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ABSTRACT

Photovoltaic cells offer a good alternative to the fossil fuels. Several approaches are being
analysed in order to have solar cells that are capable to conquer the energy market all around
the world. Quantum dots (QDs) have already proven features that can be taken into account to
improve the properties of solar cells. Metal selenide nanoparticles (NPS) possess
semiconducting behaviours that can vary with their structural and optical properties evolving
from their synthesis. The reaction parameters such as the method, time, solvent and precursors
can affect the growth and nucleation of particles and thus impose on the properties of the
synthesized materials. The performance of solar cells made of the synthesized metal selenides
will then be dependent upon the properties of the NPs used as active layer. Furthermore, the
electrical current generation also depends on the structure of the deposited active layer and its
interface with other films to be assembled for the device. The binary copper selenide, ternary
copper indium selenide (CISe), quaternary copper indium gallium selenide (CIGSe) and
quinary copper zinc tin sulphur selenide (CZTSSe) NPs were synthesized via conventional
colloidal method (CCM) and microwave assisted method (MAM). The MAM has a particular
interest as it is less time consuming and can easily be a large scale synthesis. Photovoltaic
devices were fabricated from the synthesized materials as proof of concept for photovoltaic
activities. The CCM was used to optimize various parameters for the synthesis of each type of
the chalcogenide materials as this is easily controllable than the ones from the sealed vessel
from MAM. The dependency of properties of all copper chalcogenide NPs on the time,
precursor concentration, temperature and solvent of synthesis have been demonstrated via
various characterization techniques including ultraviolet-visible-near infrared spectroscopy,

photoluminescence spectroscopy, X-ray diffractometry and transmission electron microscopy.

The binary copper selenide was first synthesized and considered as a template for evaluation
of the use of copper chalcogenide materials in solar cells. Relatively smaller copper selenide
NPs with average sizes of 4.5 and 6.0 nm were obtained from conventional colloidal and
microwave assisted methods respectively. The sample yielded from the microwave assisted
method possessed less polydispersed NPs. The later had better crystallinity in which prevailed
a single cubic Cu,Se phase. To the best of our knowledge this is the first evidence of defined
shapes and nearly single phase of small sized copper selenide NPs synthesized by mean of the
MAM. The copper selenide particles synthesized via this method were used to fabricate a

Schottky device. The conditions of copper selenide synthesis were optimized to 250 °C, 30




min of CCM synthesis using oleylamine (OLA) and a Cu/Se ratio of 1:1. Nearly hexagonal
facets with blue-shifted absorption band edge of monodispersed NPs sizing 4-8 nm in
diameter were obtained. The synthesized copper selenide showed better crystallinity with a
single cubic Cu,Se phase. A Schottky device using MAM synthesized copper selenide NPs as
the semiconducting layer was fabricated at room temperature. The diode effect was
demonstrated with the electrical parameters such as the ideality factor, barrier height and the
series resistances extracted from the experimental current-voltage data using the thermionic
theory and Cheung’s modification. The thermionic theory resulted in the ideality factor of
4.35 and the barrier height of 0.895 eV whilst the Cheung’s method resulted in the ideality
factor, barrier height and series resistance of 1.04, 2.59 10 eV and 0.870 Q respectively.

The ternary copper indium selenide NPs showed that the MAM allowed the formation of
copper rich NPs alongside secondary products. The synthesis of the ternary sample via CCM
was optimized using uncapped precursors (no TOP was added) in OLA at 220 °C for 30 min.
The synthesized CulnSe, NPs possessed a large blue-shift in their absorption band edges and
emission peaks. The nearly stoichiometric CulnSe, particles with diameter sizes of 5-9 nm
were found in tetragonal crystalline orientation. The cyclic voltametry (CV) and the
absorption spectra showed a large blue-shifted energy gap, about 0.95 eV, an increase from
the bulk, proving the quantum confinement effects of synthesized copper indium selenide
quantum dots. The CulnSe, NPs were thus used as absorbing materials in the quantum dot
sensitized solar cell devices (QDSSCs). The QDSSC devices were assembled via treatment of
the titanium oxide, quantum dot layers and their interface. This was done by the treatment of
copper indium selenide surface with mercapto-propionic acid (MPA) and ethanedithiol (EDT)
during the deposition of the quantum dots onto TiO, films. The MPA treatment did not reveal
positive effects on copper indium selenide thin film and the assembled device under our
optimized working conditions. However the use of EDT allowed the improvement of electron
transport. The short circuit current (Jsc), open circuit voltage (Voc) and fill factor (FF)
obtained from the current-voltage (J-V) curves reached the values of 324 pA cm?, 487 mV
and 43% respectively, indicating that the investigated quantum dots possess electrical

properties.

For the quaternary copper indium gallium selenide, relatively small sized NPs were
synthesized via CCM and MAM. The CCM synthesized CIGSe NPs were less agglomerated




with a shorter tailing in absorption than those from MAM. The stoichiometric
Culng 75Gag 25Se;, showed less agglomerated and highly crystalline particles with a large blue-
shifted absorption band edge and a smaller full width at halth maximum (FWHM) of the
emission peak compared to CulngsGagsSe; and Culng 25Gag 75Se,. The use of OLA as solvent
of synthesis improved the growth and dispersivity of copper indium gallium selenide NPs.
The particles with a large blue-shifted absorption band edge, a lattice of tetragonal phase,
more monodispersed CIGSe and possessing an average size of 6.5 nm were obtained from
CCM synthesis using OLA. The OLA as-synthesized CIGSe NPs were used in thin film for
the assembly of QDSSC. The device exhibited electrical properties with the Jsc, Voc and FF
of 168 HA cm™, 162 mV and 33% respectively. The overall device performance was poor but

may further be improved for further photovoltaic application.

The quinary CZTSSe NPs possessed large blue-shifted absorption band edges of 450-460 nm
than the bulk material (827 nm). The emission peak at 532 nm and similar FWHM of less
than 50 nm were observed in samples from both CCM and MAM. More monodispersed
crystals were obtained with both methods whilst the average particle sizes of 10 and 9 nm
were yielded from MAM and CCM respectively. The nanoparticles crystallized in tetragonal
lattices between copper zinc tin sulphide and copper zinc tin selenide crystals. However, the
MAM gave more crystalline phases. The CV and the absorption spectra showed a blue shifted
energy gap, about 0.21 eV increase from the buk which is located at 1.51 eV. This is
indicative of the quantum confinement effects of synthesized NPs. The evidence of electrical
properties was also shown in the QDSSCs fabricated using the MAM synthesized quinary
QDs. This was done following the same treatments as for copper indium selenide devices.
The Jsc, Voc and FF were found at the maxima of 258 pA cm? 395 mV and 38%
respectively. The MPA and EDT treatments did not improve the device performance under
our working conditions. Nevertheless, the electrical properties observed in the assembled

device were indicative of promising efficient solar cells from synthesized CZTSSe NPs.
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CHAPTER 1: SYNOPSIS

1.1 Brief description of the thesis

This chapter outlines the main topics of the thesis. The problem statement, the motivation, the
aims and objectives of the project are stated. The second chapter describes the preparation of
semiconducting nanocrystals and the conditions affecting their properties. A background on
solar cells including their main constituents, their evolution, the problems related to their
performances is provided. The use of different materials such as metal selenide based-

compounds in solar cells is also explained.

The third chapter describes the synthesis and characterization of copper selenide (CuxSe)
nanoparticles in hexadecylamine and oleylamine and the application of CuySe nanoparticles
obtained from optimized synthesis in a Schottky device to explain their properties. The work

shown in this chapter is mostly from a paper that has been published [1].

The fourth chapter describes the synthesis of ternary copper chalcogenide using the method
similar to what described in Chapter 3. The properties of the resultant copper indium selenide
(ClISe) nanoparticles are discussed. Quantum dots sensitized solar cells based on copper
indium selenide are further discussed. A manuscript is made from this chapter and it is being

submitted for publication.

The fifth chapter describes the synthesis of copper indium gallium selenide nanoparticles
using the method adapted on that in Chapter 3. The properties of the resultant copper indium
gallium selenide (CIGSe) nanoparticles are discussed. The fabrication of copper indium
gallium selenide quantum dot sensitized solar cell device is then made to give the evidence of
the photovoltaic performance. A manuscript made from this chapter is being submitted for

publication.

The sixth chapter involves the preparation of copper zinc tin sulphide selenide (CZTSSe)
nanoparticles. The nanoparticles are characterized and employed as an active layer in
guantum dot sensitized solar devices. This chapter will be submitted to a journal for
publication. The seventh chapter covers the general conclusions on this project and the
recommendations for future work are highlighted.
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1.2 Problem statements

Second generation photovoltaics based on thin films of semiconducting materials have failed
to surpass the efficiency of silicon solar cells. The lower efficiency has resulted in the overall
cost of the second generation photovoltaics to be similar to silicon solar cells thus limiting
their domestic and commercial use. Hence, efforts have been made through the third
generation solar cells to improve efficiencies while lowering the production costs through
simple processing technologies. The exploration of new materials with new properties may
be an advantage in improving the performance of photovoltaic devices and expending the

associated technology.

1.3 Project motivation

Three-dimensionally quantum confined semiconductor nanocrystals possess excellent optical,
electronic and physical properties compared to their quantum wells counter parts. Their band
gap can be engineered by the manipulation of their size and shape. Additionally, these
materials are solution processable, small amount can easily be used along with other types of
materials as polymers, and other inorganic materials to form hybrid structures and thus
present the possibility to produce low cost nanocrystals solution based-thin film solar cell

devices to harness the properties of 3D confined nanoparticles.

1.4 Project aims and objectives
The aim of the project was to synthesize and characterize CuySe, CulnSe,, CulnGaSe; and
Cu,ZnSn(S,Se), nanoparticles and to use them as active layer in solar cell devices. In order to

fulfil the above mentioned aim, the following objectives were identified:

e Synthesis and characterization of CuSe, CulnSe, and CulnyGa;xSe,, Cu,ZnSn(S,Se),
nanoparticles using a conventional colloidal and microwave assisted colloidal

methods.

e Fabrication and characterization of solar cell devices from synthesized nanocrytals to

demonstrate their photovoltaic activities.




1.5 Reference
[1] Kalenga, M.P., Govindraju, S., Airo, M., Moloto, M.J., Sikhwivhilu, L.M. and Moloto, N.
(2015). J. Nanosci. Nanotechnol. 15, 4480-4486.




CHAPTER 2: LITERATURE REVIEW

2.1 General introduction

Around 80% of world energy is produced from fossil fuels such as coal, oil and natural gases
[1-8]. Renewable energy provides better solution to various activities around the world by
preserving a good environment for a better future. Photovoltaics and wind power are the main
sources of renewable energy and can offer better economic advantages. Photovoltaic devices
are superior in improving green energy consumption and overcoming the environmental
concerns yielded from the current most dominant energy sources. Solar energy is being used
because of its low environmental impact and as a perfect candidate for alternative energy
resources due to its global availability. The photovoltaic cells are subdivided into three
groups including first, second and third generations. Up to date, the conversion of sunlight
into electricity using any photovoltaic device through its active layer remains a challenge
although the third generation cells tend to overcome the issues encountered with the

predecessors.

The first generation PVs are largely made up of pure single-crystalline silicon. Though
relatively high in efficiency, the large amount of materials needed and the production steps to
make to the first generation cells are relatively expensive. This prompted the development of
the second generation of solar cells. The second generation solar cells have been under
intense development from the 90s to the early 2000s. They are generally low-cost and low-
efficiency cells. These are most frequently associated with thin film solar cell designs that use
minimal materials and cheap manufacturing processes. The most popular materials used for
second generation solar cells are copper indium gallium selenide (CIGSe), cadmium telluride
(CdTe), amorphous silicon and micromorphous silicon. Because of the low efficiency, the
overall cost of second generation cells are said to be similar to that of first generation solar
cells [9-11]. Third generation solar cells are currently under research and the aim is to
manufacture high efficient solar cells at low cost. Technologies associated with third
generation solar cells include multi-junction photovoltaic cells, tandem cells, nanocrystals
based cells and etc. [12-15].

The development of the solar cell industry is affected by the use of different materials in
devices. The main component of a photovoltaic device is the active layer. The later should be
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well built together with other components so as its intrinsic properties are fully utilised in the
device. The architecture and the use of the solar cell face several problems including the cost
of the process, the power conversion efficiency and long lasting activity of the product.
Photovoltaic devices have been developed based on the active layers among which metal
chalcogenide materials have gained particular attention. The optical and electrical properties
of both bulk and nanosized metal chalcogenides have been studied and are intensively
targeted for photovoltaic applications [16-22]. However, more studies are still needed to
clearly explain the properties of these materials from their preparation to the devices. This is
particularly the case for nanosized materials since they can possess new properties compared
to their bulk counterparts. Studies have shown that nanomaterials can possess unique optical,

structural and electrical properties due to the reduction of size [23-27].

The structure of layers to be assembled in the devices, modules, panels as well as the
procedure for the device assembly dependently affect the cost and/or the overall efficiency.
Silicon based solar cells are currently dominating the solar cell industry due to the earth
abundance of silicon, the 4 electrons on outer shell are capable of forming bonds giving rise
to a good crystalline structure needed for photovoltaics. When the sunlight strikes the crystal,
some of the bonds break and electrons start moving freely within the crystal and thus creating
electrical current. Several materials are used in silicon devices to adjust the electrical
properties and increase the efficiency. However the efficiency and the cost of either
amorphous (with atoms of Si randomly distributed within the lattice), single crystalline or
polycrystalline silicon based solar cells are yet to satisfy the market and conquer the level
occupied by non-environmentally friendly energy sources [28-32]. Several other
semiconductor materials are used in photovoltaics. Namely, cadmium telluride (CdTe),
gallium arsenide (GaAs) and copper indium gallium selenide (CIGSe). These bulk materials
have given rise to thin films and multijunction cells. These films were extensively made via
physical deposition techniques. While methods such as electrodeposition technique can be
employed to deposit compounds for the layer as thin film, several layers can also be stacked
together and heterojunction solar cells can be fabricated via linking other semiconductors
such as CdS or Cu,Se [33-36]. However, the cost of the cell is high because of the quantity of
material needed while trying to overcome the efficiency of the assembled solar cells.
Bhattacharya et al. [37] elaborated on the 3-stage electro-deposition processes where metal

precursors were deposited through current-voltage mechanism of the solutions on Mo and
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selenized substrates. Although the films were found with several voids, the device fill factor
and PCE were 66% and 10.9% respectively. Gabor et al. [38] reported the preparation of
copper indium selenide and copper indium gallium selenide films through thermal
evaporation of metal precursors. The authors fabricated the devices that showed an efficiency
of 15%.

Metal selenide based materials are generally known to be p-type semiconductors. Their band
gap energies can be tuned as the materials are prepared into a nanosized level. Copper
chalcogenide nanoparticles possess unique properties that can result in novel electrical
behaviours [39-42]. Solar cells made from semiconductor nanocrystals are said to surpass the
efficiency of single-crystalline silicon solar cells [43]. This is due to the intrinsic properties of
semiconductor nanocrystals in which the surface area increases, the radius of the synthesized
nanoparticles becomes less than the Bohr radius and the energy increases due to the quantum
confinement effect [44, 45]. Because of tunable optical properties, semiconductor
nanocrystals can absorb light from the ultra-violet to the near infra-red regions of the solar
spectrum. Secondly, semiconductor nanocrystals have been shown to be capable of multiple
exciton generation from one phonon compared to single-crystalline silicon where one exciton
is generated for every one phonon. This means that nanocrystalline based solar cells have
more charge carrier density resulting in potentially improved efficiency. Equally important,
the synthetic methods of the proposed semiconductor nanocrystals are relatively easy,
reproducible and cheap. And as a result of the processbility of these nanocrystals (can
dissolve in most solvents and can be embedded in polymers), simple processing techniques
such as spin coating, dip coating and drop casting can be utilized. This can therefore result in
the realization of high efficiency, low cost solar cells.

2.2 Semiconducting nanocrystals

Semiconductor nanocrystals are typically characterized by particles with diameters less than
20 nm. The small dimensions result in material properties that are not similar to those of
corresponding bulk materials due to quantum confinement effects [46]. The electrons and
holes become squeezed in all three dimensions when the size of particle is significantly
reduced until the energy between the hole and the electron orbitals become size dependent.
Various sized nanoparticles with new properties have been synthesized using different

methods and can be employed for many applications including biology, optics, sensors and
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photovoltaics. The photoexcitation and shift of electron from the valence band to conduction
band without transport of electric current generate a band gap. The latter is the main reason of
using semiconductors in solar cells [47, 48]. Size-dependent properties are the reason for the
significant impact of semiconductor nanocrystals in photovoltaic applications. Most of the
materials used in nanocrystal based solar cells have already shown potential as quantum wells
in second generation solar cells. Some of the examples are CdTe solar cells that have
achieved an efficiency of 16.7% and CIGSe with an efficiency of 20%. These values are
however much lower than the multijunction silicon solar cells that have achieved an
efficiency of 41.6% [49]. Semiconductor nanocrystal solar cells therefore offer an
opportunity to improve on the already existing materials. A number of researchers have
theoretically shown that semiconductor nanocrystals are capable of generating multiple
electron-hole pairs by a single photon of light [50-53]. This opens avenues for improving
their applications in various devices. Furthermore, the tuning of size of the nanocrystals has
been studied extensively and the consequence of size tunability is the ability of a single type

of material absorbing in a wider range [52, 54].

Much of the work on semiconductor nanocrystal solar cells has focused on CdSe or PbS and
PbSe as the active nanocrystal material. Robel et al. [55] reported on TiO,/CdSe hybrid
quantum dot solar cell that exhibited a photon-to-charge carrier efficiency of 12%. Whilst
McDonald and co-workers [56] reported on a solution processed PbS infrared quantum dots
photovoltaics. They employed a nanocomposite approach in which PbS nanocrystals tuned by
quantum size effect sensitized the conjugated polymer poly [2-methoxy-5-(2’-ethylhexyloxy-
p-phenylene)] (MEH-PPV). Zhou et al. [57] elaborated the importance of inorganic network
on the increase of efficiency of hybrid solar cells. They added CdSe nanowires to quantum
dots in the ration of 1/2 to obtain a PCE of 2.8% while the addition of low band gap polymer
poly [2,1,3-benzothiadiazole - 4,7- diyl[4,4-bis(2-ethylhexyl)- 4H- cyclopenta(2,1-b:3,4b")
dithiophene -2,6-diyl] (PCPDTBT) to QDs in hexanoic acid lead to more than 3% of PCE.

