nanorod
arrays and their interface with FTO substrate as well as the PbS/CdS core-shell QDs via thermal
treatment in inert atmosphere. The third part of this chapter focuses on the plasmonic enhancement

of the performance of the DBH solar cell devices.

Chapter 5 Conclusions and Perspectives: In this part the conclusions drawn based on the analysis

of the results and future outlook in this area are presented.

Most of the works in this thesis are done by Belete Atomsa Gonfa. However, some parts are done
via collaborations. The measurement of electronic resistance of the TiO2 nanorod array electrode
was performed by Jingxia Qiu, in Prof. Shanqing Zhang’s group at Griffith University (Australia)
via a photoelectrochemical (PEC) method. The 4 pm long TiO; nanorod arrays were synthesized
by Dr. Jiangtian Li in Prof. NiangiangWu’s group at West Virginia University (USA). The TEM
measurements were carried out by Jean-Philippe Masse at Université de Montréal - Ecole
polytechnique de Montréal. The TiO seed layer were deposited on FTO glass substrate by Nazar
Delegan in Prof. My Ali El Khakani’s group. The Au nanostars synthesis and characterization by
NAA were done by Dr. Mee Rahn Kim, a former postdoctoral researcher in Prof. Dongling Ma’s
group. Finite-difference time-domain (FDTD) calculations were performed by Peng Zheng in Prof.

NianqiangWu’s group.
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CHAPTER2 LITERATURE REVIEW ON QUANTUM DOT/ONE
DIMENSIONAL NANOSTRUCTURES IN SOLAR CELLS

In this chapter a literature survey on QD/1D nanostructure nanohybrids and their application in
solar cells is presented. In particular, different ways of synthesis of the nanohybrids as well as
their integration into solar cells are described and discussed. The charge transfer properties of the
nanohybrids are also presented. Some contents of this chapter were published in a review article

by our group in 2012 [91].

2.1. Introduction

Nanocomposite materials combining QDs and 1D nanostructures are promising in applications
like solar cell devices as they enable to combine the desirable properties of the two sets of
materials, resulting in synergetic improvement of performance of the devices. 1D nanostructures,
such as nanorods, nanowires and nanotubes, in solar cells provide continuous medium for confined
charge transport pathways towards electrodes. This decreases charge transport length and reduces
the chance of charge carriers recombination, enhancing the collection efficiency of photo-
generated charge carriers. In solar cell devices involving QD/1D nanostructures the QDs mainly
serve as light absorbers, whereas the 1D nanostructures serve as scaffold for QDs to avoid their
agglomeration (important in devices requiring monolayer of QDs on the surface of 1D
nanostructures) and photogenerated charge carrier acceptors and transporters. A schematic
comparison of charge transport routes towards electrode in devices involving a QD film and

QD/1D nanostructure nanohybrids is shown in Figure 2.1.

The very high charge carrier mobility of 1D nanostructures makes them very useful in designing
solar cells, for example, as observed in laser synthesized single wall carbon nanotubes (SWCNTs)
[92]. Semiconducting carbon nanotubes (CNTs) show higher electron mobility than any other
previously known semiconductors (the highest mobility known for a semiconductor (except for
CNTs) at room temperature is 77000 cm?/Vs for InSb [93]). Their electron mobility at room
temperature is higher than 10° cm?Vs and is less affected by the increase in temperature. 1D
nanostructures of semiconductors also display electron mobility of several orders of magnitude

higher compared to that of nanoparticle films [94].The high surface area of 1D nanostructures is

16



also very important as this increases the interfacial area with the QDs. Several types of QDs have
been combined with different 1D nanostructures, such as CNTs and nanorods/nanowires of n-type
semiconductors like TiOz and ZnO. QD/1D nanostructure nanohybrids can be prepared by several
techniques and integrated into the photoactive layer of solar cell devices of various architectures.
Apart from electrodes, usually semiconducting polymers, liquid electrolytes or other charge
transport materials have to be involved to complete the device and/or enhance the performance of

the devices.

Electrode Electrode

@ = Light Harvesting Assembly

Figure 2.1. Comparison of charge transport pathways in QDs and QD/1D nanostructure hybrids [8].

2.2. Techniques of Preparation of Quantum Dot/One Dimensional
Nanostructure Hybrids and their Integration into Active Layer of Solar Cell

Devices

The primary purpose of using QDs is to absorb light and generate charge carriers. The 1D
nanostructured materials can serve dual purposes - to form a heterojunction with the QDs and to
transport charge carriers. To benefit from both advantages of the QDs and 1D nanostructures,
development of facile techniques for the integration of QDs with 1D nanostructures according to
device requirements is crucial. Depending on the architecture of the solar cell devices to be
designed, the QD/1D nanostructure nanohybrids can be prepared by different techniques. This may
involve separate hybridization of the QDs to the 1D nanostructures in solution and incorporation

into the photoactive layer later on or may be done directly on a substrate as a step in the buildup
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of the devices. The QDs may be synthesized separately and subsequently attached to the 1D
nanostructures or the QDs can be synthesized in situ in the presence of the 1D nanostructures and
anchor to their surface in a single step. The different techniques along with the solar cell

architectures they yield are discussed in the next subsections.

2.2.1. Hybridization in Solution Using Pre-synthesized Quantum Dots

Pre-synthesized QDs can be hybridized to 1D nanostructures, such as CNTs, in solution to be
integrated into solar cell devices later on. This could involve pre-treatment of the surface of the
1D nanostructures so that they can be linked chemically with the ligands capping the QDs. The
ligand capping the QDs can also be changed so as to link them to the 1D nanostructures. The

different ways of attachment of QDs to the surface of the 1D nanostructures are discussed below.

2.2.1.1. Covalent Attachment

QDs can be conjugated to 1D nanostructures, such as CNTs through the formation of covalent
bonds between functional groups of the CNTs and the end groups of capping ligands of the QDs
by, for example, amide bond formation [95-101] or esterification [102] . As demonstrated by Pan
et al.[99], mercaptopropionic acid (MPA) capped CdSe QDs can be attached to carboxylic group-
functionalized MWCNTs (Figure 2.2). The reaction involves intermediary bifunctional molecular
linking agents, such as ethylenediamine, which are first attached to the carboxylic acid
functionalized CNTs through the formation of the amide bond [99, 100]. The same kind of reaction

helps the bonding of this group to the carboxylic group of the capping ligand on the QDs.

Solar cell devices have been constructed on flexible electrodes using CdSe QDs hybridized to
SWCNTs via covalent attachment and mixed with regioregular poly (3-octylthiophene) (P30T)

semiconducting polymer to make the active layer of the device [103].

Solar cells involving Si nanoparticles covalently attached to MWCNTs via C-O-Si bond have been
studied [104]. These devices involved blends of the Si nanoparticles - MWCNTSs nanohybrids and
poly (3-hexylthiophene) (P3HT) as active layer and PEDOT:PSS as hole transport layer, which
have shown higher PCE than devices involving mixture of the Si nanoparticles, P3HT and
MWCNTs without covalent attachment of the Si nanoparticles to the MWCNTSs. They have also

shown better performance than devices involving only P3HT, mixture of P3HT and MWCNTs, or
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mixture of P3HT and Si nanoparticles. This work has clearly demonstrated the importance of close

conjugation of QDs to the 1D nanostructures in the performance of the solar cell devices.

(a) (b)

Figure 2.2.  (a) Schematic illustration of the formation of amide bond linking CdSe QDs to MWCNTs [99]

and (b) TEM image of CdSe QDs/MWCNTs nanohybrids synthesized via covalent bonding [96].
CdS QDs have been attached to crystalline semiconducting polymer nanowires (P3HT) via solvent
assisted grafting and ligand exchange and then integrated into the photoactive layer of BH devices
[105]. The formation of chemical bonds between the S atoms of the QDs and the C atoms of the
polymer is responsible for the attachment of the QDs to the surface of the polymer nanowires as
evidenced by X-ray photoelectron spectroscopy studies of the nanohybrids. This approach
enhances close interfacial interaction between the inorganic QDs and the semiconducting polymer,
increasing the efficiency of charge separation and transport and ultimately the performance of the

device.

CdSe/ZnSe core-shell QDs have also been hybridized through complexation of the cations of the
QDs to the carboxylic group introduced onto the surface of MWCNTs and used to fabricate solar
cell devices [106].

2.2.1.2. Attachment via Van der Waals Force

By simply mixing QDs capped with long chain organic ligands with CNTs, which are also
functionalized with long chain organic ligands, the QDs can be attached to the CNTs via
hydrophobic interactions between the ligands on the surface of the QDs and the CNTs [51, 66,
107, 108]. Figure2.3 shows typical TEM images of PbS/CdS core-shell QDs hybridized to
MWCNTs in solution via van der Waals force, as reported by our group [51]. The MWCNTs are
functionalized with oleyl amine by attaching the oleyl amine ligand to the surface of the MWCNTs
via forming amide bond with the carboxylic group on the MWCNT surface induced during the
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oxidative treatment of the MWCNTs with HNOs. Mixing the oleyl amine capped PbS/CdS QDs
with the surface functionalized MWCNs renders QDs immobilized on the surface of the MWCNT's
due to the hydrophobic interaction between the oleyl amine chains present on the surface of both
QDs and MWCNTs. 1t is quite clear from the TEM images that the QDs are closely attached to
the MWCNTs.

50 nm
]‘ T

Figure 2.3. TEM images of PbS/CdS QD/MWCNTs hybrid [51].

PbS QD/MWCNT hybrids prepared by this technique have been applied in BH solar cells by
blending them with semiconducting polymer (P3HT) and have shown a better performance
compared to the control device of P3BHT-PCBM prepared under similar conditions [66]. This work
has proven the importance of the QD/MWCNTs hybrid in the performance of devices as they
combine the enhanced light absorption by QDs with the high electron mobility of the MWCNTs.

2.2.1.3. Dip Coating

Dip coating technique is a simple process in which QDs are infiltrated into 1D nanostructures
(arrays or random network) by dipping the substrate covered with the 1D nanostructures into the
pre-synthesized QD solution. The long chain ligands capping the QDs are then exchanged with
shorter ones by dipping the substrate covered with the QD/1D nanostructure nanohybrids in the
solution containing short chain ligands. The amount of QDs adsorbed onto 1D nanostructures can
be controlled by adjusting the time the substrate is kept inside the QDs solution and/or by tuning

the number of dip coating cycles until the desired loading of the QDs is achieved.
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This technique has been used to fabricate DBH solar cell devices involving PbSe QDs and ZnO
nanowire arrays on ITO substrate, with N-N’-bis(1-naphtalenyl) -N-N’-bis(phenylbenzidine) (a-
NPD) as hole transporter between PbSe QD film and Au back electrode [109]. This DBH device
achieved a PCE three times higher than that involving a thin film of ZnO and the same amount of
PbSe QDs. The higher performance of the DBH devices was attributed to increased charge
collection efficiency due to the interpenetration of the QDs with the nanowires. QDSSCs involving
CdSe QDs and ZnO nanorod arrays [110, 111] have also been fabricated by dipping a substrate
containing the nanorod arrays in presynthesized CdSe QD solution with the original oleic acid
ligand already exchanged with thioglycolic acid (TGA) or MPA. It is believed that the QDs are
adsorbed onto the surface of the nanorod arrays via the carboxylate group of the ligands. Figure
2.4 shows ZnO nanorod arrays before and after decoration with CdSe QDs; it is evident that the

QDs cover the nanorods surface after dip coating.

Figure 2.4. SEM showing ZnO nanorod arrays before (a) and after (b) sensitization with CdSe QDs via dip
coating [111].

2.2.1.4. n-m Stacking

When QDs are capped with ligands consisting of a conjugated system, they can be hybridized with
1D nanostructures having a conjugated system, such as CNTs, via n-m interactions [112-118]. The
conjugated system can be introduced to the surface of the QDs by using ligands containing this

system during the synthesis of the QDs or by doing post-synthesis ligand exchange. Figure 2.5
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shows schematic illustration of the attachment of QDs to CNTs via m-m stacking and a

representative TEM image of QD/CNT nanohybrids involving n-7 stacking.

This technique is attractive as it involves self-assembly of the nanohybrid following simple mixing
without requiring surface functionalization of the CNTs. As the surface functionalization usually
involves surface oxidation of the CNTs, this technique can avoid disruption of the m bonding of
the CNTs and preserves the electronic property of the CNTs [97]. This advantage is quite
remarkable for SWCNTs, of which optical and electrical properties can be easily negatively

affected by cleavage of carbon-carbon double bonds during surface functionalization [119].

(@) (b)
Figure 2.5. (a) Schematic drawing of CdSe QDs attached onto SWCNTs through n- stacking [116] and (b)
TEM image of CdSe QDs linked to SWCNTSs through pyridine [118].

2.2.1.5. Attachment via Electrostatic Interaction

QDs can be bound to the surface of the 1D nanostructures via electrostatic interaction due to the
opposite surface charges of the QDs and the 1D nanostructures [120, 121]. It has been shown that
CNTs (whose surface is functionalized by groups, such as amino, carboxyl or hydroxyl groups)

can be linked with CdSe QDs capped by MPA via such an interaction [120].