A few attempts at fabricating copper selenide nanocrystals based-solar cells have been
reported. Guo et al. [58] used a solution synthesis based on a selenium powder, CuCl and
InCl3 precursors in oleylamine to prepare sphalerite (37 £ 11 nm in diameter) or chalcopyrite
structure CulnSe,. The fabricated solar cell had an efficiency of 3.2% under AM1.5

illumination. Riha et al. [59] studied the effects of air exposure on the surface composition,
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crystal structure, and electronic properties of thin film devices of Cu,Se nanoparticles
synthesized by hot injection method. The conductivity of the photovoltaic devices could
increase by tuning the electronic properties of each layer of Cu,Se through controlled
oxidation of Cu* and Se”. Tang et al. [60] reported the synthesis of 12 - 18 nm CIGS
nanoparticles in oleylamine and their solution in toluene were drop-casted onto substrate to
produce thick film onto interdigitated electrode (IDE) glass test chips. A promise of the
device for PV application was shown by an increase of current through illumination. Wada et
al. [61] reported on the soaking of CIGS film in an aqueous InCl; and thioacetamide solution,
which was then used to fabricate the solar cell device with 1ITO/ZnO/CdS/CIGS/Mo/ glass
structure. An efficiency of 17.6% was obtained after evaluation of the device performance

under AM 1.5 illumination.

2.3 Synthesis of nanocrystals

Several methods of synthesis of copper selenide, copper indium selenide and copper indium
gallium selenide semiconducting nanoparticles have been proposed by researchers and the
well known methods are listed below. Researchers have recently engaged in the synthesis of
ternary and quaternary nanocrystals with the aim of improving the properties of traditional
ternary and quaternary compounds. Traditional ternary and quaternary materials are quantum

wells (thin films) synthesized by physical methods [62-65].

2.3.1 Precipitative methods

The nanoparticles are produced in solution by precipitation of salts (based on relative
solubility of inorganic salts) in these methods. The synthesis occurs through vigorous
agitation or stirring of precursors at low temperatures. Pradhan and Peng [66] added
Na,SeS0O;3; to a complex formed by mixture of triethanolamine and CuCl; to form a black
precipitate which was then used for preparation of copper (1) selenide nanocrystalline films.
Wau et al. [67] heated Indium (111) chloride, Copper (1) chloride and gallium (I11) chloride in
polyol solution where they were reduced to metal particles. Elemental Se was then added to
the solution to form CISe and CIGSe which were dissolved in ethanol and precipitated by
nucleation process to form the nanocrystals. The same authors reported the use of sodium
borohydride, solution of elemental Se in anhydrous ethanol, InClz and CuCl in diethylene
glycol to prepare CISe nanocrystals at 240 °C after precipitation with ethanol whilst CIGSe
was prepared at 280 °C by adding GaCls and using tetraethylene glycol as solvent.
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2.3.2 Reactive methods in high boiling point solvents

Trioctyl phosphine (TOP) and trioctyl phosphine oxide (TOPO) are mainly used to prepare
the precursor. Mane et al. [68] dissolved copper and selenium precursors in TOP which were
then added to a boiling TOPO to synthesize nearly 10 nm size of hexagonal Cu,Se
nanoparticles under inert conditions using standard Schlenk line and glovebox techniques.
Koo et al. [69] used selenourea as a Se source, oleylamine as a coordinating solvent and
carefully controlled the reaction temperature and the way that reactants combined to
synthesize trigonal pyramidal CulnSe, nanocrystals. Cu, In, and Ga nitrates and SeCl,
dissolved in 1-propanol were used as precursors by Lee et al. [70] to prepare CIGSe powder
with various sizes (10 to few hundred nm) and shapes in xylene. The product was annealed at
450 °C and a paste coated by sulfurization at same temperature allowed the formation of

CIGSe film on glass substrate for solar cell devices.

2.3.3 Hydrothermal and solvothermal methods

In these methods, which are considered as alternatives to the colloidal method, high boiling
point solvents are heated in a sealed vessel (autoclave) in which the pressure and temperature
exceed the ambient pressure and the boiling point of the solvents. Solvothermal method
involves the heating of precursors at high temperature and pressure during which the
equilibrium is varied with temperature. The particles are formed and dissolved before
recrystallizing out at constant temperature. Relatively long reaction times are used to obtain
good quality nanocrystals [71-73]. A variant to this method is the microwave assisted
synthesis, consisting of relatively lower pressure usage under microwave irradiation for the
applied power. Autoclave methods are generally time consuming as compared to microwave
assisted method and colloidal methods [74, 75]. Gu et al. [74] employed sovothermal method
in which Cu, In, GaCls, and Se were added to ethylenediamine into the autoclave at 230 °C
for 24 h. Single phase CIGSe was obtained after washing the product with water followed by
drying at 100 °C. The particle sizes were less than 100 nm and were agglomerated. Grisaru et
al. [75] synthesized 85 nm sized tetragonal structures of CulnSe, using the microwave-
assisted polyol method in which triethylene glycol acted as both the solvent and the reducing
agent. Hosseinpour-Mashkani et al. [76] reported the effect of microwave irradiation power
for the synthesis of copper indium sulphide particles from copper complex precursors. The

particles sized between 10 to 90 nm were prepared but they were found to agglomerate.
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2.4 Conditions affecting the synthesis and properties of metal chalcogenide nanocrystals
The quality of metal chalcogenide nanocrystals influences their properties. Attempts to
control the synthesized nanocrystals are through many parameters which play crititical roles
in their properties. The major parameters affecting the synthesis of nanocrystals including the
time, temperature, precursor concentration and solvent are described below. Defect-free, well
dispersed and homogeneous nanocrystals are highly desired for different applications.
However optimizing each of the parameters to obtain ideal crystals may be complex and
practically difficult [77, 78].

2.4.1 The time and temperature effects

The synthesis of nanoparticles involves the growth and nucleation of particles from their
precursors heated in a coordinating solvent [79-83]. This is carefully monitored by
investigating the time and temperature for a given synthesis [84-87]. The Ostwald ripening
effect is the main feature to overcome when optimizing the time and temperature for
synthesis of nanoparticles. This ripening effect allows particles to group together with smaller
ones tending to deposit onto big ones to form larger materials [88, 89]. Li et al. [90] reported
the synthesis of microsphere units of covellite CuS at 90 and 120 °C for 24 h while increasing
the temperature at same synthesis time reduced some of CuS into digenite phase as CugSs
nanorods. The same findings were shown when varying the time of synthesis at 150 °C.
Higher synthesis times or temperatures caused the particles to aggregate and form chain-like
materials. Tang et al. [91] reported the synthesis of copper indium gallium selenide
nanoparticles using hot injection method. The formation of the nanoparticles is made by a
rapid injection of precursors in oleylamine at elevated temperatures. However, higher
injection temperatures such as 270 °C favoured the growth of larger particles. Govindraju et
al. [92] reported the synthesis of copper selenide by varying the time from 2 min up to 60
min.The particles growth was observed as the time increased. Although the particles grew
bigger, sizing 7 nm at 60 min, they became more monodispersed and crystallized in centered

cubic phase of Cu,Se.

2.4.2 The concentration effect
Metal selenide based-materials can be prepared from precursors in different concentrations

whether the desired materials are prepared in bulk or at nanoscale. However the range of size,
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shape and their applications are mostly related to the stoichiometry of the constituents.
Controlling the concentration of precursors through optimization is considered as one of the
critical challenges encountered in scaling up the material preparation, especially when
synthesizing nanoparticles [93-98]. Kristl M. and Kristl J. [99] reported the synthesis copper
selenide with less than 28 nm sizes by varying the concentration of precursors. Several
stoichiometric copper selenide with different sizes and showing different properties were
obtained. Moloto N. [100] described the use of different reactant ratios for synthesis of nickel
selenide nanoparticles. Monodispersed and poly-dispersed nickel selenide nanocrystals
exhibiting different optical, morphological and structural properties were obtained. Panthani
et al. [101] employed various concentrations of Ga and In in the synthesis of copper indium
gallium selenide nanoparticles. The shift of diffraction peaks to higher 26 was observed when
the indium content decreased in favour of gallium in the crystal composition. The band gap
energy determined from UV-Vis absorption spectroscopy was higher as the Ga:ln ratios
increased. Kheraj et al. [94] reported the synthesis of coppe zinc tin sulphide by varying the
amount of metal precursors. The copper zinc tin sulphide material with good crystalline
quality was obtained by decreasing the zinc content in favour of that of the tin while the
amount of sulphur was exceeded by 40% than the required 2:1:1:4 ratio in the composition of
Cu,ZnSnSe,. The band gap of 1.45 eV was estimated in the material that may be used as
absorbing layer. However this band gap is similar to the bulk copper zinc tin sulphide
compound suggesting that the optical and electronic properties were not tuned.

2.4.3 The solvent effect

The properties of target materials suggest that the affinity of precursors with the solvent could
play an imminent role during the synthesis. Various solvents can be employed for synthesis
of metal selenide nanoparticles. However different paths and additives can be adopted in
order to optimise the synthesis and obtain nanoparticles with good properties [97, 98, 102].
While many solvents can be employed for synthesis of metal selenide nanoparticles, polyols,
long chain phosphine and amine solvents are generally used for good growth control and
stability of quantum dots [86, 103-105]. Murray et al. [106] employed degassed hot tri-n-
octylphosphine oxide (TOPO) to synthesize CdS, CdSe and CdTe nanocrystallites from the
metal precursors in tri-n-octyl phosphine (TOP), bis (trimethylsilyl) sulphur, bis
(trimethylsilyl) selenium and bis (tert-butyldimethylsilyl) tellurium. The authors suggested

the generalisation of the method used for various new materials. Yordanov et al. [107]
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prepared spheroid core-shell core/shell CdSe/CdS QDs in liquid paraffin. The dots were
solubilised with the amphiphilic triblock copolymer pluronic F68 after which butyl-2-
cyanoacrylate monomer in acetone was added to form the hybrid nanoparticles that were
fluorescent for bio-imaging applications. Gacem N. and Diao P. [108] reported the control
formation of nanoparticles aggregates by modulating the polarity of the solvent. The ratio of
water to ethanol added on RhCl; - polyvinylpyrrolidone solution affected the PVP coated
rhodium nanoparticles by reducing the interaction of long hydrophobic chains of
hydrocarbons of PVP. Higher temperatures favoured more aggregates while high ethanol
content solution allowed the formation of stable and monodispersed particles. Li et al. [109]
reported the synthesis of copper selenide via microwave assisted method using a range of
alcohols. The metal precursors were heated at the boiling point of the solvent used. The
synthesis with absolute ethanol and isopropanol did not generate any product while
cyclohexanol and benzanol gave cubic Cu,.xSe and hexagonal CuSe crystals respectively.
The authors have optimized the reaction time to 10 min although higher irradiation times
were investigated without success for synthesis in ethanol and isopropanol. Lin et al. [110]
reported the preparation of CulnSe, nanoalloys via solvothermal method using
ethylenediamine/ethanol and ethylenediamine/deionized water as mixture of solvents. The
1:2.33 ratio of ethylenediamine/ethanol solvent system gave highly crystalline chalcopyrite in
tetragonal phase with a band gap energy of 1.27 eV. Zhong et al. [111] prepared self
stabilized aqueous copper zinc tin sulphide nanoink through water based solvents. Water
soluble or pure metal sources were mixed with the thiourea water solution and stirred
vigourously to form a transparent yellow brown ink of copper zinc tin sulphide. The ink was
deposited onto a glass substrate via spin-coating then annealed at elevated temperature under
S/Se atmosphere to form a copper zinc tin sulphur selenide film capable of good electrical

performance.

2.5 Basics of solar cell devices and electrical parameters

2.5.1 Principles of photovoltaic devices

The general structure of solar cell devices consists of a glass substrate, front contact
electrode, absorbing layer and back contact electrode. The active layer is generally thicker
(up to few micrometers) than other deposited films on the substrate to increase the reception
of photons. The negative contact (transparent electrode) is optimized to its thinnest shape to

about 100 nm to allow the photons to penetrate through and reach the active layer while
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keeping its role for collection of holes. The metal electrode or back contact thickness is made
between 100 to about 500 nm and ideally deposited by sputter coating technique for compact

adhesion to the photoelectric absorbing layer [112-116].

2.5.1.1 Absorption of photons and separation of charges

The sunlight strikes the device through the glass substrate; the photons are collected by the
active layer where photoelectrons are generated. The excitation generates electron-hole pair
when a semiconductor is the absorbing layer in the solar device. For a good charge separation
and transfer, the quality of the film to be used as active layer need to be with good quality so
as there is enough energy created through the charge generation [117]. A film of cadmium
sulphide is mostly built on the chosen active layer to passivate the interface in order to avoid
oxidation and thus improve the performance of the device. Thermodynamically, the
separation of Fermi levels occurs when the active layer is at a lower ambient temperature Ty
than the radiation temperature, T, of the sun or any other source. A Carnot cycle argument

gives the following upper limit for the open circuit voltage:

Au = ( - ;—p) (Ey — E,) (2.1)

where Ap is the change in mobility, Ey is the energy at the excited state and E, is the energy
at the ground state. The lifetime of an exciton directs the separation on electron-hole pair
although this occurs in the order of picoseconds. In other respects, the energy of the separated
charge should allow the transfer to other components and transport to collecting electrodes
for the electrical output [118-122].

2.5.1.2 Transport and charge collection

Selective contacts are used in the charge-separation step. These contacts are transparent to
one carrier type (e.g. electrons) and blocked completely to the other (e.g. holes), as illustrated
in Fig. 2.1 below. A potential barrier can also be created at the interface of NCs thin film and

metal contact allowing electrons to be pushed onto the metal and holes on TCO.

13




1
“h

+
Metal contact

ITO (FTO)

Hole blocking layer

Fig. 2.1 Schematic diagram showing the charge transport to selective contacts

In the general structure of the devices, several films can be intercalated in the existing layers
to improve the properties of the cell. The hole and electron transporting layers are added to
facilitate the motion of charge from separation in the active layer to collection at the
electrode. M0O3, V,0s, PEDOT-PSS are mostly used as hole transporting layers while the
transport of electrons is generally done with TiO,, ZnO, Cs,COj3 films deposited next to the
cathode [123-128].

i) Transparent conducting electrodes

The transparent conducting electrode in devices is made up of a relatively thin layer of metal
oxide which is permeable to photons needed to strike the active material. This electrode is
mostly completing the circuit for electron transport as current. Indium tin oxide is currently
the most used transparent conducting electrode because of high adhesion, high transmittance
and low sheet resistance. This n —type semiconductor made of In,O3; and SnO, possesses a
band gap energy of nearly 4 eV [123, 129-134]. Due to high cost and fragility, ITO is being
replaced by graphene, aluminium, gallium, indium or tin doped-zinc oxide. However, apart
from the cost, the properties of pure ITO, including resistance to moisture and as described
above, are still preferred compared to other alternatives [135-141]. The doping of ITO with
fluorine is thus important for further usage. Higher temperature treatments involve the use of

fluorine doped tin oxide (FTO) as the most convenient conducting electrode [142-144].
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i) Metal contacts

A metal contact is generally used as electrode to collect electrons and transport to the external
circuit. Several materials can be used as metal contacts including Pt, Al, Au, graphene,
carbon nanotubes, CoS, MoS, polypyrrole, polyaniline. Several oxides such as ZnO can also
be used as or doped with Al and Pt to decrease the amount of metal layer used as electrode
although struggling to keep the resistivity and thus the performances of the device [145-151].
Platinum remains the most utilised metal contact for dye sensitized solar cells due to good
stability, high conductivity and its excellent catalytic activity for the reduction of triiodide
that is mostly used as part of electrolytes. Pt does not need special and expensive treatments
to be employed for the counter electrode. ITO layer together with other materials such as
graphene can be coupled with Pt to increase the performance of the device or to decrease the
amount of Pt used. [152-159]. Guai et al. [156] prepared the counter electrodes from
controlled composition made of Pt, ITO and graphene. They reduced the loading of Pt to 64
% from Pt-1TO layer and added graphene to obtain the electrode which allowed the assembly

of dye sensitized solar cell with better performances and better PCE.

iii) Blocking layer-buffer layer

A blocking layer (generally in form of oxide), placed between the transparent electrode and
the active layer prevents recombination due to short circuit and current loss [160]. An atomic
layer (Ga;0s3, ZrO,, Nb,Os...) which is deposited-blocks electron recombination and leads to
an increase of the open circuit potential and efficiency [161]. A buffer layer is added to the
main films of the device in order to facilitate the cell performances through the enhancement
of light absorption and the mediation for charge transport to the electrodes. The anode buffer
layer such as CuOy deposited onto ITO facilitates the extraction of holes at the anode,
decreases the resistance, and improves Voc, Jsc then the efficiency of the device [162, 163].
In order to improve the ohmic contact for the device assembly, an anode buffer layer made of
transition metal oxides such as molybdenum oxide, nickel oxide, tungsten oxide or vanadium
oxide can be placed as layer between indium-tin oxide (ITO) and the photon absorbing layers
[164,165]. CdS is used as conventional buffer layer (used also as QDSSC, CdS/CdSe, where
it sensitizes TiO,). Tan et al. [166] reported the use of Rhenium oxide (ReOy) as anode buffer

layer to enhance absorption and electric properties in polymer solar cells.
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iv) Electrolytes

The electrolytes are exclusively employed in dye sensitized solar cells (DSSCs) and related
devices as special requirement for these device types. The oxidation-reduction couple used as
electrolyte helps reconstituting the dye by providing the electron lost in the active layer. The
commonly used electrolytes in dye sensitized solar cells include I3/, S*/S, and
Co?*/Co**[167-170]. The electrolytes are liquid, bringing many issues in the device as they
can easily get dry. A high volume of electrolyte would cause leakage and compromise the
activity of the contacts. The solid state, quasi-solid state, polymer-based electrolytes [171-

176] are being studied as alternatives to liquid oxidation-reduction couples in DSSCs.

2.5.2 Film deposition

Various techniques are employed to deposit a layer in the device assembly. Vacuum
deposition methods include sputtering, evaporation and laser deposition. The non-vacuum
techniques are used when there is no need of air or gas controlled conditions. Spray pyrolysis,
doctor Blade, electrochemical process, colloidal methods such as drop casting and spin
coating are considered as non- vacuum techniques [101,177-182]. Techniques such as doctor
Blade, spin coating, drop casting are relatively cost effective and simple but the solution
concentration and the properties of the materials often make the optimization of these
techniques quite complex. The additional layers in the devices depend on the method used to
assemble the devices and the conditions under which layers should be deposited.
Molybdenum is the back contact of choice when the device is built under higher temperature
conditions. This metal can display a very good stability when heated at higher temperatures
and allows for good adhesion of the active layer [101,183-186]. However, several works have
assessed other conditions including the materials and deposition techniques in the assembly
of the device [101,187-189].

High temperature sintering was used by Guo et al. [185] to make CulnSe; film in the device
structured as Mo/CulnSe,/CdS/ZnO/ITO. The authors showed that the device had a fill factor
of 39% and the power conversion efficiency of 2.8%. Akhavan et al. [190] reported similar
work where gold was used instead of molybdenum in a device with same structure as that of
Guo et al. but with different deposition techniques and conditions, higher values of fill factor
and power conversion efficiency (46% and 3.1% respectively) were achieved. High

temperature sintering conditions were employed by Liu et al. [191] for bulk copper indium
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gallium selenide in Al:ZnO/ZnO/CdS/CIGS(bulk)/Mo/glass solar cell. They obtained the fill
factor and efficiency of 27.6% and 2.4% respectively. Lee et al. [192] used the same device
structure and same active layer with nanoparticles following other deposition techniques. The
fill factor of 50% and the efficiency of 2.6% were obtained. Akhavan et al. [184] reported the
preparation of the thin film of nanoparticles using various deposition techniques. The spray-
coating of the nanocrystal inks could allow a formation of uniform crack and pin hole-free
films. The authors made the devices with structures such as: glass/Au/CulnSe,/CdS/
ZnO/ITO in which the substrate, the back and front electrodes were varied. The fill factor and

power conversion efficiency were in the range of 28-54% and 0.34-3.06% respectively.

2.5.3 Determination of device properties

The electrical properties are determined by measuring several parameters in the device by
means of various techniques among which the current (1), voltage (V) and resistance (R) are
commonly measured. The current can be calculated within the device area as current density
(J) which is generated from the applied voltage in the device. The curve shown in Fig. 2.2,
known as a J-V curve, is yielded from the generated current density by applying a specific
voltage. The current density yielded from the device when there is no applied voltage is the
short circuit current (Jsc) and the voltage at which there is no current within the device is
known as open circuit voltage (Voc). The product of short circuit current density and open
circuit voltage gives the maximum power of the device in the ideal condition. This power
means that the energy received by the device from the sunlight has been fully converted into
electrical current. Practically this cannot yet be achievable and therefore this power is just
theoretical (Pmax.th.). From the data generated with the J-V curve, one can determine the
experimental maximum power (Pmax) to which the current density (Jpmax) and voltage
(Vpmax) are attributed as depicted in Fig. 2.2. The fill factor (FF) is defined as a ratio of the
experimental power to the theoretical power. This later is a measure of the junction quality
and series resistance. The device has better performance when the fill factor tends to the
unity. The efficiency or power conversion efficiency (PCE) is then determined by the ratio of
the maximum power to the product of applied light power and the active area (equation 2.2)
[193].

PCE = Pmax/ (Piight. Active area) (2.2)
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Fig. 2.2 Current- voltage (J-V) curve determined after measurement of a metal selenide solar
device. The data generated from the curve allow the extraction and calculation of the

electrical parameters (Jsc, VOC, Jpmax, VPmax, Pmax, Pmax (th.), FF and PCE).

The Schottky devices involve a pot energy barrier formed at metal- semiconductor junction,
resulting in rectifying characteristics such as schottky barrier height which depends on the
combination of metal-semiconductor [194]. The Schottky diode is characterised by the
current-voltage curve where the forward bias has high current than the reversed bias for the
same applied voltage. Schottky and Cheung methods are used to extract the properties which
are exhibited by the device. The main properties include the series resistance, deviation factor
and barrier height. The series resistance (Rs) involves the movement of current, resistance
between top and back contacts, metal contact and the active layer. This resistance reduces the
fill factor while maintaining high Jsc. The ideality factor or the deviation factor (n) is the
conformity of the diode to pure thermionic emission and arises from image force and surface
effects such as surface charges and an interfacial dielectric layer between the metal and the
semiconductor [194,195]. The barrier height (dg) is the difference between the potential at
the surface and in the bulk of semiconductor, it shows the flow of the current and is affected
by the type of material with which semiconductor is in contact or the potential difference
between the Fermi energy of the metal and the band edge where the majority carriers reside.
The barrier properties allow the understanding of the effect of the junction and to properly

build devices involving cell junction and this is the case of hetero-junction or multi-junction
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solar cells [196]. The closer the barrier height is to 0, the more ohmic the contact and thus no
good performances of the device can be yielded. The Schottky method is just a generalised
method that does not consider other parameter that might affect the properties of the device
such as thermionic emission. Several authors have considered all other parameters to modify
the schottky method [197-199].

Quantum dot sensitized solar cells (QDSSCs) are made of quantum dots as absorbing layer
and follow the same principles as the dye sensitized solar cells. After absorption of photon,
the exciton is formed; the electron in conduction band is injected in the conduction band of
the wide energy gap semiconductor (such as ITO or TiOy) and transported to the contact
through percolation. That electron goes on the outside load and then completes the circuit by
returning to the counter electrode. The oxidation of the electrolyte refills the hole left beyond
in the quantum dots to allow further photon absorption while reduction of electrolyte at the
contact with counter electrode regenerates the electron [200, 201]. QDs are mainly used in
QDSSCs is due to the unique and tuneable properties including the band gap tunability, rapid
charge separation, hot electron injection and multiple exciton generation. Several parameters
including the size of the QDs, the injection of electrons in wide band gap metal oxide and
often the pH of the dot solution have to be considered in order to obtain good QDSSCs [202,
203].

Im et al. [204] reported the fabrication of 6.54% efficient QD-sensitized solar cell based on
perovskite (CH3NHz3) Pbls sensitizer. The fabricated solar cell was among the best efficient
inorganic cells made of QDs and the electrical properties were much more improved than the
conventional standard N719 dye sensitized solar cell fabricated under the same conditions. Ip
et al. [205] reported the passivation of the colloidal quantum dots with halide anions mixed to
the ligands to fabricate PbS QDSSC with record efficiency of 7%. Several other authors have
studied the deposition of the quantum dots onto the TiO,, the film deposition for device
assembly, the coverage and attachment of dot to the wide band gap particles and possible
recombination within the device [200, 206-209].
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CHAPTER 3:
SYNTHESIS, CHARACTERIZATION OF COPPER SELENIDE
NANOPARTICLES AND THEIR APPLICATION IN A
SCHOTTKY DEVICE

3.1 Introduction

Copper selenide is a p-type 1-VI semiconductor that has gained particular interest due to the
excellent optical, electronic and electrical properties [1-3]. Copper selenide nanoparticles are
mostly found as CuSe, Cu,Se and CusSe, with their bulk materials possessing band gap
energies between 1 and 2.3 eV [4-13]. Copper selenide nanoparticles are considered as the
basic material from which many derived compounds can be prepared for photovoltaic
applications. Copper selenide is a good precursor for fabrication of chalcopyrite copper
indium selenide based nanostructures on a large scale [14]. Copper selenide materials are
used in Schottky cells, heterojunction solar cells, as one of the components of the active layer
and as counter electrode enforcement [15-19]. The tunable properties of copper selenide
nanoparticles have much contributed to the building of other materials and their photovoltaic
devices [20-25]. Various methods have been elaborated for the synthesis of copper selenide
nanoparticles but colloidal and solvothermal syntheses have been the most employed. These
methods resulted in various shaped and sized particles [3, 14, 37-41]. Fewer studies have
been reported on the synthesis of copper selenide using a microwave assisted synthesis route
[2, 19, 56-59]. Nevertheless the few reports on this method have yielded poor quality

nanoparticles with no defined shapes or sizes.

The process and the yield of copper selenide suggest that more is still needed for further
knowledge and usage of copper selenide nanoparticles. The crystalline phase and size of
copper selenide nanoparticles and thus their properties are determined by the stoichiometry
and synthetic method [13, 26-30]. Although copper selenide can be synthesized in various
stochiometries including CuSe, Cu,«Se and CusSe; [9-13], tremendous efforts have been
invested in synthesizing copper selenide nanocrystals with various shapes and sizes. Regular
shaped and sized particles decrease the trapping of electrons in the absorbing materials and
thus lead to a more efficient device [31]. Several parameters are controlled to synthesize
copper selenide nanoparticles with specific shapes and size [29, 32-36]. The effects of
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synthesis time on particle growth and size distribution in conventional colloidal method are
important in order to obtain nanocrystals with desired properties. However, the major
challenge of synthesizing copper selenide nanocrystals is to control in a reproducible manner
the stoichiometry. Various compositions of copper selenide have been reported and
synthesized using various methods. CuSe nanospheres, CusSe, nanoplates, CuSe nanotubes
and Cu,.xSe nanocubes and their corresponding hierarchical nanodendrites have been
produced by thermolysis of single-source precursor, ultrasonochemical techniques, template-
directed reaction, by an electrochemical crystallization process, and a hydrothermal method,
respectively [37-46]. In this chapter we investigated the synthesis of copper selenide
nanoparticles via conventional colloidal and microwave assisted methods [60]. Several
parameters were studied during the synthesis including the method, time, temperature,
precursor concentration and solvent. The properties of the synthesized copper selenide

nanoparticles were determined and a Schottky device was fabricated then characterized.

3.2 Experimental procedures

3.2.1 Chemicals and materials

Copper (I1) chloride, copper (I) chloride, selenium powder, hexadecylamine (HDA),
triethanolamine (TEA), tri-n-octylphosphine (TOP), deionized water, methanol, ethanol,
acetone, chloroform, toluene, hexane, tin doped-indium oxide (ITO), hexadecylamine
(HDA), octadecylamine (OLA), trioctylphosphine (TOP) were purchased from Sigma
Aldrich.

3.2.2 Synthesis of copper selenide nanoparticles

3.2.2.1 Conventional colloidal method

About 6.0 g of hexadecylamine (HDA) was placed in a clean three-neck round bottom
volumetric flask and mounted on Schlenk line then heated to 100 °C on a heating mantle. The
content of the flask was subsequently placed under vacuum until the bubbles disappeared
from the surface of HDA. The content was then purged with argon several times and a 1 ml
of 1M solution of CuCl in tri-n-octylphosphine (TOP) was added to the flask. The mixture
was heated to around 220 °C where 1ml of 1M solution of Se in TOP was then be added. The
content was heated for 30 min after which the temperature was decreased to 60 °C (Equation
3.1). Methanol was then added to the mixture to flocculate the nanoparticles. The

39




centrifugation (at 3000 rpm for 20 min) was used to separate copper selenide nanoparticles.

The precursor concentrations, synthesis time and temperature were investigated.

3.2.2.2 Microwave assisted method

A range of solvents were investigated during this synthesis. This included HDA, ethylene
diamine (EDA), triethylene glycol (TEG) and triethanol amine (TEA). 2 ml of TOPCuCl was
placed in a teflon vessel liner containing 5 ml of solvent. The vessel liner was mounted on the
rotor then purged with argon for 2 min before being placed in the Microwave. The system
was heated for 10 min at a power 500 W and then cooled to 70 °C where 2 ml of TOPSe 1M
was then quickly added and the system was purged for 5 min with argon before continuing
heating the mixture for another 10 min at 600W. After cooling down to about 50 °C,
methanol was added and the product was centrifuged at 3000 rpm for 20 min then washed
with methanol at 3000 rpm for 10 min. This method was adapted from the reaction (3.1)

below.

HDA
TOPCuCl + TOPSe 897320

Cu,Se + byproduct (3.1
3.2.3 Fabrication of copper selenide device

The device assembly was made by spin coating 50 ul of a toluene solution containing copper
selenide nanoparticles on the substrate. The later was spun at 3000 rpm and allowed to dry,
forming a thin film coating. The aluminium top contact was sputtered through a shadow mask
to generate an array of patterned electrodes. The Al was deposited by thermal evaporation in
high vacuum of better than 5 x 10 Pa at a rate of 0.2 nm s™. The final device area of 0.08
cm?® was defined by overlap between the top ITO and the bottom Al electrodes. The

assembled device was structured as ITO/Cu,Se/Al.

3.2.4 Characterization techniques

3.2.4.1 Optical and structural properties

The optical properties of the materials were determined by placing the toluene dispersion of
the nanoparticles into quartz cuvettes (1 cm path length). A Perkin Elmer Lambda 75S UV-
Vis—NIR Spectrophotometer and an Analytica Jena Specord 5D UV-Vis Spectrophotometer
were used to carry out the optical measurements. A Perkin Elmer LS55 with a xenon lamp
(150 W) and a 152 P photo multiplier tube as a detector were used to measure the

photoluminescence of the particles.
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The morphology of the NPs was determined on Technai G> TEM Spirit operated at 200 kV.
Transmission electron microscopy (TEM) samples were prepared by drop-casting the
nanocrystal dispersion in toluene onto the carbon-coated copper grids and allowed to dry at
room temperature. The diffraction patterns were determined using Bruker D2 Phaser Powder

X-ray diffractometer using a Co (1.78898 nm) radiation source.

3.2.4.2 Thin film and device properties

1) Atomic force microscopy of copper selenide thin film

The atomic force microscopy (AFM), Veeco 3100 SPM was used to determine the surface
morphology of the deposited layer of the synthesized copper selenide nanoparticles. The
substrate was loaded on the stage under vacuum where the laser alignment was processed.
The tapping mode was employed to obtain the AFM images.

ii) Electrical measurements
The photovoltaic properties such as current (I) and voltage (V) were determined using a
digital source meter (Keithley Instruments Inc., Model 2400) in the dark and under an

illumination of a solar simulator at AM 1.5, 1000 W m 2.

3.3 Results and discussion
3.3.1 The effect of the conventional colloidal and microwave assisted methods on

the synthesis of copper selenide nanoparticles
3.3.1.1 Principles of the CCM and MAM methods
The conventional colloidal method was first introduced by Murray et al. [61]. The method
involved the injection of cold TOP solution of precursors into a hot TOPO coordinating
solvent. The mechanism for this type of reaction has been shown to follow the La Mer and
Dinegar’s nucleation and growth through Ostwald’s ripening mechanism [62]. The injection
leads to the instantaneous formation of nuclei. Due to a drop in temperature after the addition
of the cold TOP solutions, the formation of new nuclei is prevented. This result in a
suspension of reasonably mono-disperse nuclei together with considerable amounts of free
precursors. Increasing the temperature, but below 300 °C, leads to slow growth of the
existing nuclei but with no formation of new nucleation. The TOPO molecules slow down
the growth considerably by coordinating to the surface of the nanocrystal thus forming a

steric barrier for reactants. The slow growth at relatively high temperatures allows the
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nanocrystals to anneal and to form nearly defect-free crystal lattices, which are identical to
the bulk lattice. In this current study, the TOPO molecules are replaced with HDA molecules.
The conventional colloidal method in this case offers more versatility compared to the
hydrothermal method. The method eliminates the use of an autoclave by employing the
standard three-neck glass vessel. The reaction is carried under atmospheric pressure
conditions as well as at low temperatures. Ordinarily the selenium powder is non-reactive and
will not interact with the metal salt to form the metal selenide, but by first reducing the
selenium into a more reactive selenium species, the reaction proceeds with minimum energy
requirements. This also allows the reaction to be carried out in shorter time of synthesis
which results in controlled nucleation and growth. In addition instantaneous monitoring of
the reaction can occur because of the accessible reaction vessel. The reaction path is shown in
Fig. 3.1. The colloidal method has been known to result in very small and monodispersed

nanocrystals [63]. Since then, various adaptations to this method have been undertaken.

The energy of a microwave photon with a frequency of 2.45 GHz corresponds to 1.01 x 10~
eV which is about 3 orders of magnitude lower than the bond energy of a covalent bond in a
molecule. This suggests that direct excitation of the electron from a chemical bond cannot be
caused by the absorption of microwave photons and therefore no reaction will take place.
However, it has been shown that microwave irradiance does result in an occurrence of a
reaction. This has led to two main postulated mechanisms for microwave heating. The two
main heating mechanisms in microwave chemistry are dipolar polarization and ionic
conduction. Heating by dipolar polarization stems from the orientation of dipoles in the
electromagnetic field. Dipoles tend to align in the direction of an external electric field. The
degree of orientation is governed by the field strength and the static dielectric constant. When
an oscillating electric field is applied to a material, for instance microwave radiation, the
dipoles are constantly trying to align with the changing electric field. The frequency of the
field determines how the orientation of dipoles will affect the material. With a very high
frequency the dipoles cannot adapt to the electric field and orientation does not occur. With a
low frequency the dipoles are in a constant equilibrium state with field, acting as dipoles in a
static electric field. In between these frequencies the alignment of the dipoles, lagging behind
the changing electric fields, causes molecular friction, which in turn is converted into heat.
The mechanism of ionic conduction is similar to that of dipolar polarization. When charge

carriers in a material are subjected to an electric field, they are subjected to a force. The
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alternation of the electric field causes the direction of the force to alternate equally. This
alternation leads to molecular motion, and collision, and thus heat [24, 64-65]. As a result of
the heating method, microwave result in homogeneous and rapid heating. The methods are
illustrated in Scheme Fig.3.1.