2.2.2. Hybridization with In-Situ Synthesized Quantum Dots

QDs can also be attached to the surface of the 1D nanostructures by synthesizing the QDs in the
presence of the 1D nanostructures. The different techniques involving the direct synthesis of QDs

on the surface of 1D nanostructures are presented in the next subsections.
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2.2.2.1. Successive Ion Layer Absorption and Reaction (SILAR)

This technique is used to grow/synthesize QDs on the surface of 1D nanostructures on a substrate
(arrays or random network) by dipping the substrate alternatively into cationic and anionic
precursor solutions of QDs for a number of cycles to achieve a desired size of QDs. The SILAR
technique has been mainly used to fabricate QDSSSCs. CdS/CdSe QDs co-sensitized TiO:
nanowire/nanotube solar cells fabricated by this technique have been studied [122]. In a similar
way, NIR PbS/CdS QDs sensitized TiO2 nanorod array solar cells were fabricated [123]. In other
cases, TiO2 nanorods fabricated by electrospinning [124] and branched TiO> nanostructure arrays
prepared via hydrothermal synthesis [125] were sensitized by CdS QDs using the same approach.
Figure 2.6 shows a representative TEM image of QD/1D nanostructure nanohybrid prepared by

this technique.

Figure 2.6. TEM image of QD/TiO2 nanowire hybrid prepared by SILAR technique [122].

2.2.2.2. Chemical Bath Deposition (CBD)

CBD is a technique, in which a substrate with 1D nanostructures (electrode) is immersed in a
solution containing all the precursors of QDs that are allowed to react and to directly form QDs on
the surface of the 1D nanostructures at elevated reaction temperature [126-128]. This technique is
simple, cheap and can also in principle yield high coverage of QDs on the surface of the 1D
nanostructures. The size of the QDs may be controlled by controlling the reaction time and
performing successive steps of the CBD process. QDSSCs involving CdS QDs and TiO2 nanowire
arrays have been built by this technique [129].
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In some cases, direct synthesis of QDs on the surface of 1D nanostructures by the CBD requires
chemical modification or functionalization of the surface of the 1D nanostructures. This strategy
is mainly realized with CNTs in solution. The surface of the CNTs is modified in such a way that
the functional groups serve as specific nucleation site for the growth of QDs [130]. With this

technique, ZnO nanocrystals were anchored onto MWCNT's to make UV photovoltaic cells [131].

The CBD and SILAR techniques can also be used in combination by first growing QDs on 1D
nanostructures via SILAR followed by over coating with thin layer of another semiconductor
material via CBD method. For example, QDSSCs involving CdS/CdSe QDs stabilized by ZnS and
ZnO nanowire arrays or Si/ZnO branched hierarchical structures were fabricated by the
combination of these two techniques [132]. CdSe sensitized solar cells have also been studied by
depositing the CdSe via CBD onto ZnO nanowire arrays pre-coated with CdS by SILAR technique
(Figure 2.7) [133].

m:
cds
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Figure 2.7. SEM images of ZnO nanowire arrays (a) and CdSe-CdS co-sensitized ZnO nanowire arrays (b),
and TEM (c¢) and HRTEM (d) images CdSe-CdS co-sensitized ZnO nanowire prepared by a
combination of SILAR and CBD techniques [133].
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2.2.2.3. Electrochemical Method

An electrochemical method of synthesis of QDs on the surface of 1D nanostructures is a method
in which a two - electrode electrochemical cell is used where the 1D nanostructures serve as the
cathode; whereas the other electrode is a counter electrode, for example platinum. The application
of constant voltage through the electrolyte solution containing the anion ad the cationic complex
of the elements constituting the QDs results in the deposition of the QDs on the surface of the 1D
nanostructures. CdSe QDs have been deposited onto ZnO nanoneedle arrays electrochemically
and applied in QDSSCs [134]. The SEM images of the nanoneedle arrays and the CdSe QDs
hybridized nanoneedle arrays are shown in Figure 2.8. CdS QDs sensitized solar cells involving

vertically aligned CNTs have also been fabricated by this technique [135].

Figure 2.8. SEM images of (a) ZnO nanoneedle arrays and (b) CdSe QDs decorated ZnO nanoneedle arrays

via electrochemical technique [134].

2.2.2.4. Spin Coating

Spin coating technique has been widely used to deposit pre-synthesized QDs onto the surface of
1D nanostructures on a substrate for the fabrication of devices, such as DBH solar cells. These
devices involve a relatively thick, continuous film of QDs, unlike QDSSCs that require coverage
of the surface of 1D nanostructures by a single layer of QDs. Spin coating is usually done in several
steps, named “layer-by-layer” deposition. Following deposition, each QD layer is usually first
treated with short chain ligands so that they can replace the original long chain ligands for more

efficient charge transport, before the next QD layer is deposited by spin coating.
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This method has been used to design PbS QDs and PbS/CdS core-shell QDs solar cells involving
TiO; and ZnO nanorod/nanowire arrays [55, 74, 75, 77, 78]. PbS QDs have also been spin coated
on interconnected TiOz nanowire networks [136]. This technique so far is the one, which led to
the highest PCE among all QD-based solar cells. Figure 2.9 shows comparison of the cross
sectional SEM images of TiO2 nanorod arrays before and after the deposition of PbS/CdS core-
shell QDs via layer-by-layer spin coating, with the long chain oleic acid ligand exchanged with 3-

MPA for each layer.

Figure 2.9. Cross sectional SEM images showing TiO: nanorod arrays (a) and PbS/CdS core-shell QDs
deposited onto the nanorod arrays via layer-by-layer spin coating technique in the fabrication
process of DBH solar cells (b) [54].

In another case, PbS QDs and CdSe nanotetrapods are dispersed in a solution and deposited
together on a photoelectrode by layer-by-layer spin coating followed by ligand exchange to build
DBH solar cell devices [137]. This type of devices involving both the PbS QDs and CdSe
nanotetrapods has shown a PCE as high as 5.72 %, which is higher than those achieved by devices
involving mixture of PbS and CdSe QDs or just PbS QDs in the active layer, fabricated under

similar conditions.

2.2.2.5. Deposition of Quantum Dots onto One Dimensional Nanostructures by Physical

Methods

QDs can also be directly grown on 1D nanostructures by physical techniques, such as pulsed layer
deposition (PLD) [138, 139], atomic layer deposition (ALD) [140], electron beam evaporation
[141, 142] and thermal evaporation [143].



In particular, it has recently been reported that high PCE solar cells can be constructed via physical
deposition of PbS QDs onto TiO> nanorod arrays and TiO; nanorod arrays-SWCNTs hybrid
through PLD (Figure 2.10 b) [138]. A PCE of 5.31% has been achieved by this approach.

(a) (b)
Figure 2.10. TEM image of PbS QD/Si nanowire nanohybrid prepared by ALD (a) [140] and SEM image of
PbS QD/TiO2 nanorod arrays/SWCNTs nanohybrid prepared via PLD (b)[138].

Techniques, such as CBD, SILAR and PLD, which involve in-situ synthesis of QDs on the surface
of 1D nanostructures, are advantageous in the sense that they promise good surface coverage and
better infiltration of the QDs into the nanostructures as they are based on the synthesis of QDs
from small species. These techniques yield nanohybrids with direct contact between the QDs and
the 1D nanostructures, which allow efficient charge transfer from the QDs to the 1D
nanostructures, since the shorter the distance the more efficient the charge transfer is [121]. The
QDs are also not capped with any ligand in these cases, which has its own advantage and
shortcomings. While the absence of ligands allows the QDs to be very close physically to 1D
nanostructures, the surface dangling bonds/defects of the QDs may not be well passivated,
resulting in charge carriers recombination at the surface [144]. Synthesis of QDs with defined size
distribution is also challenging by these techniques, which, however, can be routinely achieved by

wet chemical method involving synthesis of QDs in an organic phase.
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2.3. Charge Transfer Properties in Quantum Dot/One Dimensional

Nanostructure Hybrids

To get good performance solar cell devices involving QDs and1D nanostructures, efficient
photogenerated charge transfer from the QDs to the 1D nanostructures is a prerequisite. For this
to happen matching of the band energy of the QDs with that of the 1D nanostructures is necessary.
This can be achieved by designing the hybrid material so that the bottom level of conduction of
the QDs is higher in energy than the Fermi level or the bottom level of the conduction band of the
1D nanostructures. Figure 2.11 schematically illustrates the charge transfer processes in QD/1D

nanostructure hybrid.

Figure 2.11. Schematic illustration of photo induced charge transfer from QDs to 1D nanostructures [145].

The charge transfer properties from the QDs to the 1D nanostructures are often evaluated by the
quenching of the photoluminescence (PL) emission (Figure 2.12 e) of the QDs upon hybridization
to the 1D nanostructures as well as a decrease in PL emission decay time of the QDs. The charge
transfer efficiency from QDs to 1D nanostructures can be quantitatively determined from the PL
emission decay time of the pristine QDs (1op) and QDs in the QD/1D nanostructure hybrids

(Tnanohybria) according to the equation:

77 = 1_ (Tnanohybrid /TQD) [146]
As reported by our group, the charge transfer from PbS QDs to TiO> nanobelts, studied by
quenching of PL emission and change in PL decay time, depends on the size of the QDs (Figure

2.12) [147]. The charge transfer efficiency from smaller QDs to the nanobelts is higher than that
from bigger ones (Figure 2.12 d). A threshold size of PbS QDs exists, beyond which no electron
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can be injected to the TiO> nanobelts upon photoexcitation. This is because as the size of the PbS
QDs increases, the minimum of the conduction band level decreases, reducing the charge transfer
efficiency and eventually completely prohibiting charge transfer as the conduction band minimum

of the QDs becomes lower than that of the TiO» nanobelts.

In the charge transfer study [147], it has been demonstrated that the threshold band gap of the PbS
QDs (with emission peak at about 1480 nm) capable of injecting the electrons to TiO> nanobelts
is less than those (with emission peak at about 1090 nm) capable of injecting electrons to TiO2
nanoparticles, which allows extension of the wavelength of photons inducing the charge transfer
further into the NIR region to around 1400 nm that represents an important increment of about 300

nm.
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Figure 2.12. (a-c) PL emission decays of the PbS QD/TiO:-nanobelt hybrids and (d) charge transfer rate
constants for different size PbS QDs [147], and (e) PL emission of CdSe QDs in CdSe QD/SWCNT

nanohybrid (increase in amounts of SWCNTs, from a to j) [116].
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Similarly, PL emission decay studies have confirmed the occurrence of photoexcited charge
transfer from CdSe QDs to ZnO nanorod arrays [110]. The charge transfer properties of core-shell

QDs hybridized to 1D nanostructures have also been studied [51, 106].

The charge transfer from QDs to 1D nanostructures also depends on the distance between QDs
and the 1D nanostructures (i.e., the length of the ligands linking the QDs to the 1D nanostructures)
and the nature of ligands (or surface coating) as well. Shorter ligands would help achieving more
efficient charge transfer [121, 148]. For example, Si et al. have found out that the electron transfer
decreases with increase in the ligand chain length of the QDs [121]. In the cases where longer
ligands are involved, the energy transfer, instead of electron transfer, may dominate. Silica coating
on CNTs before their conjugation to QDs has also been found to preserve the PL emission of QDs

by electronically isolating the QDs from the CNTs [149, 150].

QD/1D nanostructure nanohybrids, such as QD/CNT nanohybrids have also been characterized by
absorption spectroscopy, showing distinct excitonic absorption peaks belonging to QDs. The
position of the peak depends on the type and size of QDs. Figure 2.13 shows UV-visible absorption
spectra of CdSe QDs, CdSe QD/MWCNT nanohybrid and amine functionalized MWCNTSs
indicating excitonic absorption peaks of the QDs before and after attachment to MWCNTs.
Transient absorption spectroscopy has also been used to study charge carrier dynamics in
nanomaterials. They are very useful to understand the charge transfer in QD/1D nanostructures

nanohybrids [151, 152].
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Figure 2.13. UV-Vis spectra of (a) Trioctylphosphine oxide (TOPQO) capped CdSe QDs, (b) MPA capped CdSe
QDs, (c) CdSe QD/MWCNT nanohybrids and (d) amine functionalized MWCNTs [99].
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CHAPTER 3 EXPERIMENTAL

This chapter presents the synthesis techniques of various nanostructures, such as TiO> nanorod
arrays, PbS QDs, PbS/CdS core-shell QDs and Au nanostars, and their integration into
heterojunction solar cell devices. The characterization techniques used to study the properties of

the nanostructures and the solar cell devices are also presented.