> <«
- —>
/ ~ \
4. <«
6196_ / N 0& /lf"""o \ >
Mo PN T e
< ‘

Fig. 3.1 Heating path for synthesis of CusSe NPs via (a) CCM and (b) MAM

3.3.1.2 Optical properties of the CCM and MAM synthesized CuxSe nanopaticles

The optical properties of copper selenide NPs synthesized via the CCM and MAM were
investigated using UV-Vis absorption and photoluminescence spectroscopy. The absorption
spectra of CCM and MAM synthesized nanoparticles are shown in Fig. 3.2. A large blue-shift
absorption from their bulk material was observed for both the CCM and MAM synthesized
copper selenide nanoparticles. This was also confirmed by the band gap estimation from the
energy curves shown in Fig. A3.1 of the appendix (the method for determination of the band
gap using the energy curve is also provided in appendix). This is indicative of decrease in
particle size resulting in quantum confinement effect. Table 3.1 shows the values related to
the optical characterization. The absorption spectra revealed the band edge for the CCM
synthesized NPs to be at 420 nm while the band edge from MAM was located at 445 nm. The
band-edges suggest that the particles obtained from the MAM are slightly larger than those
obtained from the CCM. The emission spectra of CCM and MAM synthesized nanoparticles
are shown in Fig. 3.3. The emission maxima were found to be at 450 nm and 580 nm for NPs
synthesized using the CCM and MAM respectively. The MAM full width at the half
maximum (FWHM) of the emission peak was 67 nm, slightly smaller than that of CCM
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sample being 71 nm. This indicates a narrower size distribution in MAM than CCM samples.
A large Stokes shift was observed for the NPs synthesized using MAM (135 nm) compared
to 30 nm from the CCM. The shortest gap observed between the band-edge and the emission
peak from NPs synthesized using the CCM may be attributed to the differences in
stoichiometry of the NPs compared to the MAM synthesized NPs. This would result in

different electronic structures of the materials.
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Fig. 3.2 Absorption spectra of CuyxSe NPs synthesized via (a) CCM and (b) MAM
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Fig. 3.3 Emission spectra of Cu,Se NPs synthesized via (a) CCM and (b) MAM
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Table 3.1 Optical parameters of Cu,Se NPs synthesized via CCM and MAM

Method Band Edge Abs  Emission peak Stokes Shift FWHM
(nm) (nm) (nm) (nm)
CCM 420 450 30 71
MAM 445 580 135 67

3.3.1.3 Structural properties of the CCM and MAM synthesized CuxSe nanoparticles

XRD patterns and TEM images were undertaken to determine the structural properties of
copper selenide nanoparticles synthesized by both CCM and MAM. The XRD patterns from
CCM and MAM synthesized NPs are shown in Fig. 3.4. The copper selenide nanoparticles
were obtained in both methods and showed a mixture of phases namely, a dominant cubic
phase Cu,.xSe corresponding to (111), (200), (220), (311), (400) and (422) crystal planes for
the 20 values 31°, 36°, 52°, 62°, 72° and 85° respectively (JCPDF file no 010710044) and a
less dominant CuSe hexagonal phase with the diffraction planes located at 26 values 29°, 46°
and 59° (JCPDF file no 000491457). The peak ratio of Cu,Se and CuSe phase suggests that
the NPs synthesized from the MAM are purer than the particle synthesized from the CCM.
Furthermore the sharpness of the peaks in MAM synthesized NPs are indicative of larger
sizes and a good crystallinity of copper selenide nanoparticles than those from CCM. This
might be due to the fact that the mixture in CCM in not evenly heated whilst MAM employs

a more evenly distributed heat on the reactant mixture.

The TEM images of copper selenide NPs (Fig. 3.5) generally revealed that the particles were
hexagonal in shape. The average particle diameter was 4.22 + 0.157 nm for the CCM
synthesized NPs and 5.95 + 0.233 nm for the MAM synthesized NPs confirming the optical
properties yielded from UV absorption and PL emission spectra as well the XRD data.
However the size distribution was not homogeneous for both CCM and MAM as proven by
the emission spectra. The MAM gave smaller population but with bigger sizes than CCM.
The size distribution from MAM samples gave a better Gaussian fit (R?=0.904) compared to
that from CCM (0.720). This may indicate good determination of polydispersivity in MAM
synthesized nanoparticles. Larger particles from MAM may be attributed to a long
microwave heating exposure of all precursors and solvent mixed in the vessel liner before

synthesis, which then favoured the Ostwald ripening effect. Due to the size distribution and
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the purity of these nanoparticles and possibility of up-scaling the synthesis, a Schottky device
based on the MAM copper selenide was thus fabricated. In addition several reaction
parameters were varied on the CCM method in order to improve the size distribution and

investigate their overall effect on the properties of the resultant particles.
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Fig. 3.4 XRD patterns of (a) CCM and (b) MAM synthesized CuxSe nanoparticles; with

(*) the less dominant hexagonal phase
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Fig. 3.5 TEM images and size distribution curve of (a), (b), (¢) CCM and (c), (d), (f) MAM
synthesized Cu,Se NPs
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3.3.2 Time effects on conventional colloidal method
3.3.2.1 Optical properties of the CCM synthesized copper selenide nanoparticles at
different times

In this section, copper selenide quantum dots synthesized via conventional colloidal method
in which 1 mole copper chloride and 1 mole of Se solutions were injected into hot HDA
according to the method mentioned in section 3.2.2.1. The time was programmed to 10, 30
and 60 min and the temperature of synthesis was just set at 220 °C. The effect of time on the
copper selenide QDs was investigated via various techniques including UV, PL and TEM.
The UV- Vis absorption spectra of copper selenide nanoparticles synthesized at 10, 30 and 60
min are shown in Fig. 3.6. The absorption band edges were blue-shifted from the bulk
absorption band edge of 1180 nm. However the band edge seemed to be less dependent upon
the time of synthesis. The extracted optical parameters of copper selenide synthesized at
different times are assembled in Table 3.2. The spectra, especially those obtained from
synthesis at 10 min and 60 min had a higher degree of tailing and thus made it impossible to
accurately locate the band edges. However, the nanoparticles synthesized for 30 min gave a
band edge around 352 nm. The large blue shift may be indicative of very small sizes or

different stoichiometry as the quoted bulk band edge is for copper monoselenide.

The PL spectra are shown in Fig. 3.7. The broad peaks observed on PL spectra suggest the
samples are polydispersed; however the 30 min sample shows a lesser degree of
polydispersity. This is in agreement of the UV-Vis absorption spectra as the 30 min showed
less tailing in comparison to the two other intervals. The Stokes Shift was found in the range
of 86-98 nm, suggesting that the particles had similar defects in all synthesized copper
selenide samples. The emission maximum for all samples was located at about 450 nm. The
maximum is the same for all samples suggesting similarities of the properties. The full width
at half maximum (FWHM) of the 30 min sample was 69 nm. It is however smaller than the
others located at 106 and 132 nm for 10 min and 60 min respectively. This suggests that 30

min is a more monodispersed sample, hence this was characterized further.
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Fig. 3.6 Absorption spectra of CuxSe NPs synthesized for (a) 10 min, (b) 30 min and (c) 60
min at 220 °C in HDA for 1:1 mole ratio of Cu:Se
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Fig. 3.7 Emission spectra of CuxSe NPs synthesized for (a) 10 min, (b) 30 min and (c) 60
min at 220 °C in HDA for 1:1 mole ratio of Cu:Se
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Table 3.2 Optical parameters of Cu,Se NPs synthesized at different times

Time Band edge Band gap Emission Stokes FWHM
(min) (nm) eV) (nm) shift (nm) (nm)
10 360 2.01 450 90 106
30 352 2.15 450 98 69
60 364 1.89 450 86 132
Bulk 1180 1.45 - -

3.3.2.2 Structural properties of CuxSe NPs synthesized for 30 min via CCM

The structural property analysis was only carried out on a 30 min precessed sample as it gave
best quality particles in term of size and size distribution (suggested from UV-Vis absorption
and emission spectra in section 5.2.1). The crystallinity of the nanoparticles was confirmed
using XRD as shown in Fig. 3.8. They were found to crystallize in a predominant cubic
Cu,Se phase (PDF no 010710044) and encountered minor impurity phase of hexagonal CuSe
(PDF no 000491457).
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Fig. 3.8 XRD patterns of [cubic] and (* hexagonal) phases of copper selenide nanoparticles
synthesized at 220 °C for 30 min in Cu:Se mole ratio of 1:1
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The TEM image of copper selenide nanoparticles (Fig. 3.9) revealed that the particles were
hexagonal in shape and were polydispersed with no evidence of agglomeration. The average
particle diameter was 4.22 + 0.157 nm, far smaller than the Bohr radius of copper selenide
and hence this is in corroboration with the large blue shift of the band edge observed in the
absorption spectrum. The nanoparticles synthesized at 30 min gave the narrower size
distribution, the smaller sized and monodispersed nanoparticles (standard deviation of 0.157
nm) with a more blue-shifted absorbtion band edge. The synthesis time of 30 min was then
used to determine the effect of precursor concentration on the properties of copper selenide

nanoparticles.
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Fig. 3.9 TEM image of Cu,Se synthesized at 30 min and particle size distribution

3.3.3 Precursor concentration effects on the synthesis of copper selenide nanoparticles
3.3.3.1 Optical properties

Copper selenide nanoparticles were synthesized via conventional colloidal method at 220 °C
for 30 min through varied concentrations of precursors in TOP. Copper and selenium
precursors were investigated in concentration ratios of 1:1, 1:2 and 2:1. The optical
parameters obtained from the absorption and emission spectra are shown in Table 3.3. The
UV-Vis spectra obtained from all three concentrations are assembled in Fig. 3.10. The
particles synthesized with the considered ratios gave blue shifted absorption band edges. The
concentration ratio of 1:1 gave an absorption band edge at 525 nm which is more blue-shifted
than those of 2:1 or 1:2 under our working conditions. This suggests a presence of smaller
sizes in 1:1 sample. The absorption spectra also showed some degree of tailing signifying
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poydispersed samples. This is also observed with the emission spectra shown in Fig. 3.11.
The emission peaks were at maxima of nearly 600 nm for all three ratios. The Stokes-shift of
75, 40 and 10 nm were observed for 1:1, 2:1 and 1:2 ratios respectively. These values are
however not very accurate due to the degree of tailing of the absorption spectra as a result of
polydispersity of the samples making it difficult to accurately calculate the Stokes-shift.
However, a small FWHM of 33 nm for the emission peak of 1:1 ratio was obtained, less than
half of those of 1:2 and 2:1 which were 73 and 67 nm respectively suggesting that higher

monodispersity was achieved with the 1:1 sample.
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Fig. 3.10 Absorption spectra of CuxSe NPs synthesized from precursor concentrations of Cu:
Se ratio of (a) 1:1, (b) 1:2 and (c) 2:1
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Fig. 3.11 Emission spectra of CuxSe NPs synthesized from precursor concentrations of Cu:
Se ratio of (a) 1:1, (b) 1:2 and (c) 2:1

Table 3.3 Optical parameters of CuxSe NPs synthesized from different precursor

concentrations

Cu/Se Band edge Emission Stokes shift ~ FWHM
ratio (nm) (nm) (nm) (nm)
1:1 525 600 75 33
1:2 560 600 40 73
2:1 590 600 10 67

Bulk 1180 - -

3.3.3.2 Structural properties

The XRD patterns of synthesized materials from the different precursor ratios are shown in

Fig. 3.12. The XRD patterns showed that the particles yielded were indeed copper selenide

with mainly a cubic Cu,Se phase. The sharpness of the peaks observed in Fig. 3.12(a)
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suggests that the particles synthesized from 1:1 ratio gave more crystalline nanoparticles and
the position of the peaks matched perfectly with the Cu,Se with no detection of impurities.
However the peaks of the nanoparticles from the Cu:Se ratios of 1:2 and 2:1 tended to shift
from the standard position. This could be as result of more strain and defects in the
nanoparticles. One could also deduce that more impurities could be present due to the
unreacted materials or secondary products such as additional phases of copper selenide,
elemental copper or selenium. The TEM images of all synthesized copper selenide
nanoparticles and the corresponding size distributions are shown in Fig. 3.13. The
nanoparticles were in various shapes dominated by hexagonal facets. The diameters of 8.51 +
0.415 nm, 8.75 £ 0.531 nm and 9.18 £ 0.857 nm were determined for Cu:Se ratios of 1:1, 1:2
and 2:1 respectively. The particles from 1:1 Cu:Se ratio were smaller with a better Gaussian
fit (R?=0.8797) and narrower size distribution (standard deviation of 0.415 nm) than other
stoichiometries, confirming the findings from the optical properties. Hence the 1:1 ratio was
used to determine the effect of solvent on the CCM synthesis of copper selenide

nanoparticles.
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Fig. 3.12 XRD patterns of CuxSe NPs synthesized from precursor concentrations of Cu: Se
ratio of (a) 1:1, (b) 1:2 and (c) 2:1
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Fig. 3.13 TEM images of Cu,Se synthesized from precursor concentrations of Cu: Se ratios
of (a) 1:1, (b) 1:2 and (c) 2:1 with their particles size distribution (d), (e) and (f)

respectively

3.3.4 Solvent effects on the synthesis of copper selenide nanoparticles

3.3.4.1 Optical properties

As a result of the reduced FWHM, the more blue-shifted absorption band edge, the less
polydispersity and crystallinity of nanoparticles from the 1:1 ratio, the ratio was maintain
when further investigation of the effects of the solvent was performed. The role of the solvent
on the colloidal synthesis of the nanoparticles was investigated. Hexadecylamine and
oleylamine were the two solvents investigated. They were used as surfactants and stabilisers
in the synthesis of nanoparticles. While both have a terminal amine functional group, their
aliphatic chains differ as well as their physical properties. Hexadecylamine has a 16 carbons
chain of alkyl, with a boiling point of 330 °C and the density of 0.78 g cm™. This solvent is
solid at room temperature. Oleylamine has a boiling point of 350 °C, a density of 0.813 g
cm™ and it is liquid at room temperature. Oleylamine has a longer chain than hexadecylamine

and it is formed of 18 carbons chain of alkylene [66, 67].
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The absorption spectra are shown in Fig. 3.14 and the extracted optical parameters are shown
in Table 3.4. Large blue-shifted band edges are observed. This is indicative of the tuning of
energy due to the nanoscale sized particles. The band edges were found at 430 nm and 515
nm for nanoparticles synthesized using HDA and OLA respectively. This may be indicative
of difference in crystalline structures and defects in both samples. The emission spectra are
shown in Fig. 3.15. The maxima of emission peaks were found at 597 nm and 609 nm for
HDA and OLA respectively. They were red-shifted from their corresponding absorption band
edges. The FWHM of OLA synthesized copper selenide nanoparticles was 82 nm, broader
than that of HDA which was at 33 nm. This suggests that the OLA nanoparticles were more
polydispersed and in broader size distribution compared to HDA. However a Stokes shift of
167 nm was determined with nanoparticles synthesized using HDA, indicating more loss of
energy due to the structure of synthesized copper selenide while the contrary can be observed
with the OLA synthesis that gave a lower Stoke-shift of nearly 96 nm. It was therefore crucial
to investigate the structure of both OLA and HDA synthesized copper selenide in order to

complement these optical properties.

Absorbance (a.u.)
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Fig. 3.14 Absorption spectra of Cu,Se NPs synthesized from Cu:Se ratio of 1:1 in (a) HDA
and (b) OLA
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Fig. 3.15 Emission spectra of CuxSe NPs synthesized from Cu:Se ratio of 1:1 in (a) HDA and
(b) OLA

Table 3.4 Optical parameters of Cu,Se NPs synthesized via CCM using HDA and OLA

Solvent Band edge Emission Stokes shift ~ FWHM
(nm) (nm) (nm)
HDA 430 597 167 33
OLA 515 609 94 82
Bulk 1180 - -

3.3.4.2 Structural properties of CuxSe NPs synthesized in HDA and OLA

Fig. 3.16 shows the XRD patterns of the copper selenide nanoparticles synthesized with both

HDA and OLA solvents. A single cubic Cu,Se phase was observed from material synthesized

using oleylamine whist hexagonal CuSe phase mixed with a cubic Cu,Se phase were found

for particles synthesized using HDA. This can be confirmed from the peaks where OLA gave

single, well defined peaks than HDA and can further explain the differences in optical
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properties of the two samples as detailed in section 3.3.4.1. The peak broadness observed in
Fig. 3.16 (b) suggests that smaller particles were obtained from synthesis using OLA than the
HDA as solvent. However these findings do not align with optical properties where HDA
gave a blue shift absorption band edge and a smaller FWHM than OLA. This can be due to
the solvent adsorbed as ligands onto the surface of nanoparticles. Since HDA and OLA differ
in their properties as shown earlier in this section, so would their capped nanoparticles.
Therefore the choice of solvent may contribute to the properties of the yielded copper
selenide nanoparticles under set synthesis conditions. This is demonstrated by the mixed
phase of Cu,Se and CuSe crystals determined in HDA than the pure single Cu,Se crystal
obtained using OLA. The TEM images, the size distributions and the EDS spectrum of
copper selenide nanoparticles synthesized using HDA and OLA are shown in Fig. 3.17. The
EDS analysis confirmed the presence of copper and selenium as the only constituents of the
nanoparticles. The excess of copper is due to the contribution from the copper grid. The
TEM images gave nearly spherical particles with average sizes of 7.89 + 0.560 nm and 4.00 +
0.336 nm for HDA and OLA synthesized copper selenide particles respectively. The OLA
synthesized particles were far smaller and more monodispersed with a narrower size
distribution (standard deviation of 0.336 nm) than those from HDA. This corroborated with
the findings from XRD detailed above and may add more light to the optical properties
shown earlier. Furthermore, the variation of the temperature for the synthesis of copper

selenide nanoparticles was invesitigated.
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Fig. 3.16 XRD patterns of CusSe NPs synthesized from Cu:Se ratio of 1:1 in (a) HDA (*less
dominant cubic phase) and (b) OLA

59




35 T T T T T

304 (b) 7.8910.560

25

20 A

154

Abundance

104

2 4 6 8 10 12 14
Diameter (nm)

(d) 4.00 + 0.336

Abundance

1 2 3 4 5 6 7 8 9
Diameter (nm)

Fig. 3.17 TEM images of Cu,Se NPs synthesized from Cu:Se ratio of 1:1 in (a) HDA and (c)
OLA with their corresponding particle size distribution (b) and (d) respectively;
with (e) the EDS spectrum showing the elemental composition of the NPs.
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3.3.5 Temperature effects on the synthesis of CuxSe nanoparticles

3.3.5.1 Optical properties of the CCM synthesized Cu,Se nanoparticles

The UV-Vis absorption and the emission spectra of copper selenide solutions are shown in
Fig. 3.18. The absorption band edges were found to be 465, 520 and 500 nm for nanoparticles
synthesized at 180, 220 and 320 °C respectively. They were all blue-shifted from the bulk
copper selenide. As the temperature is increased, there is a slight red-shift of the band edge
suggesting an increase in particle size as shown in Table 3.5. This is a readily observed
phenomenon in nanoparticles and it is suggested that this occurs through the Ostwald
ripening process [47-48]. However, there is a decrease in wavelength to 500 nm for particles
synthesized at 320 °C. This suggests a slight decrease in size or possibility of more
monodispersed sample. Nevertheless the blue-shift of all the band edges results from
quantum confinement effects [49]. Fig. 3.19 shows the emission spectra of copper selenide
nanoparticles synthesized at 180, 220 and 320 °C. The photoluminescence spectra are red-
shifted from their corresponding absorption band edges. The emission maxima as a function
of temperature are shown in Table 3.5. More important to note is the broadness of the peaks.
The FWHM decreases as the temperature increases. This suggests that the particle size

distribution is become more mono-dispersed as the temperature is increasing.
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Fig. 3.18 UV-Vis absorption spectra of Cu,Se NPs synthesized at (a) 180 °C, (b) 220 °C and
(c) 320 °C for 30 min at Cu: Se ratio of 1:1
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Table 3.5 Optical parameters of the Cu,Se NPs synthesized at 180, 220 and 320 °C