3.1. Chemicals and Materials

Titanium (IV) butoxide (reagent grade, 97%), tetra-tert-butoxy titanate (deposition grade),
concentrated HCl (ACS reagent, ca. 37%), NaNO3 (ACS reagent, >99.0%), Pb(OAc)2.3H.0O
(>99.99%), oleic acid (OA) (>99% (GC)), l-octadecene (ODE) (technical grade, 90%),
bis(trimethylsilyl) sulfide (synthesis grade), trioctylphosphine (technical grade, 90%), methanol
(anhydrous, 99.8%), CdO (=99.99% trace metals basis), octane (puriss. p.a., >99.0% (GC)),
decane (anhydrous, >99%), TGA (>98%) 3-MPA (>99%), MoO3 powder (ACS reagent, >99.5%),
HAuCls.xH20 (99.999% trace metals basis), trisodium citrate (meets USP testing specifications),
polyvinylpyrrolidone (PVP) (molecular weight=10,000 g/mole), and N,N-dimethylformamide
(DMF) (anhydrous, 99.8%) were purchased from Sigma Aldrich and used as received without any
purification. OLED grade PEDOT:PSS was purchased from Clevios™ and Au pellets (99.9 %)
from Kurt J. Lesker. FTO glass substrates (TEC 15, R=12-14 Ohm/sq) were purchased from MTI
corporation. Hexane (certified ACS) and toluene (certified ACS) were purchased from Fisher

Scientific Company.
3.2. Synthesis of Nanostructures

3.2.1. Deposition of TiOz Seed Layer

A ~40 nm thick TiO» seed layer was deposited on a cleaned FTO glass substrate by sputtering.
The deposition was done by sputtering a TiO> target (3 inch in diameter) using an RF (13.56 MHz)
magnetron sputtering system at a constant power density of 7.7 W/cm?. Prior to deposition, the
chamber was cryo-pumped to a base pressure of 2 x 10 Torr. High purity Ar (99.999 %) and O
(99.995 %) gases were then introduced into the chamber. The gas flow rates were monitored to

keep a constant pressure of 1.4 mTorr in the chamber during the sputter-deposition process. In
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order to counteract sputtering effect on deposited TiO> film stoichiometry, the relative oxygen
mass flow rate ratio (i.e.; [O2]/([O2]+[Ar]) was kept at 15 %. The FTO glass substrates were
mounted on a holder located off-axis at a distance of 20 cm from the target, and heated by a quartz
lamp heater of which temperature was kept constant at 300 °C during deposition (which
corresponds to an on-substrate temperature of ~200 °C). The thickness of the TiO> films was in-
situ monitored by means of a calibrated quartz-crystal microbalance and ex-situ measured through
cross-section scanning electron microscopy (SEM) observations. No post acceleration voltage was
intentionally applied to the substrates during the sputter-deposition process (they were nonetheless

subjected to a built-in plasma sheath bias of ~ -13 V during their growth).

3.2.2. Synthesis of TiO2 Nanorod Arrays

Vertically aligned TiO> nanorod arrays of different length (100 nm to 2 pum) were grown by
hydrothermal technique on plain FTO glass substrates as well as on FTO glass substrates covered
by the seed layer [153, 154]. First FTO glass substrates were cleaned by sonicating in isopropanol,
ethanol and pure water for 15 minutes each before drying under airflow. The precursor solution
for the growth of TiO; nanorod arrays was prepared by dissolving 1 ml of titanium (IV) butoxide,
added dropwise while stirring, in a mixture of 20 ml of pure water and 20 ml of concentrated HCI
(ca. 37%). Two FTO glass substrates (1 inch by 1 inch) were placed at an angle in a 23 ml Teflon
cup with the conducting sides facing the wall and 12 ml of the precursor solution was added. The
Teflon cup was placed inside a stainless steel autoclave, which was then sealed tightly and put in
a preheated oven at 150 °C. The autoclave was kept at 150 °C for 1 hour to 20 hours to obtain TiO»
nanorods of different length. Finally, the autoclave was cooled down naturally in air to room
temperature. The FTO substrates with the grown TiO; nanorod arrays were then taken out and
washed thoroughly with dilute HCI solution first, then with pure water, and subsequently dried
under air flow followed by heating at 80 °C for 30 minutes in an oven. The growth of TiO2 nanorod
arrays was evident visually as white film could be observed on the FTO glass. The TiO> nanorod
arrays were found to grow faster on the FTO substrate covered with the TiO> seed layer, under

otherwise similar conditions.

TiO2 nanorod arrays of 4 um length were grown on plain FTO substrate via hydrothermal method
from reference [155]. Typically, 0.75 ml of tetra-tertbutoxy titanate was dissolved in 60 ml of 6

M HCI, and the solution was transferred into a steel lined Teflon autoclave with a volume of 120
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mL, where FTO substrates were placed in a Teflon holder. The autoclave was maintained at 150
°C for 20 h and the coated FTO substrate was washed several times with deionized water and

ethanol and dried in air.
3.2.3. Synthesis of Quantum Dots

3.2.3.1. Synthesis of PbS Quantum Dots

PbS QDs were synthesized using a modified procedure from references [40, 156]. In the typical
procedure 760 mg of Pb(OAc)2.3H20, 2.4 ml of OA and 15 ml of ODE were added to a 50 ml
three neck round bottom flask. The mixture was heated to 150 °C for 1 h while stirring and purging
with N> flow. It was then cooled under vacuum to 130 °C and the N> flow was recovered.
Subsequently, 2 ml of mixture of bis (trimethylsilyl) sulfide and trioctylphosphine (1:10 volume
ratio) was quickly injected into the flask and the reaction temperature was decreased to 100 °C
quickly. The reaction was allowed to last for 5 minutes and then stopped by quenching with cold
water. The QDs were precipitated by centrifugation and then re-dispersed in cold toluene. After
keeping the QD dispersion at 4 °C for two days, the QD dispersion was centrifuged at 8000 rpm
for 30 minutes and the sediment was discarded. Following methanol addition, it was centrifuged
at 3000 rpm for about 5 minutes. After removing the supernatant, the QDs sediment was dispersed
in toluene. This purification step was repeated one more time. Finally, the QDs were dispersed in
mixture of octane and decane (3:1 ratio by volume) at concentration of 37.5 mg/ml for making
solar cells or the QDs were dispersed in toluene for the further synthesis of PbS/CdS core-shell
QDs.

3.2.3.2. Synthesis of PbS/CdS Core-shell Quantum Dots

PbS/CdS core-shell QDs were synthesized from PbS QDs and Cd precursor via cation exchange
technique following a procedure from reference [157]. The Cd precursor was first prepared by
heating a mixture of CdO (25 mg), OA (24 mL) and ODE (40 mL) to 255 °C under N> for 20 min
while stirring. The obtained clear solution was cooled to 155 °C under vacuum for 15 min and the
N> flux was restored. PbS QDs solution in toluene (20 mL, absorbance: ~12 at the first excitonic
absorption peak) was further diluted to 150 ml by toluene in round bottom flask and bubbled with
N for 30 min and heated rapidly to 90 °C. While stirring, the Cd/OA mixture was injected and the

reaction was carried out at 90 °C for about 30 minutes and stopped by submerging the round
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bottom flask in cold water. The PbS/CdS core-shell QDs were purified 3 times using methanol and
suspended in mixture of octane and decane (3:1 volume ratio) with QD concentration adjusted to

37.5 mg/ml for solar cell fabrication.

3.2.4. Synthesis of Au Nanostars

Au nanostars were synthesized with a modified procedure from references [158-160]. Typically,
Au seed solution was first prepared by diluting 1.058 mL of 104 mM HAuCls aqueous solution
with 125 mL of water in three neck round bottom flask and then heated to boiling while stirring.
This was followed by the injection of a separate solution prepared by dissolving 0.32 g trisodium
citrate in 32 mL water. The mixture solution was then boiled for 15 min and cooled to room
temperature. After this, 3.2 g of PVP (molecular weight=10,000 g/mole) was added and the
solution was continuously stirred overnight at room temperature, which resulted in Au seed
formation. The PVP coated Au seeds were then centrifuged out of the reaction solution and
dispersed in ethanol with concentration adjusted to about 4 mM from absorption measurement.
The Au nanostars were prepared from the Au seed solution. Accordingly, 0.1 mL of HAuCl4
solution in DMF (104 mM) was mixed with 30 mL PVP solution in DMF (10 mM) in a three neck
round bottom flask. Then 0.1 mL of PVP coated Au seed solution (~ 4 mM) was added rapidly
and stirred for 3 hours at room temperature. Finally the Au nanostars were sedimented by
centrifugation and redispersed in anhydrous ethanol. The concentration of the Au nanostars was

determined by nuclear activation analysis.

3.3. Fabrication of Solar Cell Devices

DBH solar cells were fabricated by spin coating QD solution layer by layer on the film of TiO>
nanorod arrays grown on FTO substrates. Each layer was spin coated by dispensing 200 uL of the
QDs solution on a 1 inch by 1 inch substrate and rotating at 2500 rpm for 10 seconds. Ligand
exchange was performed on each layer by treating it with a solution of TGA or 3-MPA in methanol
(1:9) for 1 minute followed by spinning at 2500 rpm for 10 seconds. The layer was then washed
with methanol and hexane by spinning at 2500 rpm for 10 seconds. Such ligand exchange

procedure was repeated three times for each layer.

The spin coating of the QD film was done in a glove box for devices involving PbS QDs and in

ambient air for those involving PbS/CdS core-shell QDs. For studying annealing effect, devices
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were kept in a tubular furnace at 110 °C under N> flow for 30 min. For devices involving Au
nanostars, the Au nanostars were deposited on a layer of QD film, which is formed after 2, 3 or 4
spin coating cycles, by spin coating different concentrations of Au nanostars in ethanol at 1000
rpm for 1 min. Then the QDs spin coating and ligand exchange were continued until the desired

number of layers was reached.

On some devices, a final layer of PEDOT:PSS was deposited by dispensing 500 uL of its solution
(1.3 % by weight in water) and spin coating at 2500 rpm for 1 minute. On some others, ~20 nm
thick MoOs layer was deposited by thermal evaporation of MoO3 powder. Finally ~ 40 nm thick
gold electrodes were deposited by thermal evaporation of Au pellets from alumina coated tungsten
wire baskets through a shadow mask of 4 by 4 circular arrays with circular aperture of 4 mm in
diameter, resulting in photoactive area of about 0.13 cm?. The pressure in the vacuum chamber

was set at < 10 mbar and the distance between the source and the sample was ~ 22.5 cm.
3.4. Characterizations

3.4.1. Characterization of Nanostructures

SEM images were taken with a JEOL JSM-6300F SEM equipped with EDS. TEM, HRTEM
images and selected area electron diffraction (SAED) pattern were taken by a JEOL 2100F TEM.
The X-ray diffraction (XRD) patterns were acquired using a Philips X’ pert diffractometer using

Cu-Ka radiation source.

The electronic resistance of the rutile TiO> nanorod array electrode was measured by a PEC
method at 25°C in 0.10 M NaNOs solution in a three-electrode cell. In particular, the TiO2 nanorod
working electrode was mounted in a special holder with an area of 0.78 cm? exposed to UV
illumination via a quartz window. A scanning potentiostat (PAR 362, Princeton) was used to
conduct the linear sweep voltammetry (LSV) measurements. The light source was a 150 W xenon
lamp (Trusttech, Beijing, China) with regulated optical output and an UV-band-pass filter (UG-3,
Schott). The output UV light intensity was measured at 365 nm wavelength using a UV irradiance

meter (UV-A, Instruments of Beijing Normal University, China).
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Absorption and extinction spectra were recorded using a Cary 5000 UV-Vis-NIR
spectrophotometer (Varian) including integrating sphere accessory. Fluorescence spectra were

acquired with a Fluorolog®-3 system (Horiba Jobin Yvon) with excitation wavelength of 670 nm.

3.4.2. Characterization of Solar Cell Devices

Solar cell devices were characterized by conducting current-voltage (I-V) measurements using an
Agilent B2901A instrument in ambient atmosphere in dark and under calibrated AM1.5 simulated
sunlight from an Oriel Sol3A Class AAA Solar Simulator (Oriel Instruments, Newport
Corporation). Some of the solar cells were characterized by performing current-voltage
measurement using a Keithley 2400 programmable voltage source meter in dark and under
illumination with an AM1.5 solar simulator comprised of a 150 W xenon lamp with a filter (Oriel)
and calibrated to an intensity of 100 mW-cm™. EQE of the solar cell devices was measured using
Oriel® IQE-200™ quantum efficiency measurement system, by scanning from 380 nm to 1250 nm

with a 10 nm resolution.

3.5. Theoretical Calculation

Optiwave FDTD simulation was used to calculate the extinction and electromagnetic field
distribution of a Au nanostar. An Au nanostar with five tips in each of two orthogonal planes was
modelled. The refractive index of Au was extracted from the data of Palik [161] The simulation
cell was created with a grid size resolution of 1 nm. For the simulation of the electric field
distribution around the Au nanostar in the QD film, a polarized Gaussian modulated continuous
wave centered at 980 nm (close to the first excitonic absorption peak of the QD film) was used as

the input light source.
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CHAPTER 4 RESULTS

The results section is presented in three different parts, each corresponding to different articles.
The first part is about the first demonstration of PbS/CdS core-shell QDs in DBH solar cells. The
second part focuses on further optimization of the solar cell devices by tuning the length of TiO>
nanorod arrays and their interface with FTO substrate as well as the PbS/CdS core-shell QDs via
thermal treatment in inert atmosphere. The third part of this chapter focuses on plasmonic

enhancement of the performance of the DBH solar cell devices.

4.1. Air-processed Depleted Bulk Heterojunction Solar Cells Based on PbS/CdS
Core-shell Quantum Dots and TiO: Nanorod Arrays

Belete Atomsa Gonfa, Haiguang Zhao, Jiangtian Li, Jingxia Qiu, Menouer Saidani, Shanqing

Zhang, Ricardo Izquierdo, Niangiang Wu, My Ali El Khakani, and Dongling Ma

Sol. Energ. Mat. Sol. Cells 124 (2014) 67-74.

Colloidal QD based solar cells are a subject of considerable research interest due to their potential
to achieve high PCE devices at low cost. NIR QDs in solar cells are even more interesting as they
enable the extension of light absorption into the NIR part of the solar spectrum. In particular, core-
shell QDs are promising as they offer better stability and good surface passivation reducing
recombination losses, which is critical in increasing the PCE of the devices. On the other hand 1D
nanostructures look very interesting in solar cells application considering their enhanced charge

transport.

In this section, the investigation of NIR PbS/CdS core-shell QDs in DBH solar cells is presented.
Processability of the PbS/CdS core-shell QDs into solar cells in ambient atmosphere with enhanced
performance compared to the PbS QDs solar cells processed under inert atmosphere in a glove box

1s demonstrated.

Cet article a d( étre retiré de la version électronique en raison de restrictions liées au droit d’auteur.
Vous pouvez le consulter a l'adresse suivante :
DOI : http://dx.doi.org/10.1016/j.solmat.2014.01.037
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Figure S1. XRD patterns of the as-grown TiO» nanorod arrays compared with that of FTO glass

substrate and standard rutile and anatase patterns. T denotes peaks corresponding to SnOa.

Table S1. J-V characteristics of devices fabricated with different number of deposition cycles of

QD:s.

S.No. | QDs | Ligand No. of | Interfacial Jse Voc FF n Spin coating
used for spin layer (mA/cm?) | (mV) | (%) | (%) | environment
exchange | coating

cycles

1 PbS | TGA 3 PEDOT:PSS | 3.1 413 33.5 1043 | Air

2 PbS | TGA 6 PEDOT:PSS | 4.5 427 | 36 0.70 | Air

3 PbS | TGA 10 PEDOT:PSS | 2.7 442 | 33 0.40 | Air
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Table S2. J-V characteristics of devices involving different ligands.

S.No. | QDs Ligand No. of | interfacial Jse Voc FF | q Spin coating
used for spin layer (mA/cm?) | (mV) | (%) | (%) | environment
exchange | coating

cycles

1 PbS 3-MPA | 6 PEDOT:PSS | 5.61 446 | 42 | 1.05 | Glovebox
atmosphere
(N2)

2 PbS TGA 6 PEDOT:PSS | 6.14 425 |44 | 1.16 | Glovebox
atmosphere
(N2)

3 PbS 3-MPA | 6 MoO3 7.94 497 |39 | 1.53 | Glovebox
atmosphere
(N2)

4 PbS TGA 6 MoO; 8.15 487 | 37 | 1.47 | Glovebox
atmosphere
(N2)

5 PbS/CdS 3-MPA 6 PEDOT:PSS | 5.61 423 144 | 1.05 | Air

6 PbS/CdS TGA 6 PEDOT:PSS | 5.31 428 143 1097 | Air

48




4.2. Towards High Efficiency Air-processed Near-infrared Responsive
Photovoltaics: Bulk Heterojunction Solar Cells Based on PbS/CdS Core-shell

Quantum Dots and TiO; Nanorod Arrays

Belete Atomsa Gonfa, Mee Rahn Kim, Nazar Delegan, Ana C. Tavares, Ricardo Izquierdo,

Niangiang Wu, My Ali El Khakani, and Dongling Ma

Nanoscale 7 (2015) 10039-10049.

Even though the use and advantages of PbS/CdS core-shell QDs in solar cells have been
demonstrated in the previous section, the PCE is not very high and needs to be further improved
by materials and device optimizations. This section presents the further optimizations done on the
devices towards improved performance. The optimizations involve the study of the effect of
uniform, sputter deposited TiO> seed layer on FTO substrate before the growth TiO> nanorod
arrays, different length of TiO2 nanorod arrays, and mild thermal annealing treatment of the QD

film in N2 atmosphere.

By using the TiO> seed layer to modify the TiO> nanorod/FTO interface and performing mild
thermal annealing of the QD film under N, a PCE as high as 4.43 % under AM 1.5 illumination
has been achieved using an optimal TiO2 nanorod length of ~450 nm. The photoresponse extended

to wavelengths of > 1200 nm.

Cet article a d(i étre retiré de la version électronique en raison de restrictions liées au droit d’auteur.
Vous pouvez le consulter a I'adresse suivante :
DOI: 10.1039/c5nr02371h
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Figure S1. XRD patterns of 2 um-long TiO2 nanorod arrays grown on FTO with and without a

seed layer, compared with JCPDS files of rutile SnO; and rutile TiO2. R refers to rutile TiO,.
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Figure S2. HRTEM images and SAED pattern of a TiO2 nanorod.

Figure S3. Low magnification TEM image of PbS/CdS core-shell QDs.
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Figure S4. Cross-sectional SEM images of PbS/CdS core-shell QDs spin coated on (a) 250 nm TiO2
nanorod arrays grown on seed/FTO glass substrate and (b) 650 nm TiO; nanorod arrays grown

on FTO glass substrate.
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Figure S5. Optical transmittance of TiO2 nanorod arrays of different length grown on seed/FTO
substrate.
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Figure S6. EQE spectrum of the device involving 450 nm TiO2 nanorod arrays grown on seed/FTO
glass substrate and annealed in N, atmosphere, compared with the absorption spectrum of

annealed PbS/CdS core-shell QDs on quartz.
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Table S1. Performance of bulk heterojunction solar cell devices fabricated using TiO; nanorod

arrays of different length grown on bare FTO substrate.

TiO2 nanorod | Jsc (MA/cm?) Voc (MV) FF (%) N (%)

array length

100 nm 12.20(11.36 + 0.60) | 549 (513 + 19) 44 (39+2.9) | 2.66(2.46+0.19)
250 nm 13.93(13.38+0.29) | 537 (517 + 14) 48 (45+2.0) | 3.45(3.19+0.21)
450 nm 13.74 (12.77 + 0.43) | 543 (523 + 10) 50 (46 +2.4) | 3.56 (3.25+0.22)
650 nm 13.68 (13.29 +0.31) | 537 (516 + 13) 47 (43 +2.4) | 3.34(3.11+0.21)
950 nm 13.95 (13.55 + 0.30) | 507 (477 + 19) 45 (43 +2.0) | 3.16 (2.85 +0.27)
1.2 pm 13.21(12.73 +0.39) | 497 (474 + 14) 43 (39+2.1) | 2.69(2.34+0.25)
2 um 13.87 (13.04 + 0.58) | 495 (478 + 11) 37(33+2.4) | 2.41(2.02+0.19)

Table S2. Performance of bulk heterojunction solar cell devices fabricated using 450 nm-long TiO;

nanorod arrays grown on the bare FTO and seed/FTO substrates, before and after annealing.

Seed | Annealing Jsc (MA/cm?) Voc (MV) FF (%) 1N (%)

No No 13.74 (12.77 + 0.43) 543 (523 + 10) 50 (46 + 2.4) 3.56 (3.25 + 0.22)
No |InN; 17.69 (17.00 +0.37) | 493 (481+7) |49 (45+2.4) | 4.13(3.93+0.13)
Yes No 13.68 (13.29 + 0.28) 547 (537 + 6) 52 (48 +2.2) 3.76 (3.55+ 0.17)
Yes |InN, 17.75 (16.83 +0.43) | 519 (506 + 10) | 50 (46 +2.7) | 4.43 (4.28 + 0.12)
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4.3. Plasmonic Enhancement of the Performance of PbS/CdS Core-shell
Quantum Dots/TiO2: Nanorod Arrays Bulk Heterojunction Solar Cells

Belete Atomsa Gonfa, Mee Rahn Kim, Peng Zheng, Nianqiang Wu, My Ali El Khakani, and
Dongling Ma

to be submitted

Plasmonic nanoparticles can be incorporated into QD based solar cells to enhance photon
absorption, and thus contribute to PCE enhancement. Therefore, it is quite interesting to combine

plasmonic nanoparticles with the NIR PbS/CdS core-shell QDs in designing solar cells.

In this part, the investigation of plasmon enhanced, DBH solar cells involving Au nanostars
incorporated into NIR PbS/CdS core-shell QD film, which was spin coated onto TiO2 nanorod
arrays film on FTO glass substrate, is presented. After optimizing the density and location of the
Au nanostars in the QD film, a PCE of 4.16 % has been achieved, which is about 16 % increase
compared to the control device without the Au nanostars. This increase in the PCE is attributed to
plasmonic enhancement of light absorption, which increases charge carrier generation in the QDs

as evidenced by the increase in the Js. (about 26 % in this case) and EQE.
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Abstract

Integrating appropriate plasmonic nanostructures into colloidal quantum dot (QD) based solar cells
is an attractive strategy in improving their power conversion efficiency (PCE). Such manipulation
allows enhanced photon absorption by QDs and, therefore, more charge carrier generation. In this
work we report the investigation of plasmon enhanced bulk heterojunction solar cells involving
Au nanostars incorporated into a near infrared PbS/CdS core-shell QD film spin coated onto TiO2
nanorod arrays. The rationale behind choosing the Au nanostars is based on their strong light
scattering capability as well as near field enhancement of absorption in the surrounding QD film,
as supported by finite-difference time-domain calculations. The effect of the density and location
of the Au nanostars in the QD film on device performance was studied in detail and optimal
parameters were identified. Following such parameter optimization, a PCE of 4.16 % has been
achieved, which was about 16 % higher than that (PCE: 3.59 %) of the control device without Au
nanostars. This increase in the PCE was found to be mainly due to the increase in short circuit
current (Jsc) (about 26 % in this case), suggesting that the presence of Au nanostars enhances the
charge carrier generation via improving photon absorption. This was further confirmed by the
enhancement of photoresponse as evidenced by the increase of external quantum efficiency mainly
in the surface plasmon resonance (SPR) spectral region of the Au nanostars. Theoretical
calculations were carried out to simulate the local electric field distribution around the Au
nanostars embedded in the QD film. Correlating the experimental and calculation results clearly
suggest that enhanced Jsc and PCE of the solar cells involving the Au nanostars is due to enhanced
absorption via the field enhanced absorption and scattering as a result of the Au nanostars

incorporation.

Key Words: Quantum dots, PbS/CdS core-shell quantum dots, TiO> nanorods, plasmonic

nanoparticles, surface plasmon resonance, Au nanostars, bulk heterojunction solar cells
1. Introduction

Colloidal quantum dot (QD) based solar cells have recently attracted considerable research interest
due to their low cost solution processability and great potential to achieve high power conversion
efficiency (PCE) [1]. Even though large progress was made in early years following demonstration
of the first QD based solar cell reported in 1998 with estimated PCE of about 0.08 % under white

light illumination [2], the PCE needed further improvement. Various strategies have been
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extensively explored and implemented in the past several years, leading to significant
improvement in the PCE of colloidal QD based solar cells. Up to date, a lab-record PCE of ~9.2
% [3-5] has been achieved with the highest certified PCE of 8.55 % [5]. These high efficiencies
were achieved by heterojunction solar cells involving PbS QDs, and ZnO or TiOz photoelectrodes.
These prominent recent advances have been made mainly by engineering device architecture, and
by improving charge carrier transport and extraction in the QD film through improving surface
passivation of the QDs and decreasing the inter-dot distance [6]. In particular, the concept of bulk
heterojunction solar cells allows the use of a relatively thick layer of QDs to maximize light
absorption without decreasing charge carrier collection. Since efficient photogeneration of charge
carriers and efficient charge transport and collection are required for the ultimate high performance
of solar cells, it is important to enhance all these processes simultaneously without compromising
each other. The efficient realization of these processes largely depends on the thickness and quality

of the QD film.

In bulk heterojunction solar cells, the thickness of the QD film that can be used is limited. It is
because the depletion width of the QD film is in general limited and furthermore, the overall
thickness of the active QD layer should be less than the sum of the depletion width and charge
diffusion length in the QD film, which is about 250 nm in the case of PbS QDs [7]. This
compromises light absorption and hence the amount of photogenerated charge carriers. Although
the use of a thick QD film enables absorption of more photons, it compromises charge carriers
collection. Such a trade-off between charge carrier generation and charge carrier collection leads
to the limitation of the PCE. This issue, however, may be alleviated by using plasmonic

nanoparticles, which can enhance the absorption of light by a thin QD film [8].