Temperature Band edge Band gap Emission Stokes FWHM
(°C) (nm) eV) (nm) shift (nm) (nm)
180 465 2.67 590 125 52
220 520 2.38 596 76 32
320 500 2.04 573 73 27
Bulk 1180 1.45 - -
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Fig. 3.19 Emission spectra of CuxSe NPs synthesized at (a) 180 °C, (b) 220 °C and (c) 320
°C for 30 min at Cu: Se ratio of 1:1

3.3.5.2 Structural properties of copper selenide nanoparticles synthesized at different
temperatures

Fig. 3.20 shows the PXRD patterns of copper selenide particles synthesized at 180, 220 and

320 °C. The materials synthesized at all three temperatures had a unit cell of the crystals

appearing in cubic face centered attributed to Cu,Se (PDF number 03-065-2982) since the

Miller indices of the main peaks appeared at the same 26 values. The additional peak found at

20=58° on the patterns of the nanoparticles synthesized at 320 °C is due to unreacted
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selenium. The diffraction peaks are relatively broad signifying nanosized samples. The shape
and size distribution of the nanoparticles obtained from TEM are shown in Fig. 3.21. The
TEM image of the particles synthesized at 180 °C shows hexagonal shapes. A small degree of
agglomeration was observed. The particles synthesized at 220 °C and 320 °C had well defined
shapes. The triangular and diamond-liked shapes were the most dominant at 220 °C while
increasing the temperature to 320 °C allowed the formation of pyramidal and hexagonal
morphologies. Fig. 3.13 (d), (e) and (f) show the size distributions, Gaussian size
distributions for particles synthesized at 180, 220 and 320 °C respectively. The average sizes
of the three samples and their standard deviations are also shown inset. The mean diameter
for nanoparticles synthesized at 180 °C is larger than that of particles at 220 °C, which is not
in agreement with the results from UV-Vis absorption spectra (band edge of 465 nm at 180
°C compared to 520 nm at 220 °C). This dicrepancey may be due to the degree of
agglomeration in sample from 180 °C synthesis as observed from the corresponding TEM
image. Futhermore, the 180 °C sample is more polydispersed (standard deviation of 1.31 nm),

which is in agreement with the observed broad PL emission peak.
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Fig. 3.20 XRD Patterns of Cu,Se nanoparticles synthesized at temperatures of (a) 180, (b)
220 and (c) 320 °C using OLA.
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The mean diameter of the nanoparticle synthesized at 320 °C is larger compared to that of
nanoparticles synthesized at 220 °C and the sample has a wider size distribution (standard
deviation of 1.11 nm). This is contrary to the results from UV-Vis absorption and
photoluminescence spectra. The TEM analysis while powerful in nanotechnology can
sometimes be susceptible to biasness as the entire sample is not imaged but only selected
areas, hence the image might not be a true representation of the entire sample. Although the
FWHM of the 220 °C emission peak was slightly higher than that of 320 °C, smaller size
nanoparticles with defined shape in a narrower distribution (standard deviation of 0.415 nm)

were obtained with 220 °C synthesis.
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Fig. 3.21 TEM images of Cu,Se NPs synthesized at (a) 180 °C, (b) 220 °C and (c) 320 °C

with their corresponding size distributions (d), (e) and (f) respectively

3.3.6 Fabrication of Schottky devices using MAM synthesized copper selenide

The schottky devices are of particular importance in photovoltaics. The determination of
barrier height and the characteristics of the forward bias current allow accessing the potential
of the Schottky diodes. This can thereafter be considered in rectifying the performance of
heterojunction cells. The principles of a Schottky device are shown in Chapter 2. The
nanoparticles obtained from the MAM were solution processed into a Schottky device [60].
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The microwave assisted synthesis is of particular interest as it easily allows for large scale
synthesis. The assembly of the Schottky diode using MAM synthesized Cu,.xSe nanoparticles
as the semiconducting layer with aluminium as the metal contact was made at 298 K. The
diode parameters such as the ideality factor, barrier height and the series resistances were
extracted from the experimental I-V data using the thermionic theory and Cheung’s
modification which confirmed the electrical properties of the fabricated device.

The device architecture is shown in Fig. 3.22 with an active device area of 0.08 cm?. The
thickness layer of the nanoparticles was approximately 200 nm, this was determined from the
AFM (Fig. 3.23). Schottky barrier heights were measured from the I-V characteristics. Fig.
3.24 shows an experimental 1-V curve of MAM synthesized Cu,.xSe NPs device at 298 K.

Fig. 3.22 Schottky device fabricated from MAM synthesized Cu,.xSe

544.09 nm

0.00 nm

Fig. 3.23 AFM image of film of MAM synthesized Cu,.,Se NPs
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Fig. 3.24 J-V characteristics of the Al/ Cu,Se Schottky diode at 298 K in the dark

According to the Schottky theory [64] the dependence of the forward current | on the applied

voltage V is given by the relation:

_ v _
I = I, [exp (nkT) 1] (3.2)
where q is the electronic charge, k the Boltzmann constant, T the ambient temperature, and n
is a dimensionless factor indicating the deviation from the ideal Schottky cell characteristics.
This deviation arises from image force and surface effects such as surface charges and an
interfacial dielectric layer between the metal and the semiconductor. I, is the saturation

current represented by Eq. (3.3).
Iy = SA" T?exp (— L2y (3.3)

— 4
Lnl = Lnl, + — |4 (3.4)

with A * = A (m* /m,), where A is the Richardson constant (A = 120 cm? K@), m* the
effective electron mass equal to 0.6 m, for Cu,Se [68], @y is the barrier height, and S the

area of the cell. The coefficient n evaluated from the slope of In I vs. V (Eq. (3.4)), and the
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value @5 calculated from Eq. (3.3). The n value calculated from the slope of Fig. 3.25 is
4.35. The high value of n is due in part to defects induced by cleaving of the semiconductor
in the junction region. The barrier height @z was found to be 0.895 eV. However, this
method only works for diodes with low series resistance which can be neglected in the low
forward region of I-V curve which in the case of our diode it seems as if it did not. Series
resistance R is an important parameter that influences the electrical characteristics of
Schottky diodes so we used Cheung method as an efficient method to evaluate n, @5 and R.
The forward bias current-voltage characteristics due to thermionic emission of a Schottky

barrier diode with series resistance can be expressed as Cheung’s functions [69]:

av kT
M—n?+ IRS (3.5)

1
sA*?

H() =V + nkq—TLn( (3.6)

H(I) = n@y + IR (3.7)

Experimental dV/dLnl-I plot of our Cu,4Se Schottky diode at the temperature of 298 K is
presented in Fig. 3.26. After fitting the curve to a straight line and using (3.5), n = 1.04 and
Rs= 0.533 Q can be determined from the intercept and the slope of the line. The value of n
and the data of I-V characteristics are used to define H(l) from (3.6). Plotting H(I)-V should
give a straight line as shown in Fig. 3.27 which according to (3.7) its slope and y-axis
intercept will give a second determination of Ry and n@5 . The value of Rs obtained from
H(1)-1 plots is 1.206 Q and the average Rs is 0.870 Q. The data for the three methods is

summarized in Table 3.7 below.
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Table 3.7 Diode parameters obtained from the J-V data

No. Method Ideality factor Barrier height Series resistance
n Bp (eV) Rs (€2)
1 Lnl-V 4.35 0.895 eV -
2 dv/dLnl-I 1.04 - 0.533 Q
3 H(I)-1 - - 1.206 Q
4 Combined (2) 1.04 259 10° eV 0.870 Q
and (3)
1E-4 - ]
50 0™
S 1E-54
1E-6 -

. . , . .
0.06 0.09 0.12 0.15 0.18 0.21 0.24
Voltage (V)

Fig. 3.25 Lnl-V characteristics of the Al/ Cu,.xSe Schottky diode at 298 K in the dark
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Fig. 3.26 dVv/dLnl-I characteristics of the Al/ Cu,Se Schottky diode at the temperature of
298 K in the dark
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Fig. 3.27 H(I)-V characteristics of the Al/ Cu,.xSe Schottky diode at the temperature of 298 K
in the dark
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3.4 Conclusions

Relatively small sized copper selenide nanoparticles were successfully synthesized by mean
of conventional colloidal method and microwave assisted digestion. The method, time,
temperature, precursor concentration and solvent effects on the synthesis of copper selenide
nanoparticles were studied. Large blue-shifted nanoparticles with average diameters in the
range of 4.5 to 9 nm were found with cubic (Cu,« Se) and hexagonal (CuSe) crystalline
phases proving that copper selenide nanoparticles with well defined crystallinity could
therefore be prepared. However the investigated parameters showed that optimised conditions
could be determined. Typically, using copper and selenium precursors in the molar ratio of 1
to 1 for 30 min of CCM synthesis at 220 °C in OLA gave the best properties as compared to
the MAM and other reaction conditions. Similar properties were found in MAM synthesized
nanoparticles at 600 W for 10 min. However a cubic crystalline phase was found mixed with
the hexagonal phase. The synthesized nanoparticles possessed properties that could be used
for photovoltaic applications. The MAM synthesized copper selenide nanocrystals were
deposited onto ITO substrate to prepare the device.The 1-V characteristics of the Al/Cu,Se
Schottky barrier diode was measured at room temperature. The parameters obtained from the
characteristic 1-V of the diode were compared with those obtained from the Cheung’s
method. The ideality factor obtained from the characteristic 1-V was large indicating a
deviation from an ideal diode. However the value did not take into account the series
resistance which is one of the reasons for deviation from ideality. Cheung’s method resulted
in a decrease in the ideality factor to 1.04 with small series resistance being observed. The
observed Schottky diode behaviour of the MAM synthesized Cu,4Se nanoparticles is
indicative of its potential as an active layer in solar cells. The copper selenide syntheses as
simple binary compound were used as templates to prepare the multinary chalcogenide

materials.
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CHAPTER 4:
SYNTHESIS, CHARACTERIZATION OF COPPER INDIUM
SELENIDE NANOCRYSTALS AND THEIR APPLICATION IN
QUANTUM DOT SENSITIZED SOLAR CELLS

4.1 Introduction

Copper indium selenide (CulnSe; shortened as CISe) is a p-type I-I11-VI semiconductor
chalcopyrite that has recently been studied due to high optical absorption coefficient. This
ternary material can be prepared in different ways to tune its band gap energy. These
properties have widely been exploited in the preparation of photovoltaic devices. Several
solar cells made of CISe have been fabricated leading to the power conversion efficiencies
exceeding 14% [1-6]. Copper indium selenide materials are mostly found as stoichiometric
CulnSe, with the bulk material possessing band gap energy of 1.04 eV [2, 5]. Several reports
have shown that though both Cu and In are bound to Se in CISe structure, the bonds (length)
are not equal and depend on the structure of the synthesized CISe. The concentrations of
precursors together with the temperature of synthesis are the main features in controlling the
structure of CISe and thus the orientation of the bonds [7-12]. Many shapes of CISe have
been reported, including o-ring, pyramidal, hexagonal and spherical nanoparticles [7, 13].
While the nearly stoichiometric CulnSe; ideally closes the gap between copper poor and
copper rich material, the concentration of copper in the CISe material has a certain limit
behind which the device performances are compromised due to the resultant poor electrical
properties. Copper deficiency leads to reverse electronic barrier that decrease the FF and the
overall performance of the device while copper rich favours the interface recombination
which decreases the Voc and thus affects the electrical performance of the solar cell [14-15].
Several methods have been reported for synthesis of copper indium selenide nanoparticles.
Wu et al. [16] reported the synthesis of copper indium selenide and copper indium gallium
selenide nanoparticles by adding elemental selenium to a hot solution of metal particles
induced from heated mixture of indium (l11) chloride, copper (1) chloride and gallium (11)
chloride in polyol solution. The resultant particles were dissolved in ethanol, cleaned and
precipitated by nucleation process to form the nanocrystals. The same authors reported the
use of sodium borohydride solution of elemental Se in anhydrous ethanol, InCl; and CuCl in
diethylene glycol to prepare CISe nanocrystals at 240 °C after precipitation with ethanol
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whilst CIGSe was prepared at 280 °C by adding GaCls and using tetraethylene glycol as
solvent [16]. Other authors have reported the control of particle growth through the use of
capping agents and/or the coordinating solvent. Reifsnyder et al. [7] prepared the tetragonal
bipyramidal CISe nanoparticles from metal precursors capped with hexadecyl amine and n-
octadecylphosphonic acid. The synthesis occurred in 1-octyldecene as solvent at 290 °C
under inert conditions using a Schlenk line and glovebox techniques. Koo et al. [17] used
selenourea as a Se source, oleylamine as a coordinating solvent and carefully controlled the
reaction temperature and the combination of reactants to synthesize trigonal pyramidal CISe
nanocrystals which were candidates for photovoltaic devices. The autoclave method is one of
the common procedures often used to prepare copper indium selenide. This method requires
high pressure and temperature exceeding the ambient pressure and boiling point of the
solvents. The methods using autoclave setup are generally much time consuming as
compared to other conventional methods metioned here above [18-19]. A few studies has
shown the use of microwave assisted method in the synthesis of CISe but could hardly
confirm the the formation of small size and regular shape CISe nanocrystals. Grisaru et al.
[20] synthesized 85 nm sized tetragonal structures of CISe using the microwave-assisted
polyol method in which triethylene glycol acted as both the solvent and the reducing agent.
Sabet et al. [21] reported on the usage of microwave assisted digestion at 750 W for 10 min
to synthesize cubic and tetragonal phases of CISe which had a band gap energy of 1.90 eV.
However, the synthesized materials were relatively big without well defined shape.

The fabrication of various solar devices is done to improve the photovoltaic industry. The
deposition of metals through heating evaporation process is one of the main techniques used
to prepare the active layer in the device. Dye sensitized solar cell has recently been a focused
point in making devices. The electrons generated from dyes (as sensitizers) in the device
upon absorption of photon are quickly injected into semiconductor oxide then transported to
the electrode while the electrolyte containing a redox couple regenerates the dye electronic
structure and thus the cycle is continuous [22-34]. Several authors have shown that many
benefits can be acquired when replacing the dye with quantum dots (QDs) to get quantum dot
sensitized solar cell (QDSSC) [25,34-40]. In this chapter we report on the synthesis of copper
indium selenide nanoparticles via conventional colloidal and microwave assisted methods.
The influence of the method, capping agent and solvent on the synthesis of copper indium

selenide nanoparticles were investigated. The properties of the synthesized copper indium
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selenide nanoparticles were determined and the application of CISe QDs in solar devices
such as QDSSC and the determination the electrical properties were done. The energy levels
of the CISe QDs were also determined to understand the electronic and electrical properties
of QDs. The preparation of thin films of CISe QDs was performed with or without mercapto-
propionic acid and ethane dithiol treatments. The devices made of those films were

assembled and characterized.

4.2 Experimental protocols

4.2.1 Chemicals and materials

Copper (1) chloride, Indium chloride, selenium powder, tri-n-octylphosphine (TOP),
deionized water, methanol, ethanol, acetone, acetonitrile, chloroform, toluene, hexane, tin
doped-indium oxide (ITO), and doped-fluorine oxide (FTO) substrates, tetrabutyl ammonium
tetrafluoroborate (TBABF;). mercaptopropionic acid (MPA), ethane dithiol (EDT),
acetonitrile, standard Titanium oxide (TiO,), hexadecylamine (HDA), octadecylamine
(OLA), trioctylphosphine (TOP) were purchased from Sigma Aldrich and titanium oxide
(TiO,) from dyesol.

4.2.2 Synthesis of copper indium selenide nanoparticles

4.2.2.1 Conventional colloidal method

The conventional colloidal method (CCM) was used to prepare copper indium selenide QDs
via a three-neck flask connected to a Shlenck line under an argon atmosphere. This method
was adapted from copper selenide synthesis shown in the previous chapter. Typically, in a
CCM, reaction (4.1) below was followed. About 6 ml of oleylamine (OLA) was heated to
100 °C. The mixture of 1 ml of 1 M of CuCl in TOP (TOPCuCI) and InClz in TOP
(TOPINCI3) was added to the OLA solution. The resultant solution was then heated to 220 °C
where 1 ml of 1 M solution of Se in TOP (TOPSe) was added. The content was heated for a
further 30 min. The temperature was then decreased to 60 °C. Ethanol was added to the
solution to flocculate the copper indium selenide (C1Se) nanoparticles which were collected
after centrifugation. The same method was also used but without dissolving the precursors in
TOP.

180 — 320 °C

TOPCuCl 4+ TOPInCl; + TOPSe
HDA/OLA

> CulnSe, + byproduct (4.1)
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4.2.2.2 Microwave assisted method

The synthesis of CISe using the MAM was adapted from the equation (4.1) above following
the optimized method used to prepare copper selenide. 1 ml of TOPCuCl 1M and 1 ml of
TOPINCl3; 1M were placed in 5 ml of solvent in a vessel liner and mounted on the rotor then
purged with argon for 2 min before being placed in the Microwave. The system was heated
for 10 min at a power 500 W. After cooling to 70 °C, 2 ml of TOPSe 1M was quickly added.
The system was purged for 5 min with argon before continuing heating the mixture for
another 10 min at 600W. After cooling down to about 50 °C, methanol was added. The
product was centrifuged at 3000 rpm for 20 min and washed with methanol at 3000 rpm for

10 min.

4.2.3 Substrate cleaning
The substrates were mechanically cut to small sizes using a diamond cutter then cleaned
successively with extrane, acetone, iso-propanol and water for 10 min each under ultrasonic

radiation. The substrates were then dried into a nitrogen stream.

4.2.4 Chemical treatment of the TiO,/QDs layer

The photoelectrode consisted of titanium oxide (TiO,) spread onto fluorine doped tin oxide
(FTO) substrate using doctor Blade technique and sintered at 450 °C for 30 min. A film of
about 10 um thickness was obtained. The TiO, substrate without further treatment was placed
in the CISe QD solution for 24 hours after which the excess material was washed out with the
solvent used to prepare QD solution. Therefore the untreated device was made. Concurrently,
another TiO, substrate was pre-treated by dipping in 1M MPA in acetonitrile for 8 hours,
rinsed with acetonitrile then dried in ambient conditions. The prepared film was dipped into
CISe QD solution for 24 hours, followed by washing with acetonitrile solution and drying in
ambient conditions. For EDT treatment, 0.1 M EDT acetonitrile solution and a layer-by-layer
assembly via dip coating were done. The TiO; film was dipped in EDT solution for 30 min,
rinsed with acetonitrile and dipped in CISe QD solution for 15 min. This procedure was

repeated prior to the last dip- casting in the quantum dot solution for 60 min.