Surface plasmon resonance (SPR) is the oscillation of free electrons on the surface of a metal in
response to an applied electromagnetic field. Localized surface plasmon resonance (LSPR) are
SPR confined in metal nanoparticles with size less than or comparable to the exciting wavelength.
For some noble metals like Au the LSPR occurs in visible range[9]. LSPR mode depends on the
size and shape of the metal nanoparticle as well as the refractive index or dielectric constant of the
medium around them. LSPR significantly enhances the electric field around the nanoparticle and
photon absorption in the medium around them in close proximity, for example, QD film [10, 11].
The plasmonic nanoparticles can also act as light scattering centers, increasing optical path length

in the active absorbing medium of solar cells, which will result in enhanced photoresponse and
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increased PCE [12]. Plasmonic nanoparticles can also increase absorption of light and exciton
generation as well as exciton dissociation via local electric field enhancement and the interaction
between plasmons and photogenerated excitons [13]. In addition to offering a new opportunity to
overcome the aforementioned limit, the implementation of plasmonics in solar cells could also be
an effective way to address one of the present challenges in solar cell technology, which is
decreasing semiconductor material cost through using thinner films, while without sacrificing solar
cell performance. This strategy may also allow designing of devices that take advantage of hot-
carriers [14]. On the other hand, it has to be realized that the introduction of plasmonic
nanoparticles may have negative effects on solar cell performance since they may behave as charge
carrier recombination centers as well. Therefore, to fulfil the high potential of plasmonic
nanoparticles in solar cell applications rational designing, realization and systematic investigation
of plasmon enhanced solar cells are required. Even though plasmonic nanoparticles have been
studied in different types of solar cells [13, 15-17], their investigation in QD based solar cells
remains rare [6]. It was recently demonstrated that plasmonic nanoparticles can be integrated into
PbS QD based heterojunction solar cells to enhance the device performance [18, 19]. However,
plasmonic enhancement in near infrared (NIR) core-shell QD based solar cells has not been yet
reported. Following the demonstration of the use of PbS/CdS core-shell QDs in solar cells with
enhanced performance and easier processability in ambient air in our recent works [20, 21], it is
highly interesting to explore the use of plasmonic nanoparticles in our PbS/CdS core-shell QD

solar cells.

In this work, plasmon enhanced bulk heterojunction solar cells involving Au nanostars, PbS/CdS
core-shell QDs and TiO> nanorod arrays are investigated. The optimal incorporation of the Au
nanostars enhanced the PCE and the short circuit current (Joc) of the devices due to the
enhancement of photon absorption upon the introduction of the Au nanostars, as supported by
external quantum efficiency (EQE) and optical absorption measurements. It was found that the
effect of the Au nanostars on the device performance depends on the density of the Au nanostars

in the film as well as their location in the QD film.
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2. Materials and Methods

2.1. Chemicals and Materials

Titanium (IV) butoxide (reagent grade, 97%), concentrated HCl (ACS reagent, ca. 37%),
Pb(OACc)2.3H20 (299.99%), oleic acid (OA) (=99% (GC)), 1-octadecene (ODE) (technical grade,
90%), bis(trimethylsilyl) sulfide (synthesis grade), trioctylphosphine (technical grade, 90%),
methanol (anhydrous, 99.8%), CdO (=99.99% trace metals basis), octane (puriss. p.a., >99.0%
(GC)), decane (anhydrous, >99%), 3-mercaptopropionic acid (=99%), MoOs powder (ACS
reagent, >99.5%), HAuCls.xH20 (99.999% trace metals basis), trisodium citrate (meets USP
testing specifications), polyvinylpyrrolidone (PVP) (average molecular weight=10000 gm/mole),
and N,N-dimethylformamide (DMF) (anhydrous, 99.8%) were purchased from Sigma Aldrich and
used as received without any purification. FTO glass substrates (TEC 15, R=12-14 Ohm/sq) were
purchased from MTI corporation. Hexane (certified ACS) and toluene (certified ACS) were

purchased from Fisher Scientific Company.
2.2. Synthesis of Nanostructures

TiO2 nanorod arrays and PbS/CdS core-shell QDs used to fabricate solar cell devices in this work
were synthesized in similar ways as in our previous work [21]. TiO2 nanorod arrays were grown
via hydrothermal technique [22]. In the process, FTO glass substrates were placed in a 23 ml
Teflon cup and 12 ml of precursor solution, which was prepared by dissolving 1 ml of titanium(IV)
butoxide in a mixture of 20 ml of pure water and 20 ml of concentrated HCI (ca. 37%) was added.
The Teflon cup was then sealed tightly inside a stainless steel autoclave and heated at 150 °C for
3 hours to obtain TiO> nanorods. The autoclave was then cooled and the TiO> nanorod arrays were
washed with dilute HCI solution and pure water. The nanorods were finally dried under airflow

and at 80 °C in an oven.

PbS/CdS core-shell QDs were synthesised via cation exchange [23, 24] from PbS QDs, which had
been synthesised via hot injection technique [25, 26]. The PbS QDs were synthesized by mixing
760 mg of Pb(OAc)2-3H>0, 2.4 ml of OA and 15 ml of ODE in a three neck round bottom flask
followed by heating to 150 °C for 1 h while stirring and purging with N> flow. The content was
then cooled to 130 °C under vacuum and the N; flow was restored. Then, 2 ml of bis
(trimethylsilyl) sulfide in trioctylphosphine (1 : 10 volume ratio) was quickly injected into the Pb

precursor solution and cooled abruptly down to 100 °C, at which temperature the reaction was run
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for 5 minutes. The reaction was stopped by quickly cooling the flask via dipping in cold water.
The QDs were then dispersed in toluene, kept at 4 °C for two days and purified using methanol.
The purified PbS QDs were dispersed in toluene ready for synthesis of PbS/CdS core-shell QDs.
For the synthesis of PbS/CdS core-shell QDs, Cd precursor was first prepared by heating a mixture
of CdO (25 mg), OA (24 mL) and ODE (40 mL) to 255 °C under N> flow for 20 min while stirring
followed by cooling to 155 °C under vacuum for 15 min and the N> flux was restored. In a separate
round bottom flask, 150 mL of PbS QDs solution in toluene (~350 mg PbS) was bubbled with N>
for 30 min and heated rapidly to 90 °C. The Cd/OA mixture was injected while stirring and the
reaction was carried out at 90 °C and stopped by quenching in cold water. The PbS/CdS core-shell
QDs were then purified 3 times using alcohol and dissolved in mixture of octane and decane (3:1

volume ratio) for solar cell fabrication.

Au nanostars were synthesized via chemical reduction with a modified procedure from references
[27-29]. In this procedure, Au seed solution was first prepared and used as precursor for the
synthesis of the Au nanostars. First, 1.058 mL of 104 mM HAuCls aqueous solution was diluted
by adding 125 mL of water in three neck round bottom flask and heated to boiling while stirring.
This was followed by injection of a separate solution prepared by dissolving 0.32 g trisodium
citrate in 32 mL water. The mixture solution was kept boiling for 15 min and then cooled to room
temperature. After the addition of 3.2 g of PVP, the solution was continuously stirred overnight at
room temperature, which resulted in Au seed formation. The PVP coated Au seed solution was
then centrifuged and re-dispersed in ethanol with concentration adjusted to about 4 mM based on
absorption measurements. The Au nanostars were prepared from the Au seed solution.
Accordingly, 0.1 mL of HAuCly solution in DMF (104 mM) was mixed with 30 mL PVP solution
in DMF (10 mM) in a three neck round bottom flask. Then 0.1 mL of PVP coated Au seed solution
(about 4 mM) was added rapidly and stirred for 3 hours at room temperature. Finally the Au

nanostars were sedimented by centrifugation and redispersed in anhydrous ethanol.
2.3. Fabrication of Solar Cell Devices

Solar cell devices were fabricated via layer-by-layer spin coating of PbS/CdS core-shell QDs on
TiO2 nanorod arrays films followed by ligand exchange in ambient air. Each layer of QDs was
spin coated by dispensing 200 ul of the QD suspension on a 1 inch by 1 inch FTO/TiO; nanorod

array substrate and rotating at 2500 rpm for 20 seconds. The ligand exchange was carried out three
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times for each layer of QDs by treating it with 10 % v/v solution of 3-mercaptopropionic acid in
methanol for 1 min followed by washing with methanol and hexane. For devices involving Au
nanostars, they were deposited on a QD film, which was formed following 2, 3 or 4 spin coating
cycles, by spin coating different concentrations of Au nanostars in ethanol at 1000 rpm for 1 min.
Then the QD spin coating and ligand exchange processes were continued until the desired final
number of layers of QDs was reached. About 20 nm thick MoOs hole extracting layer was
deposited on the QD film by thermal evaporation. It was then followed by thermal evaporation of
about 40 nm thick Au back electrode through a shadow mask of 4 by 4 circular arrays with circular
aperture of 4 mm in diameter, resulting in photoactive area of about 0.13 cm?. The pressure in the

vacuum chamber was set at < 10°® mbar.
2.4. Characterizations

A JEOL JSM-6300F scanning electron microscope (SEM) and a JEOL 2100F transmission
electron microscope (TEM) were used to study the morphology of Au nanostars, core-shell QDs
and TiO» nanorods, and to characterize the device structure. A Philips X’ pert diffractometer with
Cu-Ka radiation source was used to acquire X-ray diffraction (XRD) pattern of the TiO> nanorod
arrays. A Cary 5000 spectrophotometer (Varian) including integrating sphere accessory was used
for the acquisition of extinction and absorption spectra. The extinction spectra were measured
using a standard sample holder. The absorption spectra of the films were obtained from the
transmission plus scattering and reflection, which were acquired using an integrating sphere;
Absorption = 100 - (reflection + transmission + scattering). The reflection was measured by
placing the samples at the port opposite to the input port without the back-reflector. The baseline
was obtained by using a back-reflector and by blocking the light at the input port; the difference
was set to 100 %. The sum of transmission and scattering was measured by placing the sample at
the input port and placing the back-reflector at the port opposite to the input port so that all the
transmitted light is back reflected and detected. The baseline was obtained using a back-reflector
and quartz film at the input port, and by blocking the light at the input port; the difference was set
to 100 %. A Fluorolog®-3 system (Horiba Jobin Yvon) was used to record photoluminescence
(PL) emission spectrum of QDs with excitation wavelength of 670 nm. The concentration of the
Au nanostars was determined by neutron activation analysis using a SLOWPOKE nuclear reactor.
Solar cell devices were characterized by performing current density — voltage (J-V) measurements

using an Agilent B2901A instrument in dark and under AM 1.5 simulated sun light, which was
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provided by an Oriel Sol3A Class AAA Solar Simulator (Oriel Instruments, Newport
Corporation). EQE measurements of the solar cell devices were carried out using an Oriel® IQE-

200™ quantum efficiency measurement system.
2.5. Theoretical Calculations

Optiwave finite-difference time-domain (FDTD) simulation was used to calculate the extinction,
absorption, scattering of an Au nanostar, electric field distribution around an Au nanostar
embedded in the QD film and electric field induced absorption enhancement of the QD film as a
function of distance from the Au nanostar tip. An Au nanostar with five tips in each of two
orthogonal planes was modelled. The refractive index of Au was extracted from the data of Palik
[30]. The simulation cell was created with a grid size resolution of 1 nm. For the simulation of the
electric field distribution around the Au nanostar in the QD film, a polarized Gaussian modulated
continuous wave centered at 980 nm (close to the first excitonic absorption peak of the QD film)

was used as the input light source.
3. Results and Discussion

Based on our previous work [21] TiO; nanorod arrays of optimum length hydrothermally grown
on clean FTO substrate (about 450 nm) and similar PbS/CdS core-shell QDs are used in this work
for fabrication and investigation of the BH solar cell devices. The SEM images and the XRD
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Figure 1. (a) TEM image, (b) size distribution of the core (diameter) and (c) tip (length) of the Au nanostars,

and (d) extinction spectrum of Au nanostars in ethanol.
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pattern of the TiO nanorod arrays are shown in Figure S1. The PbS/CdS core-shell QDs used have
average PbS core diameter of about 3.0 nm
and CdS shell thickness of about 0.1 nm. m—Au
They were synthesized via the cation P P P AIN I TGS

exchange reaction of PbS QDs (~3.2 nm in

diameter) with Cd** ions. The average CdS

PbS/CdS
core-shell QD

the average PbS core radius from the average R0 S TY (o |
& & : ~ R ’f%— TiO, nanorod
radius of the parent PbS QDs, which were ,0

shell thickness was obtained by subtracting

both determined from the position of their FTO

first excitonic absorption peaks [21, 31]. As

«———QGlass
reported in our previous work, the size of
PbS QDs estimated from their optical spectra

. . . Figure 2. Schematic illustration of the structure of
was quite consistent with that from TEM

observations [23, 24]. The visible-NIR

plasmonic bulk heterojunction solar cell device.

extinction and photoluminescence (PL) emission spectra of the PbS/CdS core-shell QDs as well

as the TEM image are shown in Figure S2.