4.2.5 Device assembly
After determination of optical properties of the film prepared above the device area was

prepared by keeping all deposited materials on a 0.25 cm? area and by scratching out all
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material from all other parts of FTO substrate. A thin polyvinyl chloride (~60 pm) was placed
on the FTO to act as a spacer afterwhich the electrolyte was then dropped onto the device
area and quickly sandwiched by deposition of platinum foil. The CISe quantum dot sensitized
solar cell (QDSSC) device was then clipped together and quickly followed by the current-

voltage (J-V) determination.

4.2.6 Characterization techniques

The optical properties of the synthesized CISe were determined by placing the toluene
dispersion of the nanoparticles into quartz cuvettes. UV-Visible spectroscopy (Analytik-Jena
SPECORD 50) was used to determine the absorption properties of the NPs and the StellarNet
miniature spectrofluorometer, equipped with 395 nm LED as an excitation source, was used
to determine the emission properties of the NPs. The morphology of the NPs was determined
on Technai G2 TEM Spirit operated at 200 kVV. TEM samples were prepared by drop-casting
the nanocrystal dispersion in toluene onto the carbon-coated copper grids and allowed to dry
at room temperature. The diffraction patterns were collected using Bruker D2 Phaser Powder
X-ray diffractometer using a Co (1.789 nm) radiation source. The Raman spectrum of ClSe
powder flattened on a clean glass substrate was determined from Raman spectroscope Bruker
Senterra with the laser power, objective magnification and integration time set at 2 mW, 50x
and 10 sec respectively. The film absorbance was determined on Perkin Elemer Lambda 900
UV/VIS/NIR spectrometer while the surface images were determined using the optical
microscope BX51-P Polarizing Microscope, Olympus America Inc. The J-V curves were, on
one hand, obtained by connecting FTO and Pt electrodes of the assembled device to SS-0.5K
Solar simulator Sciencetech Inc., with Polychromatic light intensity of 100 mW cm™ under
standard AM 1.5 conditions and attached to a Keithley 2410-C 1100V Sourcemeter. On the
other hand, the same measurements were recorded with an Eco Chemie Autolab PGSTAT 10
potentiostat under standard AM 1.5 conditions using a 150W Xe lamp as light source and
appropriate filters. The polychromatic light intensity at the electrode position was calibrated
to 100 mW cm™ with a silicon photodiode from Newport Optical Power Meter, model 1830-
C. The cyclic voltametric graphs were obtained from an Eco Chemie Autolab PGSTAT 10
potentiostat at 50 mV s™ using a three-electrode cell. The QD solution was drop-cast onto
FTO substrate and creating 1 cm? device area. The substrate was clamped in 0.1M TBABF,
in acetonitrile so as the all device area is completely immersed in the electrolyte. Pt and
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Ag/AgCI electrodes connected to the electrolytic cell were used respectively as counter and
reference electrodes.

4.3. Results and discussion

4.3.1 Method effect on the synthesis of CI1Se nanoparticles

4.3.1.1 Optical properties of ClISe synthesized using CCM and MAM

The absorption and emission spectra are displayed in Fig. 4.1 and Fig. 4.2 respectively. The
extracted optical parameters are assembled in Table 4.1. The as-synthesized QDs showed the
blue-shift in absorption band edges at about 525 nm and 535 nm for CCM and MAM
respectively. Both samples showed a similar tailing of absorption spectra, indicating similar
dispersivity of the particles. The emission peaks at 635 and 632 nm were observed in CCM
and MAM synthesized particles respectively. The red-shift in emission spectra may be
attributed to trap states by lattice defects of the particles. Furthermore the particles were less
polydispersed in CCM with a FWHM of 51 nm in comparison with the MAM sample which
possessed a FWHM of 76 nm. The energy curves of the CCM and MAM are shown in Fig.
A4.1 in the appendix. The optical band gap estimated from the threshold value of the
absorption band is ~ 1.9 eV for both samples. This value is much larger than the band gap of
1.16 eV reported for conventional colloidal method synthesized CISe, QDs with tetragonal

structure and 7.0 nm size by other authors [21].
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Fig. 4.1 Absorption spectra of (a) CCM and (b) MAM synthesized CISe NPs
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Fig. 4.2 Emission spectra of (a) CCM and (b) MAM synthesized CISe NPs

Table 4.1 Optical parameters of CCM and MAM synthesized CISe NPs

Method Band edge Emission Stokes shift FWHM
(nm) (nm) (nm) (nm)
CCM 525 635 110 51
MAM 535 632 103 76
Bulk 1192 - - -

4.3.1.2 Structural properties of ClSe NPs synthesized using CCM and MAM

Fig. 4.3 shows the X-ray diffraction patterns obtained from CCM and MAM synthesized
ClSe. The CCM synthesized ClISe had a single phase of CulnSe, and crystallized in
tetragonal orientation (PDF number 01-07-2208) and no peaks from impurities were found.
The slight deviation of peak positions was provided by the amount of copper which was not
exactly 1 as per lattice of CulnSe,. This brought change of crystalline composition to
CuixIn1.xSe, where the slight deviation x was way less than 0.1[41]. That was confirmed by
220 and 122 peak orientations. The stoichiometries other than CulnSe; have been studied by

several authors who reported poor properties as compared to those found with CulnSe,.
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Relevant among those properties were the electric properties where the Voc and FF differed
from values that are ideally needed [7, 12].

The TEM images of the CCM and MAM samples together with their corresponding size
distributions and the EDS spectrum are shown in Fig. 4.4. The EDS analysis confirmed the
presence of copper, indium and selenium in the synthesized nanoparticles. The excess of
copper is due to the contribution from the grid. The particles were nearly spherical and nearly
monodispersed (standard deviations of 0.129 and 0.291 nm for CCM and MAM respectively)
with a smaller degree of agglomeration. The average sizes of CCM and MAM synthesized
ClSe particles were 5.02 = 0.129 nm and 3.85 £0.291 nm respectively. This is also in
agreement with the findings related to the optical properties. Fig. A.3 and Fig. A.4 of the
appendix also show the structural properties of CCM CISe nanoparticles synthesized at 220
°C in comparison of those prepared at 180 °C and 320 °C.
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Fig. 4.3 XRD patterns of (a) CCM and (b) MAM synthesized CISe NPs
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Fig. 4.4 TEM images of (a) CCM and (c) MAM synthesized CISe NPs with their size
distributions, (b) and (d) respectively; with (e) the EDS spectrum showing the

elemental composition of the NPs.
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The structure was also confirmed by Raman spectroscopy as shown in Fig. 4.5. CISe; usually
crystallizes in two structural forms, the chalcopyrite phase (CH) or the CuAu-like P4m2
primitive unit cell (CA) [42]. The 21 zone-center optical modes of the chalcopyrite structure
(142d space group) decompose according to the representation

Iope = 1A; + 24, + 3B, + 3B, + 6E. All these modes are Raman active except for the A,
mode and their frequency assignment are reported by Rincon C. and Ramirez F.J. in an
extensive study of CISe, single crystals [43]. Accordingly, the peak at 174 cm™ is due to the
A; mode. There are suggestions that the sharp peak at 124 cm™ and the shoulder peak at 145
cm™ may be due to the CA ordering of the atoms. However no evidence of CA ordering was
detected from the XRD data. Ren et al. [42] suggested that these features may have also been
caused by phonon recombination modes and it appears to be the case in this study as the

nanocrystals only crystallized in the chalcopyrite phase.

2200 T T T T T T T T T T

2000 -

1800 ~

u.)

= 1600

'_\

a

o

o
!

1200 -

Intensity (a

1000 ~

800 -

600 T T T T T T T T T T T
100 150 200 250 300 350 400

Wavenumber (cm™)

Fig. 4.5 Raman spectrum of CISe NPs depicting the A; vibration mode and # depicting the
recombination phonons or comparison of a chalcopyrite and a CuAu-like P4m2

primitive unit cells

4.3.2 Effect of precursors capped by TOP on the synthesis of CulnSe,
4.3.2.1 Optical properties
The absorption and emission spectra of the synthesized CISe NPs are shown in Fig. 4.6 and

Fig. 4.7 respectively using capped and uncapped metal precursors and the optical values
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determined from these graphs are shown in Table 4.2. The band edge of CISe nanoparticles
synthesized using uncapped precursors was 497 nm while that of TOP-capped precursors was
513 nm and their respective emission peaks were 540 nm and 630 nm. The absorption band
edges of both capped and uncapped precursors were blue shifted from the bulk CISe. Their
corresponding band gaps were estimated from the (ahV)?/ h\ curves as shown in Fig. A4.2 in
the appendix. The energy gaps were relatively higher than that of the bulk CISe material
indicating the quantum confinement effect. However, the absorption wavelenths suggest that
the ClISe particles synthesized form uncapped precursors are relatively small than those from
capped precursors. It was expected that the capped precursors would yield uniform and
probably defined shape depending on the matrix formed by TOP as capping agent around
metals and this was attested by the values obtained from emission wavelengths of the two
types of synthesized CISe nanoparticles. The higher absorption wavelength in ClSe
synthesized from the TOP-capped precursors brought a higher Stokes shift of about 117 nm
suggesting more trapping of electrons with the red-shifted emission peak than the CISe from
uncapped precursors. The FWHM of the emission peaks was 23 nm for both samples
suggesting the same size distribution. However, the size distribution suggested by the PL did
not correspond to that from TEM, making it difficult to comprehend. The TOP-free
precursors under our working conditions favoured the vyield of small sized ClISe
nanoparticles. This is indicative of increase in energy gap due to quantum confinement
effects [44].
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Fig. 4.6 Absorption spectra of copper selenide nanoparticles respectively synthesized at 220
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Fig. 4.7 Emission spectra of CISe NPs synthesized at 220 °C with (a) uncapped and (b) TOP-

capped precursors

88




Table 4.2 Optical properties of CISe NPs synthesized from uncapped and TOP-capped

precursors at 220 °C

Method Band edge Emission Stokes shift FWHM
(nm) (nm) (nm) (nm)
Uncapped 497 540 43 23
TOP-capped 513 630 117 23
Bulk 1192 - - -

4.3.2.2 Morphology of CISe NPs synthesized from uncapped and TOP-capped precusors
The x-ray diffractions patterns of synthesized CISe from capped and uncapped precursors
were shown in Fig. 4.8. The patterns confirmed that both the nanoparticles synthesized from
the capped and uncapped metal precursors were made of nearly stoichiometric CulnSe, (PDF
number 01-07-2208) with the unit cells corresponding to tetragonal crystals. The
nanoparticles synthesized with uncapped precursors gave broader peaks compared to that of
nanoparticles synthesised using TOP capped precursors. This confirmed that uncapped
precursors gave smaller CISe nanoparticles. The shoulder peaks in ClISe crystals prepared
from uncapped precursors may be indicative of the lattice imperfection and this may justify
the optical properties determined earlier. The TEM images and the particle size distributions
of both samples are shown in Fig. 4.9. The average size values and the standard deviations
obtained from the gaussian curves are shown inset. The particles were monodispersed
(standard deviation of 0.008 nm) in hexagonal-liked shapes. The CISe nanoparticles from
capped and uncapped metal precursors had the diameters of were 5.24 nm (undefined
standard deviation) and 7.73 + 0.008 nm respectively. This shows smaller particle size CISe
synthesized from uncapped precursors in comparison with the CISe synthesized from TOP

capped precursors, which is in agreement with the results from UV-Vis absorption spectrum.
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Fig. 4.8 XRD pattern of CISe NPs synthesized at 220 °C with (a) TOP-capped precursors and

(b) uncapped precursors

The intense peaks in CISe powders obtained from both capped and uncapped metal
precursors had different orientations. CISe synthesized from TOP capped precursors gave
intense peak aligned to the 220 plane while the uncapped precursors gave the CISe powder
with strong peak oriented along the 122 plane. TOP capped precursors gave similar CISe NPs
as what was obtained using MAM although this more impurities were observed in the MAM
sample. This suggested that the final stoichiometry may not be exactly the same in both
capped and uncapped or in MAM synthesized materials. Ruffenach et al. [45] reported the
structures of CuyslngsSe; and Cugslng sSe, absorbing layers after thermal annealing, the 112
orientation was more favoured by copper-rich layers while 204/220 orientation was favoured
by Indium-rich layers. Similar findings using Raman spectroscopy were also discussed by

several authors [40, 42].
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Fig. 4.9 TEM images and particles size distribution of CISe NPs synthesized from (a, b)
uncapped and (c, d) TOP- capped precursors

4.3.3 Fabrication of CISe quantum dots sensitized solar cell devices

4.3.3.1 Cyclic voltammetry of the ClSe thin film

The QDs solution was prepared by dispersing 5 mg of CISe nanoparticles in 1 ml of pyridine.
The details of the procedure for cyclic voltametry are shown in the experimental section. Fig.
4.10 shows the cyclic voltammogram of C1Se where the conduction and valence band energy
levels can be determined from the the oxidation and reduction onsets. The energy levels were
calculated using equations (4.2) and (4.3). The corresponding values for the HOMO and
LUMO as well as the band gap energies are shown in Table 4.4. The resultant HOMO and
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LUMO of the sample were -5.8 eV and -3.8 eV respectively. The estimated LUMO value is
close to the values estimated for CISe [46] and CulnS; [47] QDs synthesized via colloidal
method by other groups. An electrochemical band gap of 2.0 eV was estimated with CV
measurements. This energy is about 0.97 eV higher than that of the bulk material and clearly
indicating a very large blue shift consistent with the absorption band edge found from UV-
Vis-NIR spectrum of the solution and thin film of CISe QDs. However the electrochemical
band gap is slightly different from the optical band gap estimated at 1.9 eV from the
absorption spectrum. This could be related to the different binding energies of excitons
created in the optical and electrochemical environments or caused by an influence of the
stabilizing ligands on the charge injection process between the nanocrystals and the working
electrode in CV measurements. Although the quality of the film of deposited QDs can also
have an impact on device performance, the amount energy in the device setup may also be
the source of trapping of electrons in the absorbing layer. This may compromise the electron
transfer transfer into the wide band gap material TiO, (about 3.0 eV) of the QDSSC. These
findings were similarly discussed by Ulbricht et al. [48] using 6 to 16 nm diameter sized
cadmium telluride particles and by Pernik et al. [25] using CdSe QDs. Further and thorough
investigations on these findings would get ways to control the high energy in the CISe layer
and set all mechanisms such as a multiple exciton generation while easing the electron
transport to the electrode. Another option would be to change the wide band gap electron
accepting layer and/or to try the device with quantum dots synthesized to a size of more than

5 nm but less than 10 nm.

The band gaps and energy levels are vital parameters for the device design and material
selection. Despite the limited accuracy, CV measurements are regarded as a useful and
relatively easy tool to measure the absolute position of energy levels [49, 50]. From ternary
QDs there is discrepancy in the absolute position of the energy levels measured by different
groups. Generally, the problem is the low current intensity of the nanocrystals systems, which
is comparable to the noise originating from the electrolyte [2]. This might also be caused by
an influence of the stabilizing ligands on the charge injection process between the
nanocrystals and the working electrode. According to some authors, the deviation from the
values for CulnS; might also be related to the crystallographic structure of the synthesized
nanocrystals (wurtzite, chalcopyrite and zinc-blend-structures) [49]. Yue et al. [51] reported

the cyclic voltammogram of as-synthesized CulnS, QDs exhibiting an oxidation onset at
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about 1.08 V and a reduction onset at about -0.72 V versus Ag/AgCI reference electrode
(band gap ~1.8 eV). Yang et al. [50] reported the energy levels of -3.63 and -5.34 eV
attributed to the conduction and valence band-edge energies of ~3.4 nm CulnSe,
nanocrystals, with an electrochemical band gap of 1.71 eV. Zhong et al. [52] reported the
energy gap of 1.88 eV for 5.2 nm sized CulnS; nanoparticles using CV. A binding energy of

about 43 meV was found by these authors.
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Fig. 4.10 CV and energy levels of CISe QD solution deposited onto FTO substrate

E (HOMO) = —E°™set — 4.4 (eV) (4.2)

E (LUMO) = —E%5¢t — 4.4 (eV) (4.3)

Table 4.4 Homo-Lumo and BG approximations of ClISe dispersed in pyridine

Eox Ered Eromo E Lumo Approx.
(V) V) (eV) (eV) BG (eV)
1.40 -0.60 5.80 3.80 2.0
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4.3.3.2 The effects of MPA and EDT treatments on C1Se QDSSC properties

The MPA treatment was performed onto TiO, surface in order to increase the adhesion of
CCM synthesized CISe QDs. MPA is expected to act as a linker molecule, connecting to the
TiO, surface via the carboxylic groups to the CISe QDs surface by coordination of the thiol
groups. The MPA treatment was done following the method shown in the experimental
section. It was adapted from the procedure decscribed by Kogkanand et al. [53]. The MPA is
used as a linker molecule, through the formation of chemical bonds between the TiO, and the
QDs. This molecule has thiol group that has affinity for metal atoms at the QD surface and
carboxylate group that links to the TiO, surface. Thus, MPA treatment is expected to assist
the attachment of C1Se QDs to the nanostructured oxide film. This method has been used for
sensitizing metal oxide films with chalcogenide based QDs (especially CdSe) for QDSSCs by
several authors [25, 54-57]. While some comparisons between MPA and similar molecules
suggested that this is a good choice for linker [54], others found that cysteine, for example,
could be a more suitable choice [55, 57]. The procedure for EDT treatment is shown in the
experimental protocols and was adapted from the method reported by Klem et al. [58]. EDT
was used as a linker and a surface modifier due to the shorter chain and the terminal thiol
groups which may result in a tightly packed QD layer [59, 60]. This approach has been
successfully used for the formation of compact dense films for application in other types of
solar cells containing PbS [58, 59, 61, 62].