TEM images of the Au nanostars used for fabricating plasmonic bulk heterojunction solar cells are
shown in Figure 1 a. The Au nanostars have average core diameter of about 27.5 nm and tip length
of 13.6 nm. The distribution of the core diameter and tip length of the Au nanostars are shown in
Figure 1 b and c respectively. The extinction spectrum of the Au nanostars dispersed in ethanol is
shown in Figure 1d. The resonance pattern was composed of a peak centered at ~710 nm and a
shoulder at ~560 nm, in line with literature reports for similar plasmonic nanostructures [27, 29,
32]. The shoulder at ~560 nm was assigned to the transverse mode of the Au core, whereas the
strong resonance peak arose from the formation of tips. A diluted Au nanostars solution in ethanol
with an absorbance of about 3.0 at the center of the resonance band of the Au nanostars (~710 nm)
was found to have a concentration of 171 ppm, with uncertainty of + 5 % according to the neutron

activation analysis.

The structure of the bulk heterojunction solar cell devices investigated herein is schematically
illustrated in Figure 2. Basically the solar cell device consisted of the Au nanostars embedded in

the PbS/CdS core-shell QD film, which was deposited onto hydrothermally grown TiO2 nanorod
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arrays via layer-by-layer spin coating and ligand exchange technique. The QDs partially infiltrated
into the gaps of the TiO2 nanorod arrays, and thus forming the bulk heterojunction as previously
reported by our group [21]. The Au nanostars were introduced into the PbS/CdS core-shell QD
film at different locations by spin coating their ethanol solution onto the QD film prepared
following different spin coating cycles. The devices were completed by thermal evaporation of a

hole extracting layer of MoO3 and Au back electrode.

Figure 3a shows the cross-sectional SEM image of the bulk heterojunction device involving Au
nanostars. The TiO; nanorod length is ~ 450 nm and the QDs seem to infiltrate into the gaps
between the TiO> nanorods and the QD film thickness above the nanorods is ~ 300 nm. Figure 3b
is an SEM image showing the distribution of Au nanostars on the QD film surface following their
spin coating deposition. In this specific case, the Au nanostar concentration of 6.84 mg/ml was
used for the spin coating process. The Au nanostars can be clearly identified from the background
QD film and they seemed to be more or less sparsely distributed over the QD film with a few

aggregations observed.

PbS/CdS
- '\ \V

TiO, - PbS/CdS

Figure 3. (a) Cross-sectional SEM image of the solar cell device involving PbS/CdS core-shell QDs, TiO2 nanorod
arrays and Au nanostars, and (b) SEM image of Au nanostars spin coated on QDs film before depositing next cycle of

QDs.

In order to study the effect of the density of the Au nanostars and their location in the QD film on
device performance, different concentrations of Au nanostars were used for deposition onto the
QD film of different thickness. The highest AM 1.5 PCE of about 4.16 % was achieved by spin
coating the Au nanostar ethanol solution at the concentration of 6.84 mg/ml on 3 spin-coated layers

(thickness: ~ 170 nm) of PbS/CdS core-shell QDs (Figure 3b). This represented an increase of
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about 16 % compared to that (PCE: 3.59 %) of the control device without Au nanostars. The J-V
characteristics of these two devices under AM 1.5 illumination are shown in Figure 4. It can be

clearly seen that the enhancement in the PCE after the incorporation of the Au nanostars was
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Figure 4. J-V curves of bulk heterojunction devices (a) with and (b) without Au nanostars.

mainly due to the increase in Js (about 26 % in this case) suggesting that the presence of Au
nanostars enhanced charge carrier generation via improving photon absorption. The enhancement
in photon absorption could be in general attributed to the combined effects of both increased
effective optical path length in the QD film due to enhanced scattering with the presence of Au
nanostars and improved exciton generation in the QDs in the proximity of the Au nanostars due to
the local electric field enhancement. However, the introduction of the Au nanostars simultaneously
resulted in slight decrease of open circuit voltage (Vo) and fill factor (FF) by about 6.3 % and 2.4
% respectively, which was considered to be due to the introduction of charge carrier recombination
centers. This shows the increase in Jsc overcomes the decrease in Vo and FF resulting in increase

in overall PCE.

In order to better understand the plasmonic contribution to device performance, EQE of devices
with the Au nanostars and without was measured. As shown in Figure 5a, EQE enhancement took
place almost over the whole spectral range measured, from 380 nm to 1200 nm. This is in
agreement with the observed increase in Js. Indeed this evident enhancement in photoresponse
over the whole measured spectral range from NIR to ultraviolet is also observed in other report

[33]. Meanwhile, the absorption of QD films with and without Au nanostars was also measured.
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The absorption spectra of the PbS/CdS core-shell QD films (without Au nanostars and with

optimum amount of Au nanostars at optimum location in the QD film (Figure 5b)) correspond to

the EQE spectra of the devices extending in the NIR part of the solar spectrum reaching up to 1200

nm. The enhancement in absorption (Figure 5c) was obtained by subtracting the absorption

spectrum of the QD film without Au nanostars from that of the QD film with the Au nanostars.

The spectrum of the absorption enhancement overlaps very well with the extinction of the Au

nanostars film with a slight red shift, which is due to the high refractive index of the QD film [19,
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Figure 5. (a) EQE spectra of devices with and without Au nanostars,
(b) absorption spectra of PbS/CdS core-shell QD film with and
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29, 34] surrounding the Au nanostars.
This clearly shows the observed
increase in absorption is because of the
presence of the Au nanostars. The close
overlap of the wavelengths over which
EQE and absorption enhancement
occurred suggests that the considerably
increased photoresponse is closely
related to the increase of absorption in
the photoactive layer due to
incorporation of the Au nanostars into
the QD film. The correlation can be
seen more clearly in Figure 5c, where
we plot the LSPR of Au nanostars, the
difference in absorption and difference

in EQE together for comparison.

The enhancement of absorption could
be due to the scattering of light, field
enhanced absorption in the QD film
nearby and absorption of light by the
Au nanostars themselves. While the
first two processes are advantageous in
enhancing the performance of the

devices, the latter is undesired. These



properties of the Au nanostars were elucidated using theoretical calculation by FDTD simulation.
The calculated absorption, scattering and extinction of the Au nanostars as well as the electric field
distribution around an Au nanostar embedded in the QD film by using refractive index of 2.6 [34]
and dielectric constant of 14 [35] belonging to PbS QD film plotted at excitonic absorption peak
of the PbS/CdS core-shell QD film, ~980 nm are shown in Figure 6 a and b. The scattering-to-
absorption ratio of the Au nanostars is significantly higher than that of spherical Au nanoparticles
of similar size [36]. This makes the Au nanostars better candidates for QD based solar cells, since
a higher scattering-to-absorption ratio and less parasitic absorption are always desired. Although
spherical Au nanoparticles can also be designed to display similar scattering to absorption ratio,
much larger particle sizes are required. This is less attractive since the integration of smaller
particles in the QD film displaces less amounts of the photoactive material (QDs herein) and are

thus preferred.

The LSPR-induced electric field enhancement is concentrated at the tips of the Au nanostars
extending farther up to about 40 nm from the tip while decreasing in intensity (Figure 6b); i.e, the
field enhancement is above 1 up to a distance of 40 nm from the tip of the Au nanostar. This
electric field enhancement results in enhancement of absorption in the QD film, which is directly
proportional to the square of the electric field [37, 38]. The experimentally observed enhancement
in absorption of QD film due to incorporation of the Au nanostars should have mainly come from

the combination of the scattering and field enhancement. This is highly probable especially
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Figure 6. (a) Calculated absorption, scattering and extinction spectra of Au nanostars compared with the
experimental extinction spectrum, (b) calculated electromagnetic field distribution surrounding an Au
nanostar under excitation with wavelength of 980 nm, The intensity scale is normalized as (E/Eo)"S, and (c)
absorption enhancement in the QD film as a function of distance from an Au nanostar tip at different excitation

wavelengths.
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considering the observation of enhancement in EQE of the devices. The contributions to
enhancement in absorption and thus EQE due to field enhanced absorption and scattering is higher
than the parasitic absorption by the Au nanostars. Figure 6 ¢ shows the calculated enhancement of
absorption of different wavelengths of photons in the QD film around the Au nanostar as the
function of distance from the tip of the Au nanostar. The wavelengths at which the absorption
enhancement was calculated were chosen based on Figure 5c. These are 700 nm (where highest
increase in EQE is observed), 730 nm (at the centre of LSPR band of the Au nanostars), 800 nm
(where the highest increase in absorption is observed), 980 nm (near the excitonic absorption peak
of the QD film) and 1100 nm (where the highest increase in EQE above the QD excitonic
absorption peak is observed). The absorption enhancement at longer wavelengths, including the
highest absorption enhancement observed at the wavelength of 980 nm and at the wavelength of
1100 nm, is more than one time for longer distance from the nanostar tip than the shorter
wavelengths of 700 nm, 730 nm and 800 nm. This suggests that the observed increase in
absorption, hence the EQE, at the longer wavelengths (980 nm and 1100 nm) is mainly due to field
enhanced absorption. While at shorter wavelengths (700 nm, 730 nm and 800 nm) it could be
mainly due to the combination of the three different contributions — scattering, field enhanced
absorption and absorption in the Au nanostars themselves though the contribution from the latter

1S minimal.

All the above experimental and theoretical results are related to the optimal device. In the following
part, we present the effect of different density and location of the Au nanostars in the QD film on
device performance in detail. The adjustment of the density was realized by tuning the Au nanostar
concentration during the deposition process. It was found that the PCE and Js of the solar cell
devices reached the maximum at optimum density of the Au nanostars in the QD film (6.84 mg/ml
of Au spin coated). However, V. decreased monotonically with the increase in the density of the
Au nanostars. The FF fluctuated at the beginning when the concentration of the Au nanostars was
increased and then decreased monotonically as the concentration of the Au nanostars was further
increased. The trends are plotted in Figure 7a. The introduction of the plasmonic nanoparticles into
the QDs film can in general result in two antagonistic effects with respect to the device
performance. The beneficial effect arises from improved light absorption via enhanced light
scattering and local field enhancement, directly leading to increased charge carrier generation,

mostly relevant to the value of Js.. However, when there are too many plasmonic nanoparticles,
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Figure 7. Dependence of the performance parameters of solar cell devices on (a) the concentration of Au

nanostars spin coated and (b) their location in QDs film.

high fraction of lights will be absorbed by them, rather than by the QDs [39]. In addition, the
number of nearby QDs may be too low to significantly benefit from the positive plasmonic effects.
Therefore, in the latter case, charge carrier generation may be even decreased. This reasonably
explains why Js, which is most directly related to charge carrier generation, showed initial increase
and then decrease with increasing Au nanostar concentration. The unwanted effect consists of the
introduction of charge carrier recombination centers, which negatively affects the device
performance, as evidenced by consistently similar or lower Vo and FF, whatever Au nanostars
concentrations, as compared to the control device without any Au nanostars. Straightforwardly,
the higher the density of the Au nanostars is, the more recombination sites are introduced. The
observed variation of the overall PCE with the concentration of Au nanostars was essentially the
result of the interplay of all these factors. As the negative effect can outweigh at relatively high
Au nanostar density, the concentration optimization is important in realizing plasmon-enhanced

solar cells.
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All the parameters, PCE, Js, Vo, and FF reached maximum at an optimum location of the Au
nanostars, deposited after 3 cycles of QDs are spin coated (Figure 7b). When the Au nanostars are
too close to the QDs-TiO> junction, they may shadow the QD film behind resulting in reduced
absorption. This resulted in slight decrease in the PCE. Whereas the decrease in the PCE is higher
when the Au nanostars are too close to the back electrode. In this case the charge carriers extraction
is less efficient as the photogenerated charge carriers due to field enhanced absorption occurs far
from the QDs-TiO> junction resulting in more recombinations, which decreases not only the Jsc
but also the Vo and FF. The scattering of light might also be reduced as the intensity of light
reaching there is weak after passing through much of the QD film. The volume of the QDs that
can benefit from the field enhanced absorption is also less as the field enhancement is effective to

a distance of about 40 nm from the tip of the Au nanostar.
4. Conclusions

Ambient air processed plasmonic bulk heterojuction solar cell devices involving TiO2 nanorod
arrays, NIR PbS/CdS core-shell QDs and Au nanostars processed from solution have been
investigated in this work. After optimizing the devices with respect to the density of Au nanostars
in the QD film and their location in the cross-section of the QD film, a PCE as high as 4.16 % has
been achieved. The effect of the Au nanostars on the performance of the devices is evident from
an increase in Js. of the devices and enhanced photoresponse evidenced from the EQE
measurements. This is attributed to the experimentally observed enhancement of optical absorption
of the QD film due to the incorporation of the Au nanostars. It is inferred from theoretical
calculation results that the absorption enhancement is due to both near field enhancement and
scattering. This work demonstrated the importance of plasmonic nanoparticles integration into QD
based solar cells in improving the performance and paves a way for further investigation of
plasmonic nanoparticles in improvement of the performance of QD based solar cells. Further
optimization would be able to improve the performance of the devices. For example, utilizing seed
layer for the growth TiO2 nanorod arrays and surface modification of the Au nanostars may help

to overcome the decrease in performance due to charge carriers recombination.
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Supplementary data of this article including SEM images and XRD pattern of TiO> nanorod arrays,

absorption and PL emission spectra as well as TEM image of PbS/CdS core-shell QDs are given
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Figure S1. SEM images of 450 nm long TiO2 nanorod arrays grown on FTO substrate (a) cross-sectional and
(b) perspective view, and (¢) XRD pattern of the 450 nm long TiO2 nanorod arrays grown on FTO compared

with the standard patterns of rutile SnO: and rutile TiO2. The peaks designated ‘R’ are ascribed to rutile TiO2.
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Figure S2. Visible-NIR extinction and PL emission spectra of the PbS/CdS core-shell QDs suspension in

toluene, inset: TEM image of the PbS/CdS core-shell QDs.
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CHAPTER S CONCLUSIONS AND PERSPECTIVES

5.1. Conclusions

Colloidal QDs have a promising future for application in solar cells due to their low cost synthesis,
processing into devices from solution and their potential to be designed into high PCE devices.
For enhanced performance, several factors are important. One of them is the architecture of the
devices. Among different architectures of QD based solar cells studied so far, heterojunction solar

cells involving the QDs and wide band gap semiconductors are the leading ones in terms of PCE.

Another factor is the quality of the QD film, which should be able to achieve the maximum
absorption of photons, while still allow the efficient extraction of the photo-generated charge
carriers. To this end, the QD film should have good charge carrier mobility and minimal charge
carrier recombination centers. These can be achieved by surface engineering of the QDs via ligand
exchange. The ligand exchange involves replacement of the long chain ligands capping the QDs
with short chain ones or even ions like halides to bring the QDs closer, increasing the QD coupling
that ultimately increases the charge carrier mobility in the QD film. Furthermore, the short chain
ligands or ions, due to their reduced steric hindrance, may better passivate the surface defects of

the QDs arising from the dangling bonds.

In this work, colloidal PbS/CdS core-shell QDs have been demonstrated to have a potential to be
applied in solar cells by combining them with rutile TiO2 nanorod arrays, which were synthesized
by hydrothermal technique. It is of huge significance that both the PbS/CdS core-shell QDs and
the rutile TiO> nanorod arrays are synthesized via low cost wet chemical approaches and the
devices are processed from solutions. Moreover the PbS/CdS core-shell QDs enable the processing
of the solar cells in ambient atmosphere, while yielding even better PCE (about 40 % higher) than
the PbS QD solar cells fabricated inside a glove box under otherwise same fabrication conditions.
In addition to the processing atmosphere, it has been found out that the interfacial hole transport
layer between the QD film and the Au back electrode plays significant role in the performance of

the devices.
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Further optimizations of the PbS/CdS QDs — TiO; nanorod arrays devices have led to improved
performance of the device. This was achieved by utilizing sputter-deposited TiO> seed layer on
FTO substrate to improve the TiO2 nanorod/FTO interface, optimizing TiO2 nanorod length and
performing mild thermal annealing of the QD film in N2. Such optimizations have led to a PCE of

4.43 %.

It has also been demonstrated that the incorporation of Au nanostars in the PbS/CdS core-shell QD
film can result in plasmonic enhancement of the performance of the DBH device. It has been found
out that the density and the location of the Au nanostars in the QD film affect the performance of

the devices.

This work in general paves a way for further investigation of colloidal QDs in solar cells towards
improved performance. Especially, the demonstration of the importance of the utilization of core-
shell QDs and plasmonic nanoparticles to extend light absorption into NIR region of the solar
spectrum and the optimization of device architecture in improving the performance of QD based

solar cells can trigger further research in this area.

5.2. Perspectives

Colloidal QDs, in general, and PbS/CdS core-shell QDs, in particular, look promising for solar
cell applications in the future. However, the PCE of such devices needs to be further improved if
they are to meet the requirements for commercialization competing with other energy technologies
like fossil fuels and single crystalline silicon solar cells, which are the most widely commercialized
solar cell technology so far. Improvement can be made on different aspects, which include

photoelectrodes, QD films and even charge collecting electrodes.

In heterojunction solar cells, which have so far achieved the best PCE values among QD based
solar cells of different architecture, the use of other semiconductors to form heterojunction with
QDs needs to be explored. Improvement of the properties, such as electron mobility, of the wide
band gap semiconductors (TiOz and ZnO) already in use by doping could also be one direction of
increasing the performance of the solar cell devices. Further optimization of nanorod arrays in
terms of controlled density and crystal quality are also necessary by the exploitation of different
growth techniques. Related to this, it would also be possible to enhance the performance of solar

cell devices by rationally designing photoelectrodes. Recently it has been reported that the use of

93



a hierarchically structured TiO> photoelectrode enables the use of thinner film of PbS QDs and
enhances the PCE [162]. Combining TiO> or ZnO with high mobility semiconductors is also one
option of improving the properties of photoelectrodes. Indeed it has been demonstrated in our
recent work that incorporation of SWCNTSs with TiO2 nanorod arrays improves the performance

of laser synthesized PbS QD based solar cells [138].

Further investigations on device architecture are necessary to realize the use of MEG and hot
carriers in increasing the performance of the devices. Designing intermediate band solar cells
involving QD superlattices through studying different techniques for QD film fabrication is also
attractive. As these strategies have been theoretically predicted to be able to lead to devices
surpassing the Shockley Quiesser limits of single junction solar cells, it is worthwhile to explore

their realization in QD based solar cells.

Similar to hierarchically structured photoelectrodes, which enhance absorption of photons by QD
film through scattering, implementation of plasmonic nanostructures in QD based solar cells is
quite attractive. This allows the use of a thinner QD film, which enhances charge carrier transport
and collection efficiency, meanwhile with enhanced light absorption. Therefore, systematic

investigation of plasmon enhanced QD solar cells is highly and urgently desired.

Although rapid progress has been made in the development of QD based solar cells, there still
remains much room for further investigations for future commercial applications. Among these

are the automatization and scaling up of QD synthesis and the scaling up of device fabrication.
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RESUME

Introduction

Le soleil est I’énergie la plus viable, la plus abondante, la plus propre et la source la plus
renouvelable pour répondre aux demandes d’une population mondiale en expansion [11]. Pour
pouvoir I’exploiter, elle doit étre convertie et stockée sous une forme utilisable, par exemple sous
forme de courant électrique. La technologie des cellules solaires permet de collecter et de convertir
I’énergie solaire en courant électrique en offrant un important rendement de conversion en
puissance (RCP). Pour que les technologies exploitant 1’énergie solaire soient utilisables en
pratique, elles doivent &tre compétitives face aux autres sources d’énergies en termes de cofit

économique.

Depuis la découverte en 1839 de l'effet photovoltaique par le francais Alexandre- Edmond
Becquerel [1], différents matériaux et structures ont été étudiés conduisant ainsi a la mise au point
de dispositifs a fort RCP, et ensuite a leur commercialisation. Parmi les réalisations remarquables,
on peut citer par exemple les dispositifs a jonctions simples qui peuvent atteindre une RCP de
28,3% [2] et les dispositifs a jonctions multiples (4 jonctions) qui ont montré un RCP de 46 % [3].
En comparaison, les cellules solaires les plus largement commercialisées, faites a base de silicium
monocristallin atteignent au mieux un RCP de 25,6 %, alors que des modules a base de silicium
poly-cristallin délivrent un RCP pouvant atteindre 19,3% [18-20]. Toutefois, ces cellules solaires
ont un colt de production relativement élevé. Il est donc nécessaire de développer de nouveaux
dispositifs produits a des coflits moindres avec des RCPs raisonnables, leur permettant de

concurrencer avec les technologies plus onéreuses.

Les cellules solaires qui ont été étudiées jusqu’a présent sont classées en différentes générations
selon leur RCP, leur coft, le type de dispositif et les matériaux utilisés. Ainsi, la premiere
génération, basée sur les cellules solaires a base de silicium monocristallin offre a la fois un RCP
élevé mais avec des colits élevés également. La deuxieme génération offre de meilleurs prix au
détriment d’un RCP inférieur. L’idée de la troisieme génération est donc de proposer des cellules
solaires a fort RCP et a prix modéré. Les cellules solaires a base de boites quantiques (BQs)

constituent des candidats prometteurs au sein de la troisieme génération. Parmi les nombreuses
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techniques de fabrication de BQs, la syntheése par voie colloidale est fort intéressante grace a la

simplicité de sa mise en ceuvre et ses bas cofit de production [27].

De plus, les BQs possedent des propriétés uniques qui expliquent leur fort potentiel pour des
applications solaires. Les BQs présentent une forte absorption due a leur coefficient d’extinction
élevé, permettant leur utilisation sous forme de films minces. En outre, grace au confinement
quantique des excitons dans les BQs, il est possible d’ajuster leur absorption en modifiant leurs
tailles. En particulier, les BQs actives dans le proche infrarouge (NIR) sont d’un grand intérét
puisque qu’elles permettent de profiter de la partie infrarouge du spectre solaire qui représente pres
de 50% des photons du spectre solaire. Les BQs offrent également la possibilité de générer des
excitons multiples [28-30] et d’extraire des porteurs de charges chaudes [32, 33] etcellules solaires
de la bande intermédiaire [34]. Tous ces avantages permettent la possibilité de dépasser la limite
de Shockley-Queisser pour les cellules solaires a jonctions simples (RCP de 31%) [21]. Alors que
les BQs colloidales n’offrent pas la stabilité désirée, leur encapsulation par une coquille
inorganique plus stable permet d’améliorer significativement leur stabilité et résistance a
I’oxydation. De telles BQs coeur/coquille constituent ainsi une alternative prometteuse pour des

applications photovoltaiques (PVs) [50].

Afin de mieux intégrer les BDs dans des dispositifs photovoltaiques, certains points doivent étre
pris en compte. Parmi ceux-ci, lorsque des films continus de BQs sont fabriqués, les BQS doivent
étres peu éloignées pour ne pas nuire a la mobilité des porteurs de charges au travers du film et le
nombre de sites de recombinaison de charges doit étre minimisé. Pour surmonter ces difficultés, il
est possible d’adjoindre une structure uni-dimensionnelle (1D) aux BQs, cette structure 1D jouant
alors le rdle de transporteur de charges [8, 91]. Une autre solution applicable aux films épais de
BQs consiste en I’insertion de nanoparticules plasmoniques au sein de films de BQs plus minces
pour accroitre 1’absorption optique tout en conservant une extraction des porteurs de charges

efficace.
Objectif de la These

Les principaux objectifs de la these sont :

1. lafabrication et I’étude de cellules solaires composées de hétérojonctions (HJs) a base de BQs
actives dans I'infrarouge (PbS et PbS/CdS coeur-coquille) et de structures 1D (i.e., des nano

batonnets de TiO2 (NBs-TiO,) fabriqués par croissance hydrothermale;
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2. Etudier I’effet des traitements de surface des BQs de PbS et de PbS/CdS coeur/coquille dans
des cellules solaires;

3. Optimiser ’architecture des dispositifs impliquant des BQs PbS/CdS coeur/coquille pour
ensuite améliorer les performances des cellules solaires a HJs. L’optimisation inclue : (i)
I’étude de I’effet de la déposition par pulvérisation d’une couche germinale ultramince de
TiO> sur le FTO afin de favoriser la croissance subséquente des NBs-TiO,, (ii) I’effet de la
taille des NBs-TiO», et (iii) I’effet du recuit des BQs PbS/CdS coeur/coquille sous atmosphere
inerte sur les performances des cellules solaires a HJs ;

4. L’intégration de nanoparticules plasmoniques de nano-étoiles d’ Au dans des cellules solaires

a base de BQs PbS/CdS coeur/coquille et étudier leurs effets sur les performances PVs.

Dans la premiere partie de ce travail, des cellules solaires ont été fabriquées a partir de BQs

colloidales de PbS et PbS/CdS coeur/coquille combinées a des réseaux de NBs-TiO; rutile (2 et 4
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Figure R1. (a) Diagramme schématique de la vue en transverse d’une cellule solaire a base de FTO/NBs-

TiO2/BQs/PbS/CdS/MoOs/Au; (b) diagramme des bandes d’énergies de la cellule solaire.

um de long), synthétisés par la technique hydrothermale. La structure générale des dispositifs
étudiés est (FTO)/TiO2/BQs/couche d’interface/Au (la coupe transverse schématisée ainsi que le
diagramme de bandes d’énérgies des différents composants sont présentés dans la Figure R1).
Deux types de BQs (PbS et PbS/CdS coeur/coquille) ainsi que deux types de couche d’interface
(PEDOT:PSS et Mo0O:3) entre le film de BQs et 1’électrode inférieure ont été étudiés. L’effet de
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I’atmosphere (inerte ou ambiante) sous laquelle la dispersion par centrifugation des BQs et

I’échange des ligands sont effectuées a également été étudié.