The optical properties of the MPA and EDT treated films in comparison with the untreated
ClISe film are shown in Fig. 4.11. The absorption spectra showed the absorption at
wavelengths of nearly 340 nm for both untreated and MPA treated films while EDT treatment
showed a red-shift from the untreated film. A strong absorption in the range of 300-350 nm is
expected to originate from contribution of both CISe nanoparticles and TiO, to ligh-
harvesting. Importantly, only a discrete difference was observed in the absortion profile of
the untreated and MPA treated films, suggesting that the MPA treatment may not have been
effective for incorporation of a larger amount of QDs into the film in this particular case. It
has been reported that MPA treated TiO, films sensitized with trioctylphosphine/
trioctylphosphine oxide-capped CdSe QDs, resulted in very irreproducible and low sensitized
photocurrents [63]. The sensitization by QDs on MPA-TiO, surfaces was not favored due to a
high concentration of bulky organic surfactants in the sensitization solution, preventing the in

situ ligand exchange. Thus, it was suggested that this process does not lead to covalently
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bound QDs but to physisorption of CdSe QDs to MPA-TiO; (or unmodified TiO,) surfaces in
an uncontrolled fashion [63]. The absorption of EDT treated CISe film at wavelengths longer
than 350 nm may be attributed solely to the contribution from CISe nanoparticles. However
the characteristic of the lowest energy excitonic transition of CISe QDs is not clearly seen, as
it is the case for the particles in solution (Fig. 4.1). Instead, what is seen is a tail in the visible
spectral region.This is indicative of a strong agglomeration, resulting in optical characteristics
that resemble the bulk solid rather than isolated QDs. Previously, it has been proposed that
EDT treatment has the ability to remove the bulky oleate ligands from the surface of PbSe
QDs [64].

The optical images were taken to probe the effect of the CISe thin film morphology on
electrical properties (Fig. 4.11i-ii). The untreated thin film showed poorer surface coverage as
more voids were seen in comparison with the MPA treated sample. In addition, bigger crystal
domains were observed suggesting a rough surface. The MPA showed better compaction and
smaller crystal domains. Guijarro et al. [65] observed less agglomeration of CdSe QDs using
MPA-treated TiO, films in comparison with direct adsorption to untreated films. The authors
propose that, in the case of direct adsorption, the affinity of the dispersed QDs for already
adsorbed ones may be similar to their affinity for the bare oxide surface, which could favor
aggregation. In the case of MPA treated film, MPA molecules would render the interaction of
QDs with the modified oxide surface more favorable than that with previously adsorbed QDs,
reducing the tendency to aggregation. Nevertheless, other authors found no differences in
surface coverages for CdSe deposition via direct adsorption or to MPA-modified surfaces

[63] and agglomeration in both cases [25].

The treatment of sensitizer surface may be related to the deposition of CISe QDs in thin film,
the film morphology, the size distribution and the structure orientation of the CISe QDs and
TiO,. The size of TiO, particles was investigated by Shalom et al. [66] who showed that large
porous TiO, can be used in QDSSC to allow a good performance of the cell. The authors
used mesoporous TiO, with about 100 nm pore size and allowed the QD multilayers of 100
nm thickness to be deposited in the pores. This created a good contact which gave an

impressive efficiency beyond 3.86%.
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Fig. 4.11 Optical microscopic images of (i) untreated CISe film and (ii) MPA treated film;
(iii) EDT treated thin films and (iv) their corresponding absorption spectra with the
chemical structures (inset) for (a) OLA, (b) MPA and (c) EDT

The J-V curves obtained from untreated, MPA treated and EDT treated CISe film devices are
shown in Fig. 4.12. The extracted short-circuit current density (Jsc), open circuit voltage
(Voc), fill factor (FF) and power conversion efficiency (PCE) for untreated and MPA treated
ClSe film device are assembled in Table 4.5. The Jsc of untreated, MPA treated and EDT
devices were 54, 37 and 324 pA cm™ respectively while their corresponding Voc were 220,
251 and 438 mV. The Jsc and Voc from EDT treated device were significantly higher and the
PCE was increased by 1 order magnitude compared to the untreated and MPA treated
devices. Despite a considerable FF of 30-32%, the PCE in the untreated and MPA treated
devices were very low, valued at 0.004 and 0.003% for the untreated and MPA treated CISe
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film devices respectively. This is also justified by the optical characteristics of the CISe thin
film and indicates that the MPA molecules used as modifiers on the TiO, surface could not
easily replace the long chained oleylamine molecules on the surface of the QDs, to attach a
higher amount of these molecules to the TiO, nanostructured CISe film. This resulted in the
performance of the MPA treated device being similar to that of the untreated device. Several
authors have already commented on the poor reproducibility and results obtained using MPA
treatment in QDSSCs [63]. However, it is interesting to note that there is some discrepancy,
and positive reports on the use of MPA are also found. For CdSe QDSSCs it has been
demonstrated that the use of MPA improved the adsorption of toluene-suspended QDs onto
TiO, films. On the one hand, the use of linker molecules might assist QDs adsorption onto
the oxide films; alternatively the presence of these molecules may hinder charge transfer [25].
In another report, CulnS, QDs with sizes in the range of 2-8 nm were used to sensitize TiO,
electrodes with MPA as a linker molecule. The electrodes were coated with ZnS, deposited
by SILAR method. The best performance was achieved using the 3.5 nm CulnS, QDSSC,
with Jsc of 2.02 mA cm™, Voc of 0.515V, FF of 0.69% and overall efficiency of 0.72%.
According to the authors, an increase in the size of QD may lead to a decreased surface

coverage of the TiO; films, thus affecting the light-harvesting and device performance [39].
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Fig. 4.12 J-V curves obtained from (i) untreated, (ii)) MPA treated and (iii) EDT treated ClSe
films under (a) illumination with white light and (b) dark current
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Table 4.5 MPA and EDT effects on the electrical properties of CISe QDSSC devices

Sample Jsc \Voc FF PCE
Untreated 54 220 30 0.004
MPA-treated 37 251 32 0.003
EDT-treated 324 438 41 0.058

A further study was therefore conducted on the electrolyte effect on the electrical properties
of the EDT treated CISe film. The 1715 and S*/S,” electrolyte couples were considered for
the investigations. The J-V curves obtained from EDT treated film devices with I/l3” and s*
/S:% electrolyte couples are shown in Fig. 4.13. The extracted electrical parameters are show
in Table 4.6. The Jsc, Voc, FF and PCE were 274 pA cm’, 487 mV, 32.4% and 0.043%
respectively for EDT treated device using the iodide electrolyte. The usage of sulfide
electrolyte only gave a Jsc of 68 pA cm™ and a Voc of 209 mV and no FF or PCE was
quantified due to the poor shape of the J-V curve. The current was photogenerated in both
cases of electrolyte usage by comparison with the dark current. The EDT treatment improved
the device performance compared to untreated or MPA treated devices. The double thiol
functional groups in EDT structure could effectively allow the attachment of EDT from TiO,
surface to the QD. However, the 1713 electrolytic couple gave better electrical parameters
than S%/S,2 . The iodide electyrolyte stability may be better for the device assembly than $%
/S+%” under our working conditions. This indicates that improved device performance may be
related to the choice of electrolyte. Several authors have reported the use of $*/S,> as an
electrolyte in devives and better performances were observed [49, 50, 66]. The S*/S,*
electrolyte used in our project was prepared according to the recipe developed for CdSe
QDSSCs [39].
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Overall, the efficiencies reported here are low in comparison to the standard ruthenium-based

devices or state-of-the-art QDSSCs. This may be a result of the presence of defects and

surface traps in the synthesized QDs, as suggested by the low luminescence intensity during

the optical characterization or due to thin film quality. Improvement in the CISe QDs

properties should be readily achieved upon application of a selenization treatment after the

synthesis or by the incorporation of a thin shell layer based on ZnS [67] and by optimizing

the thin film fabrication process. Nevertheless, this contribution demonstrates that the use of

EDT-based routes to produce thin films of QDs may also be applicable to QDSSCs.
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Fig. 4.13 J-V curves obtained from EDT treated devices using (i) 715" and (i) S*/S,*

electrolytes under (a) illumination with white light and (b) dark current
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Table 4.6 J-V Electrical parameters of EDT treated CISe devices using 1715 and S*/S,”

electrolytes
Electrolyte Jsc \oc FF PCE
(LA Cm'z) (mV) % %
/15 274 487 32.4 0.043
S 68 209 - -

4.4 Conclusions

The CISe nanoparticles synthesized in OLA at 220 °C using uncapped precursors possessed
better optical and structural properties as confirmed by the blue-shifted absorption and
emission wavelengths, the well shaped, sized and dispersed nanoparticles. The tetragonal
crystalline units with efficient composition of stoichiometric CulnSe, were defined. Thus
photovoltaic activities can be predicted from these materials. However their homologue CISe
synthesized using TOP-capped precursors were more polydispersed, with secondary phases
of coexisting materials. The measurements of the energy levels done in on the CISe samples
revealed a large blue-shifted energy gap of about 0.92 eV from their bulk materials. This
indicates that the QDs had a quantum confinement effect. The application of CISe QDs in the
devices as QDSSCs successfully confirmed that these QDs can absorb photons and the
assembled device had photovoltaic performances although relatively low current densities (up
to 324 pA cm™) and open circuit voltage (209-484 mV) were obtained in this work. While
the type of QDs affected the device setup, the CISe QD samples dispersed in pyridine and the

treatment of TiO, and QD layers with EDT improved the device performance.
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CHAPTER 5:
COPPER INDIUM GALLIUM SELENIDE NANOCRYSTALS:
SYNTHESIS, CHARACTERIZATION AND QDSSCS

5.1 Introduction

Copper based chalcogenides are one of the most prominent materials used for photovoltaic
applications. The optical, structural and electrical properties of those materials can be tuned
to suit several applications needed to palliate to what is currently stopping the improvement
of solar cells technology [1-6]. Copper indium gallium selenide (shortened as CIGSe)
materials are I-111-VI p-type semiconductors with high optical absorption coefficient making
them perfect candidates for solar applications [7, 8-9]. Polycrystalline CIGSe films are
mostly prepared by simultaneous or sequential evaporation of the four constituent elements
onto the substrate where the film is formed in single or multiple steps. This method is more
successful and promising when performed under vacuum [10-12]. Another main technique
for film preparation is electrodeposition where metals are prepared electrolytically from salt-
containing electrolyte solutions and deposited on the cathode surface when the applied
potential exceeds the standard reduction potential of the ions. However CIGSe film
preparation via this method is limited by solubility of different salts in a common solvent,

thereby making it difficult to control the stoichiometry [13-17].

Much work has been done to assemble performant devices based on bulk CIGS e films. The
films with the band gap energy varying from 1.04 to 1.70 eV were made and the efficiency of
20% was achieved in the state of the art fabricated solar cell [18-21]. Recently much of the
focus has been to synthesize nanosized CIGSe quantum dots with the aim to improve the
efficiency of the solar cells beyond 20% at a reduced cost by using smaller material and
solution processing methods. A number of endeavours have been done to synthesize
nanosized CIGSe. Wu et al. [22] synthesized CISe and CIGSe via a precipitation method.
Indium (I11) chloride, Copper (I) chloride and gallium (I11) chloride were heated in polyol
solution where they were reduced to metal particles. Elemental Se was then added to the
solution to form CISe and CIGSe which were dissolved in ethanol and precipitated by
nucleation process to form the nanocrystals. Gu et al. [23] employed solvothermal method in

which Cu, In, GaCls, and Se were added to ethylenediamine into the autoclave at 230 °C for
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24h. A single phase CIGSe was obtained after washing the product with water and drying at
100 °C. The particles had a size of less than 100 nm and were strongly agglomerated.
Although a rigorous control is now needed, the introduction of defined concentration of
indium and/or gallium in copper selenide may render the semiconducting materials more

susceptible to increase their properties [5, 24-26].

CISe can possess a defined stoichiometry but with several crystalline structures where the
distribution of copper and indium have different possible orderings [27]. The order of
addition of Se precursor to OLA (capping agent) affect the crystal structure of ClSe.
Sphalerite and chalcopyrite phases were obtained with injection of Se to and along the
mixture of other precursors in OLA respectively [4]. The addition of one more element,
gallium for instance, to CISe may be followed with similar or more approaches in order to

obtain the quaternary chalcopyrite material with enhanced properties.

In this Chapter, the synthesis of CIGSe nanoparticles was done via conventional colloidal and
microwave assisted methods where the dispersivity and reduction of nanoparticle size were
studied. Furthermore, the effect of the reactant stoichiometry through addition of Ga to ClISe
synthesis was investigated. The influence of the coordinating solvent on the conventional
colloidal method was also studied in order to improve the properties of the synthesized
CIGSe nanoparticles and their photovoltaic capabilities.

5.2 Experimental procedures

Copper (1) chloride (CuCl), indium chloride (InCl3), gallium chloride (GaCls), selenium
powder, TiO, (Dyesol), tri-n-octylphosphine (TOP), hexadecylamine (HDA), oleylamine
(OLA), acetonitrile, hexane, methanol, ethanol, acetone tin doped-indium oxide (ITO), and

doped-fluorine tin oxide (FTO) substrates were used as purchased.

5.2.1 Conventional colloidal method

The method was adapted from the reaction (5.1) below. An amount of about 6.0 g of HDA
was heated to 100 °C. Then 1.0 ml of 1.0 M solution of CuCl in TOP (TOPCuCI), 0.5 ml
(0.75 or 0.25 ml) of 1.0 M InCl3 in TOP (TOPINnCl3) and 0.5 ml (0.25 or 0.75 ml) of 1M
GaCls in TOP (TOPGaCls) were added to the solution. The resultant solution was then heated
to 180 °C where 1ml of 2.0 M solution of Se in TOP (TOPSe) was then added. The content
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was heated to 220 °C for a further 30 min. The temperature was then decreased to 60 °C.
Methanol was then added to the solution to flocculate the nanoparticles and CIGS
nanoparticles were collected after centrifugation. The concentrations were varied in order to

obtain the different stoichiometric CIGSe. The effect of the solvent was also studied.

TOPCuCl + TOPInCly + TOPGaCl, + TOPSe % > Culn,Ga,_,Se, + byproduct (5.1)

5.2.2 Microwave assisted method

About 2 ml of 1.0 M TOPCuCI, 0.5ml of 1.0 M TOPInCl; and 0.5ml of 1.0 M TOPGaCls
were added to 5 ml of HDA in a Teflon vessel liner and mounted on the rotor and then
purged with argon for 2 min before being placed in the microwave. The microwave was then
heated for 10 min at a power of 500 W. The reaction occurred similarily as the reaction (5.1)
above. The system was then cooled to 70 °C where 1 ml of 2 M TOPSe was quickly added.
The vessel was then purged for 5 min with argon before continuing heating the mixture for
another 10 min at 600 W. The heating was stopped and the microwave was allowed to cool to
50 °C. Methanol was then added to the solution to flocculate the nanoparticles and CIGSe

nanoparticles were collected after centrifugation.

5.2.3 Thin film treatment and device assembly

The procedures for preparation of substrates and QDSSC device assembly using the untreated
CIGSe thin film are as described in sections 4.2.3 to 4.2.5 of Chapter 4. Here, CISe materials
are replaced by CIGSe. A schematic of the QDSSC device is shown in Fig. 5.1 below.

5.2.4 Characterization of the materials

The optical, structural and electrical properties of CIGSe NPs were determined using the
same characterization techniques described in section 4.2.6 of Chapter 4. Furthermore,
atomic force microscopy (AFM) Veeco 3100 SPM was used to determine the surface

morphology of the CIGSe thin film.
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Fig. 5.1 Architecture of the CIGSe QDSSC device

5.3 Results and discussion

5.3.1 Synthesis of copper indium gallium selenide nanoparticles via conventional
colloidal and microwave assisted methods

The details about the MAM and CCM have been discussed in our earlier report [28] and in

Chapter 3. The current chapter only discusses the CIGSe properties related to these two

methods.

5.3.1.1 Optical properties

The absorption and emission spectra of the MAM and CCM synthesized CIGSe nanoparticles
are shown in Fig. 5.2 and Fig. 5.3 respectively. A large blue shift was observed in the
materials synthesized via both MAM and CCM, confirming that the synthesized materials
were relatively small, in sub-micron level at some extent. The optical paramteres are
assembled in Table 5.1. The MAM synthesized CIGSe nanoparticles showed the absorption
band edge and emission peak at 680 nm and 720 nm respectively while CCM gave those
optical parameters at 695 nm and 740 nm. The blue-shift is slightly pronounced in MAM than
in CCM and may indicate a synergic effect from agglomeration due to excess of ligands
adsorbed on the surface of the synthesized CIGSe nanoparticles. In addition, the MAM
synthesized CIGSe gave longer tailing absorption spectrum showing more polydispersivity
than the CCM. However a FWHM of 40 nm was determined in MAM sample. This was
lower and indicates a higher degree of monodispersivity than the FWHM of CCM sample
which was located at 88 nm. Higher band gap energies were estimated in both samples via
their energy curves as shown in Fig. A5.1 of the appendix. A further characterization was

then made for structural properties of MAM and CCM samples.
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Fig. 5.2 Absorption spectra of CIGSe NPs synthesized in HDA via (a) MAM and (b) CCM
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Fig. 5.3 Emission spectra of CIGSe NPs synthesized in HDA via (a) MAM and (b) CCM
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Table 5.1 Optical parameters of MAM and CCM synthesized CIGSe NPs

Method Band edge Emission Stokes shift FWHM
(nm) (nm) (nm) (nm)
MAM 680 720 40 40
CCM 695 740 45 88
Bulk 710-1192 - - -

5.3.1.2 Structural properties

The XRD patterns of CIGSe nanoparticles prepared via CCM and MAM are shown in
Fig.5.4. All the peaks confirmed the crystalline nature of the synthesized material which is
made with nanosize level particles. The peaks were indexed similarly as tetragonal crystal of
CulngsGagsSe, (JCPDS 40-1487). The MAM sample showed all peaks with better
crystallinity in defined lattice compared to CCM where the peak intensities such as those
indexed in (311) and (131) showed a slight decrease due to the lattice imperfection.This

phenomenon has been studied by several authors using other compounds [29-31].

3000 T T T T T T T T T T

2500 - -

(111)

2000 +

(220)

H
a1
o
o
]
]

1000 A
- —

J : g J

500 A L < A .

e . o A A _

30 40 50 60 70 80 90

Intensity (a.u.)
(400)

20 (degrees)

Fig. 5.4 XRD patterns of CIGSe NPs synthesized in HDA via (a) MAM and (b) CCM
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The CIGSe nanoparticles shapes were determined by TEM as shown in Fig. 5.5. The images
revealed mixed shapes that tended to form agglomerates thereby giving an overall irregular
morphology. The MAM sample shows more agglomeration than conventional colloidal
method under similar conditions. This may be due to the growth of particles as well as the
heat provided by both methods. The sequential addition of precursors in CCM showed a
better control of particle growth and dispersion than the addition of all precursors at once
before MAM synthesis which promotes agglomeration of particles. The investigation of
concentration of indium and gallium precursors was therefore done in order to identify the
best stoichiometry for the synthesis of CIGSe NPs via CCM.