Nous avons trouvé que I’atmosphere ainsi que la couche interfaciale (MoQOs) extractrice de trous
entre le film de BQs et 1’éléctrode inférieure d’ Au affectent significativement les performances
des cellules solaires. Un RCP maximal de 2.14% a été atteint sous illumination solaire (AM 1.5)
pour des dispositifs utilisant des BQs PbS/CdS coeur/coquille, des NBs de TiO> de 2 um de long
avec une couche d’interface de MoQOs. Par ailleurs, ces dispositifs sont traités sous atmoshpere
ambiante et ont montré de meilleures performances (jusqu’a plus de 40%) que les dispositifs a

base de BQs de PbS traités sous atmosphere inerte (RCP maximal de 1.53%), toutes les autres

FTO gIass/TiOzleS/CdS QDs/MoOS/Au

FTO glass/TiO /PbS QDs/MoO /Au

NE 54
O
<
E
2 Voltage (V)
I T T T T T
0.2 0 0.2 0.4 0.6

Figure R2. Courbes J-V du dispositif a HJS : (bleue) verre FTO/NBs-TiO2/BQs (PbS/CdS)/MoOzs/Au, la
dispersion par centrifugation et I’échange de ligand des BQs de PbS/CdS QDs ont été faits sous
atmosphére ambiante; (rouge) verre FTO /NBs de TiO:z /BQs PbS/MoOs3/Au, la dispersion par
centrifugation et I’échange de ligands des BQs de PbS QDs ont été faits sous atmosphere

controlé.

conditions de fabrication étant équivalentes. La comparaison des courbes courant-tension (J-V)
des deux dispositifs sont présentés sur la Figure R2. Il est a noter qu’aussi bien les BQs PbS/CdS
coeur/coquille que les NBs de TiO; rutile ont été synthétisés par des techniques de fabrication

chimiques en solution avec des cofits relativement bas.

Les résultats extraits de cette partie sont présentés dans la publication [55]:
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[55] Gonfa, B.A., H.G. Zhao, J.T. Li, J.X. Qiu, M. Saidani, S.Q. Zhang, R. Izquierdo, N.Q. Wu,
M.A. El Khakani, and D.L. Ma, Sol. Energ. Mat. Sol. Cells, 2014. 124: p. 67-74.
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Figure R3. (a,c,d et ¢) Image MEB de vue en transverse de NBs de TiO: de différentes longueurs sur couche
germinale/substrat de FTO, (g) Image MET type de BQs-PbS/CdS, (h) spectre d’absorption Vis-
NIR (bleu) et de photoluminescence (rouge) de BQs de PbS/CdS en solution (courbes en
pointillés) et BQs de PbS en solution (courbes pleines), (i et j) images MEB de vue en transverse
de NBs de TiO: de tailles différentes synthétisées sur substrat de FTO et vue de dessus par MEB
de NBs de TiO: de longueurs (b) 250 nm et (f) 2 pm synthétisés sur couche germinale/substrat de
FTO, et (k) NBs de TiO2 de longueur 2 pum sur substrat de FTO.

11 était important de démontrer les performances accrues de cellules solaires composées de BQs
PbS/CdS coeur/coquille synthétisés par des procédés de fabrication simples sous atmosphere
ambiante en comparaison des cellules a base de BQs de PbS qui nécessitent 'utilisation de boites
a gants sous atmosphere inerte. Toutefois, il reste de nombreuses optimisations a effectuer en vue
d’améliorer encore significativement les performances. C’est ainsi que dans la seconde partie de
ce travail, des dispositifs de cellules solaires a base de BQs PbS/CdS coeur/coquille ont été
développés en optimisant les matériaux et les structures utilisées, permettant d’atteindre un RCP
aussi élevé que 4.43% (sous simulateur solaire AM 1.5). Ce RCP a été obtenu en utilisant une

couche germinale de TiO> déposée par pulvérisation cathodique sur une verre de FTO avant de
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Figure R4. (a) Image MEB de coupe transverse de BQs de PbS/CdS dispersées sur NBs de TiO: long de 450
nm sur couche germinale/verre FTO, (b) représentation schématique de I’architecture en coupe
transverse d’une cellule solaire a HJS et (c) alignement des bandes d’énergies des composants

utilisés.

faire croitre un réseau de NBs de TiO; de longueur optimisée et d’un film de BQs PbS/CdS
coeur/coquille recuit sous atmosphere inerte. Des images par microscopie électronique a balayage
(MEB) des NBs de TiO; avec et sans couche germinale (vue en transverse et vue en perspective)
sont présentées dans la Figure R3 ainsi qu’une image par microscopie électronique en transmission

(MET) des BQs PbS/CdS coeur/coquille et des spectres de photoluminescence (PL) et
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Figure R5. (a) Courbes J-V du dispositif a HJs fait de NBs TiO: de 100 nm, 450 nm et 1.2 pm sur couche
germinale/verre FTO sous illumination AM1.5, et (b) spectre EQE du dispositif a NBs de TiO2 long
de 450 nm sur couche germinale/verre FTO comparé avec le spectre d’absorption UV-Vis-NIR de

film de BQs de PbS/CdS coeur-coquille sur quartz.
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d’absorption dans le visible et I’infrarouge proche (Vis-NIR) des BQs PbS/CdS coeur/coquille et
PbS en solution. .’image de vue en transverse du film de BQs déposé sur des NBs de TiO> par
MEB, le schéma des dispositifs ainsi que les diagrammes de bandes d’énergies des composants
utilisés sont présentés dans la Figure R4. Nous avons trouvé que les performances des cellules
solaires dépendent de la taille des NBs-TiO: et que celle-ci est optimale a une longueur de 450 nm
pour laquelle le RCP vaut 3.76%. A titre d’illustration, les courbes J-V de trois dispositifs 2
longueur de NBs de 100 nm, 450 nm et 1.2 um sous illumination AM 1.5, avec la présence d’une
couche germinale sont présentés sur la Figure RS. Le RCP croit dans un premier temps avec la
longueur des NBs de TiO» avant de décroitre. La photoréponse s’étend a des longueurs d’ondes
>1200 nm comme le montre le spectre d’absorption du film de BQs et le spectre d’efficacité
quantique externe (EQE) (Figure R5b). En comparaison des dispositifs sans couche germinale, un
RCP maximal de 3.56% est également atteint pour une longueur de NBs de 450 nm. Les dispositifs
sans couche germinale de TiO; présentent des tendances similaires aux systemes avec couche dans
les variations de Js, Voc €t FF selon la taille des NBs. Des différences plus importantes ont été
constatées pour des NBs de TiO; plus longs. Il n’y a alors plus de décroissance monotone des

courbes J-V lorsque les batonnets croissent de 450 nm a 2 um mais une chute de Vo en absence
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Figure R6. Comparaison de la dépendance de la longueur des NBs du (a) V. et du (b) FF des dispositifs a HJs

a base de NBs de TiO: sur couche germinale/ verre FTO et sur verre FTO seul.
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de couche germinale qui s’effectue en deux étapes (Figure R6). Une forte décroissance lorsque la
longueur varie de 650 nm a 950 nm et ensuite une décroissance plus modérée. Ceci met en évidence
I’effet bénéfique de la déposition par pulvérisation de couche germinale de TiO; pour atteindre
une meilleure adhésion interfaciale des NBs de TiO> sur le substrat de FTO, favoriser le transport

des charges a I’interface et ainsi réduire les sites de recombinaison de photocharges.

Le recuit a 110 °C sous atmosphere saturée en N> des dispositifs apres dépdt du film BQs accroit
grandement le RCP qu’ils contiennent une couche germinale ou non. La Figure R7 présente les
courbes J-V de dispositifs avec et sans couche germinale apres recuit, le RCP des dispositifs ayant

une couche germinale et des NBs-TiO> de longueur optimisée a 450 nm atteigenent la valeur de
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Figure R7. Courbes J-V de dispositifs recuit sous atmosphere saturé de N2 avec NBs de TiO: de 450 nm

sur (a) couche germinale/ verre FTO et (b) verre FTO seul.

4.43%, correspondant a une amélioration du RCP de ~18%. Le systeme sans couche a quant a lui
un RCP qui croit de 16% pour atteindre 4.13%. L.’augmentation du RCP est principalement due a
une augmentation de Js, le transport des charges est donc amélioré par le meilleur couplage des

BQs qui se trouvent plus proches les unes des autres et par la réduction de I’énergie d’activation
de pieges peu profonds.

Les résultats extraits de cette partie sont présentés dans la publication [54]:
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[54] Gonfa, B.A., M.R. Kim, N. Delegan, A.C. Tavares, R. Izquierdo, N. Wu, M.A. El Khakani,
and D. Ma, Nanoscale, 2015. 7(22): p. 10039-10049.

En vue d’augmenter 1’absorption de la lumiere, I’insertion de nanoparticules plasmoniques dans

FTO

«—QGlass

Figure R8. Représentation schématique de la coupe transverse de dispositifs plasmoniques a H]Js.

nos dispositifs PVs a été étudié la troisieme partie de ma these. En effet, nous avons plus
particulierement €tudié 1’integration de nano-étoiles d’ Au dans nos cellules solaires a HJs utilisant
des BQs PbS/CdS coeur/coquille. La coupe transverse schématisée de ce dispositif est représentés

sur la Figure R8. Nous avons trouvé que la densité de nano-étoiles d’ Au ainsi que leurs positions
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Figure R9. Courbes J-V de dispositifs a HJs (a) avec et (b) sans nano-étoiles d’Au.
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au sein du film de BQs affectent les performances des dispositifs. En optimisant ces parametres,
un RCP de 4.16% a été obtenu, soit une augmentation de 16% en comparaison des systemes sans
nano-étoiles d’Au qui ont un RCP de 3.59%. La Figure R9 montre les courbes J-V de dispositifs
avec et sans nanoparticules d’Au. Cet accroissement du RCP est attribué a 1’exaltation du champ
électrique a proximité des nanoparticules plasmoniques, qui augmente 1’absorption de lumiere et
la génération de porteur de charges dans le film de BQs, tel que démontré par 1’augmentation du
courant de court-circuit (26%) et de 'EQE. La comparaison des EQEs des deux dispositifs est
présentée sur la Figure R10. Les spectres d’absorption des films avec ou sans nano-étoiles d’Au

ainsi que les spectres d’absorption et d’extinction de films de nano-étoiles d’Au sont également
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Figure R10. (a) Spectres EQE de dispositifs a HJS avec et sans nano-étoiles d’Au, (b) spectres d’absorption
de films de BQs PbS/CdS coeur-coquille avec et sans nano-étoiles d’Au et (¢c) comparaison
des différence de spectres d’absorption et différence de EQE avec spectres d’absorption

de film de nano-étoiles d’Au.
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présentés dans la Figure R10. Dans cette partie de la these, nous avons pu démontrer que
I’incorporation des nanoparticules d’Au dans des films de BQs de PbS/CdS coeur/coquille peut

conduire a une exaltation plasmonique des performances des dispositifs a HJs.
Les résultats extraits de cette partie sont présentés dans la publication [88].

[88] Gonfa, B.A., M.R. Kim, M.A. El Khakani, and D. Ma, Plasmonic Enhancement of the
Performance of PbS/CdS Core-shell Quantum Dots/TiO> Nanorod Arrays Bulk Heterojunction

Solar Cells. , étre soumis.

En résumé, ce travail de these a démontré la possibilité de concevoir des cellules solaires de haute
efficacité a base de BQs colloidales, en particulier des BQs de PbS/CdS coeur/coquille. En effet,
nous avons non seulement démontré la faisabilité de telles cellules, mais surtout leur capacité de
fournir un RPC dépassant les 4%. Méme si un tel RPC peut paraitre modeste, il est néanmoins
significatif pour des dispositifs fabriqués pour la premiere fois a 1I’échelle du laboratoire. Il est clair
que le RCP de tels dispositifs doit encore étre amélioré pour devenir commercialement compétitif
avec les technologies établies. Les améliorations concernent différents aspects, parmi lesquels on
peut mentionner : les photoélectrodes, les films de BQs et les électrodes de collection de charges.
Ce travail ouvre donc la voie pour des recherches a venir sur des cellules solaires a BQs a haut
rendement. Celles-ci devraient en particulier se baser sur la démonstration de principe faite dans
le cadre de cette thése qui souligne 1’importance des BQs coeur/coquille et des nanoparticules
plasmoniques pour étendre le spectre d’absorption vers le NIR tout en améliorant 1’absorption des

photons du soleil.
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