Fig. 5.5 TEM images of CIGSe NPs synthesized in HDA via (a) MAM and (b) CCM

5.3.2 Stoichiometric effects on the properties of CIGSe NPs synthesized via CCM

The concentrations of the precursors were varied with the aim to investigate the effect of
stoichiometry on the properties of CIGSe synthesized in HDA via CCM. Table 5.2 shows
various CIGSe samples prepared via CCM in HDA by varying the concentration of indium
and gallium so as the number of moles of In+Ga is equal to that of copper. Thus, replacing
half of copper in copper selenide by In+Ga atoms was investigated focusing on the amount of
indium and gallium during the CCM synthesis. Indium and gallium concentrations were
made at 1:1, 1:3 and 3:1 ratios of In/Ga.
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Table 5.2 Synthesis of stoichiometric CIGSe NPs via CCM using HDA

CIGSe Sample Stoichiometry solvent
Cu/(In+Ga) In/(In+Ga) In:Ga
Culng 25Gag 75Se; 1 0.25 1:3 HDA
Culng 50Gag.s0Se2 1 0.50 11 HDA
Culng 75Gag 255e2 1 0.75 31 HDA

5.3.2.1 Optical properties of CCM synthesized stoichiometric C1GSe

The UV-Visible absorption and emission measurements were performed in order to
investigate the optical properties of synthesized CIGSe nanoparticles as shown in Fig. 5.6 and
Fig. 5.7. The values extracted from the spectra are shown in Table 5.3. The band edges from
absorption spectra were observed at 695, 592 and 550 nm for CulngsGagsSes,
Culng 25Gag 75Se;, and Culng 75Gag 25Se, respectively. The emission peaks were found at 740,
697 and 635 nm, confirming that the synthesized nanoparticles were relatively small on
nanoscale level. The stoichiometric Culng75Gag2sSe, prepared in HDA showed large blue-
shifted UV-Vis absorption band edge and PL emission peak. In addition, the
Culng 75Gag 25Se, particles show a narrower size distribution as suggested by the FWHM of
emission peak for Culng75GagsSe, which was 47 nm. This value is less than those from
CulngsGagsSe, and Culng2sGag 75Se; particles located at 88 and 57 nm. The ohv/hv curves
for band gap approximation are shown in Fig. A5.2 of the appendix. The energy gaps of
CulngsGagsSe,, Culng2sGag7sSe; and Culng7sGag 2sSe,; were respectively higher than the
bulk CIGSe. This indicates that the synthesized materials may be used as absorbing layer.
Saji et al. [16] reported similar findings where the concentration of metal precursors may lead

to CIGSe with energy gap tuned from 1.04 to 2.4 eV.
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Fig. 5.6 UV-vis absorption spectra of (a) CulngsGagsSe;, (b) CulngsGag7sSe, and (c)
Culng 75Gag 25Se, NPs synthesized in HDA via CCM
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Fig. 5.7 PL emision spectra of (a) CulngsGagsSe;, (b) CulngsGag7sSe; and (c)
Culng 75Gag 25Se; NPs synthesized in HDA via CCM
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Table 5.3 Optical parameters of CIGSe NPs synthesized at different stoichiometries

In/Ga Band edge Emission Stokes shift FWHM
ratio (nm) (nm) (nm) (nm)
1:1 695 740 45 88
1:3 592 697 105 57
31 550 635 85 47
Bulk 710-1192 - - -

5.3.2.2 Structural properties of CCM synthesized stoichiometric CIGSe NPs

The XRD patterns are shown in Fig. 5.8. The CulngsGagsSe,, CulngsGag7sSe, and
Culng 75Gag 25Se, nanoparticles showed similar main peaks with indices (111; 220; 400; 311
and 131 from JCPDS 40-1487) corresponding to tetragonal lattice of copper indium gallium
selenide. Small peaks encountered next to the identified patterns might be due to impurities
from unreacted or partially formed compounds such as Cu,Se. However more pure crystalline
phase was identified in Culng 75Gag25Se; samples. The TEM images of stoichiometric CIGSe
particles are shown in Fig.5.9. The images show nanosized particles dominated by pyramidal
shapes in all synthesized materials. However less agglomerated nanosized particles were
observed in Culng7sGagosSe; than other prepared stoichiometric CIGSe, showing that
increasing gallium content compromises the particle growth and dispersion. The aggregation
may be due to many factors such as temperature or time of particle growth along with the
concentration of precursors. The later can prove that the number of precursors added for a
given synthesis may be a particular case to consider if a unique size and/or morphology are
expected. While further cleaning of particles by much stronger solvents and long time of
sonication may also be suggested to improve the particle dispersion, many other factors
should be considered including the interaction between the solvent and capping agent used in
the synthesis. Whether dispersed or aggregated in solution, the nanoparticles were crystalline
and indeed with less than 50 nm size as suggested by the TEM images. The stoichiometric
Culng75Gag25Se,; was therefore considered in the study of solvent for synthesis of CIGSe

nanoparticles.
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Fig. 5.8 XRD patterns of (a) CulngsGagsSez, (b) Cu Ing25Gag 75Se, and (¢) Culng75Gag 25Se;
NPs synthesized in HDA via CCM

Fig. 5.9 TEM images of (a) CulngsGagsSez, (b) Culng2sGag7sSe; and (c) Cu Ing 75Gag 255€2
NPs synthesized in HDA via CCM. The size distribution was not determined due to

agglomeration.

5.3.3 Solvent effects on the properties of CIGSe nanoparticles synthesized by CCM

5.3.3.1 Optical properties of CCM synthesized CIGSe using HDA and OLA

The solvent was varied from HDA to OLA while other parameters were kept constant for

synthesis of Culng75Gag2sSe, in order to further optimise the properties. The optical

absorption and emission spectra of Culng 75Gag 25Se, nanoparticles are shown in Fig. 5.10 and
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Fig. 5.11 respectively. The extracted optical parameters are shown in Table 5.4. The same
FWHM of 50 nm and the same Stokes-shift of 95 nm were determined in both OLA and
HDA samples suggesting similarities in  Culng75Gag2sSe,  particle  dispersion.
Culng 75Gap 25Se2; NPs synthesized in OLA showed a more blue-shift in optical behaviour
with a band edge and a maximum emission peaks at 525 and 620 nm respectively as
compared to the HDA counterparts which have the values red shifted to of 550 and 640 nm.
This is due to the high dispersion and relatively smaller particle size encountered in the
material synthesized in OLA than the HDA counterparts. The energy curves are shown in
Fig. A5.3 in the appendix. The OLA synthesized CIGSe particles had a higher energy gap

than those from HDA synthesis, confirming the good absorption at lower wavelengths.
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Fig. 5.10 Absorption spectra of Culng75Gag 25Se, nanoparticles synthesized via CCM in (a)
HDA and (b) OLA
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Fig. 5.11 Emission spectra of Culng 75Gag 25Se; NPs synthesized via CCM in (a) HDA and (b)
OLA

Table 5.4 Optical parameters of CCM synthesized CIGSe NPs using HDA and CCM

Solvent Band edge Emission Stokes shift FWHM
(nm) (nm) (nm) (nm)
HDA 550 640 90 50
OLA 525 620 95 50
Bulk 710-1192 - - -

5.3.3.2 Structural properties of CCM synthesized CIGSe NPs using HDA and OLA

The XRD spectra of Culng75Gag2sSe; NPs synthesized in HDA and OLA via CCM are
shown in Fig.5.12. The nanoparticles synthesized in both solvents were highly crystalline
with sharp and well defined peaks. The diffraction peaks were indexed into tetragonal CIGSe
crystalline orientations confirming that the particles were crystalline and at nano-level. The
TEM images of HDA and OLA samples with size distribution and the energy dispersive

spectrum (EDS) of CIGSe nanoparticles are shown in Fig.5.13. The particles were found in
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pyramidal-like and nearly spherical shapes for HDA and OLA synthesized nanoparticles
respectively. The TEM images of the two samples clearly show that the nanoparticles
synthesized with OLA had a better dispersivity than when the solvent was replaced by HDA
following the very same CCM route. The particle size distribution can therefore be
determined from the OLA sample where the EDS spectrum was also collected. The particle
sizes of Culng 75Gag25Se; synthesized in OLA were with a certain degree of polydispersion
and the average diameter was 6.61 + 0.60 nm. This indicates that Ostwald ripening effect
may have occurred as the nanoparticles matured from nucleation during the synthesis. The
EDS analysis proved that copper indium gallium selenide nanoparticles were synthesized.
The carbon (not shown on the graph) chlorine and the excess of copper detected here
originated from the copper grid, its lacy carbon, the solvent used to disperse the particles and
the ligands adsorbed onto the surface of CIGSe particles. The size and functional groups in
the two solvents can also be the cause of difference in properties of the synthesized particles.
Since the molecular weight of OLA is greater than HDA the vibration and swelling properties
of OLA would be less than those from HDA. While the amine group is expected to play a
similar role in both HDA and OLA, the particular effect of OLA may be attributed to the
double bond giving each OLA the possibility to bend the molecular chain creating much
attraction toward growing particle during synthesis and therefore decreasing the space in
which that particle should grow. Other details in comparing the two solvents are shown in
Chapter 3. The Culng75Gag 2sSe, nanoparticles synthesized in OLA were therefore used to
fabricate a CIGSe QDSSC device.
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Fig. 5.12 XRD patterns of Culng75Gag25Se, NPs synthesized via CCM in (a) HDA and (b)

OLA
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Fig. 5.13 TEM images of Culng 75Gag 25Se; NPs synthesized via CCM in (a) HDA, (b) OLA,
(c) OLA at higher magnification; with (d) size distribution and (e) EDS spectrum
of Culng 75Gag 25Se, NPs synthesized via CCM in OLA.

5.3.4 CIGSe device assembly

The QDSSC device was assembled from CIGSe film without further treatment. The optical
microscopic image and the energy curve of CIGSe thin film are shown in Fig. 5.14. The
optical band gap energy of the film was 1.93 eV, indicating that the film may be used as an
absorbing layer in QDSSC. However, the film had many pin holes that can hinder the electric
performance of the device. This was also confirmed by the AFM images as shown in Fig.
Ab5.5 in the appendix. The electrical properties of the assembled QDSSC are shown in Fig.
5.15 with parameters values inset. The Jsc of 168 pA cm™ and Voc of 162 mV were found in
the device. Although a relatively better FF of 33% was yielded in the assembled device from
CIGSe film, poor electric properties were observed, leading to a very small PCE. Several
factors may be the cause of the poor performance of the device. The quality of the CIGSe
film could not favour a good transfer of electrons from the absorber to the wide band gap
layer of TiO,. Monig et al. [28] reported the difference of J-V curves from grain to grain
bringing a high density of defect states at the CIGSe surface. The authors suggested a
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preferential oxidation of particular grains, which passivates the defect levels at the surface of
the film. While this phenomenon may contribute to multiple exciton generation to a certain
extent, the charge recombination processes may forbid electron to move from the active layer
to the electrodes and therefore compromise the role of the assembled device as QDSSC.
Although EDT was used as ligand exchange molecules, the attachments of CIGSe particles
on the TiO, surface was not optimized. The role of the electrolyte can be another attempt to
consider as this regenerates the charge in the absorbing layer. The 1/13" couple should be
permanently stable in the device in order for the latter to perform better. However the

electrolyte can leak anytime of the working conditions.
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Fig. 5.14 Properties of CIGSe thin film: (a) optical microscopic image showing some
openings within the film and (b) (ahv)?/hv curve of CIGSe thin film
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Fig. 5.15 J-V curve of CIGSe QDSSC device under (a) illumination with white light and (b)

dark current

5.4 Conclusions

Relatively small sized copper indium gallium selenide nanoparticles were prepared through
CCM and MAM. The optimization of the parameters of synthesis including the method,
concentration ratio of indium and gallium precursors and solvent resulted in well dispersed
and relatively small size copper indium gallium selenide nanoparticles with improved optical
and structural properties. Culng75Gag 25Se was the best stoichiometric CIGSe synthesized via
CCM using oleylamine at 220 °C for 30 min. The nearly hexagonal nanoparticles sizing 6.5
nm in diameter were obtained under these conditions. The synthesized particles were used as
thin film in QDSSC device. The evidence of concept of photovoltaic activities was
demonstrated in the assembled device although poor performances where obtained. This may
therefore be a keystone in developing any photovoltaic device based on copper indium

gallium selenide nanoparticles.
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CHAPTER 6:
SYNTHESIS, CHARACTERIZATION OF COPPER ZINC TIN
SULPHUR SELENIDE NANOCRYSTALS AND THEIR
APPLICATION IN QDSSCS

6.1 Introduction

Copper zinc tin sulphur selenide material (CZTSSe) is one of the most promising
semiconductor chalcogenides needed in developing the trend in photovoltaics [1-5]. CZTSSe
has a particular focus since the starting metals are relatively cheaper, earth abundant than
indium and gallium of the leading CIGSe material. There is an increased possibility, as
quinary material at nanoscale level, to further tune the energy gap and therefore improve the
efficiency. There are various vacuum and non-vacuum based techniques that have been
reported for thin film deposition of CZTSSe. Lechner et al. [6] reported the development of
sputter deposition of Cu, Zn and Sn metals followed by the thermal evaporation of the
chalcogen in chalcogen containing ambient for the formation of Cu,ZnSn(S,Se), thin films
for solar cells. The assembled device gave the electrical properties with PCE above 6%.
However of intersest are the solution based techniques as they more cost effective and can
yield high throughput. Recently, Todorov et al. reported the use of hydrazine-based solution

for the fabrication of CZTSSe via spin coating to yield solar cells with PCE of 9.6% [7].

Several device configurations can be used to fabricate CZTSSe solar cell devices among
which is that of dye sensitized solar cells (DSSCs). The details on the mechanisms for charge
generation, transport and regeneration in a DSSC are shown in Chapter 2 and have also been
shown in several reports [8-19]. Zhua et al. [20] reported on a modified standard dye
sensitized solar cell (DSSC) with 2 layers of CZTS and CZTSe annealed at 500 °C and used
as photocathodes on TiO; sensitized with N719. The assembled device gave good electrical
properties with an overall PCE of 8.8%. In this chapter, the synthesized CZTSSe quantum
dots (QDs) was used to fabricate solar cells similar to the DSSC. The dye was replaced by
CZTSSe QDs to give quantum dot sensitized solar cells (QDSSCs). The preparation of the
thin films of QDs was performed with or without mercapto-propionic acid (MPA) and

ethanedithiol (EDT) treatments. The energy levels were also determined to understand the
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electronic and electrical properties of CZTSSe QDs after which the devices made of the

CZTSSe films were assembled and characterized.

6.2 Experimental procedures

6.2.1 Chemicals and materials

Fluorine doped tin oxide (FTO) substrates, titanium oxide (TiO,) from dyesol, oleylamine,
liquid N2, Ar, CuCl, ZnCl,, SnCls, sulphur and selenium powders, mercapto-propionic acid
(MPA), ethane dithiol (EDT), acetonitrile, toluene, pyridine, acetone, ethanol, tetrabutyl

ammonium tetrafluoroborate (TBABF,).

6.2.2 Synthesis of copper zinc tin sulphur selenide nanoparticles

6.2.2.1 Conventional colloidal method

The conventional colloidal method (CCM) consisted of preparing the metal selenide QDs
using a three-neck flask connected to a Shlenck line under argon flowing gas. This was done
following the reaction (6.1).Typically, in conventional colloidal method (CCM), 6 ml of
oleylamine (OLA) was heated to 100 °C. Then 1 ml of 1.0 M solution of CuCl in OLA, 1.0 M
of ZnCl, in OLA and 1.0 M of SnCl; in OLA were added to the solution. The resultant
solution was then heated to 220 °C where 1 ml of 1.0 M solution of Se in OLA and 1 ml of
1M solution of sulphur were then added. The content was heated for a further 30 min. The
temperature was then decreased to 60 °C. Ethanol was added to the solution to flocculate the
copper zinc tin sulphur selenide (CZTSSe) nanoparticles which were collected after

centrifugation.

oLA
TOPCuCl + TOPZnCl, + TOPSnCly + TOPGaCly + TOPSe —225 Cu,ZnSn(SSe), + byproduct (6.1)

6.2.2.2 Microwave assisted method

The microwave assisted method for CZTSSe was followed similarily to the reaction (6.1).
This was done by adding 2 ml OLA solution of each 1.0 M CuCl, 1.0 M ZnCl,, 1.0 M SnCl;
to 5 ml of OLA in a Teflon vessel liner and mounted on the rotor. The content was purged
with argon for 2 min prior to the microwave heating. The microwave was then heated for 10
min at a power of 500 W. The system was then cooled to 70 °C where 2 ml of each 1M of S
and 1 M of Se in OLA were quickly added. The vessel was then purged for 5 min with argon

before continuing heating the mixture for another 10 min at 600 W. The heating was stopped
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and the microwave was allowed to cool to 50 °C. Methanol was added to the solution to

flocculate the CZTSSe nanoparticles which were collected after centrifugation.

6.2.3 Thin film treatment and device assembly

The procedures for preparation of substrates and QDSSC device assembly using the
untreated, MPA treated and EDT treated CZTSSe thin film are as described in sections 4.2.3
to 4.2.5 of Chapter 4. Here, CISe materials were replaced by CZTSSe. The Fig. 6.1 below
shows the structure of the CZTSSe assembled device.

6.2.4 Characterization of the materials
The optical, structural and electrical properties of CZTSSe NPs were determined using the
same characterization techniques described in section 4.2.6 of Chapter 4. However, CISe NPs

were replaced by CZTSSe materials.

Glass

TiO,

e Pt Electrolyte

Fig. 6.1 CZTSSe QDSSC device setup

6.3 Results and discussion

6.3.1 Properties of MAM and CCM synthesized CZTSSe QDs

6.3.1.1 Optical properties of MAM and CCM synthesized CZTSSe QDs

The absorption and emission spectra of MAM and CCM synthesized CZTSSe nanoparticles

are shown in Fig. 6.2 and Fig. 6.3 respectively. The optical parameters are shown in Table

6.1. The absorption band edges for MAM and CCM samples were at 460 and 450 nm

respectively. Both MAM and CCM gave blue-shifted absorption band edges than the bulk

CZTSSe located at 827 nm. This is indicative of the quantum confinement effect in both

samples. The slight blue-shift of CCM than MAM is indicative of smaller sized particles
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yielded from MAM. The MAM and CCM emission spectra had the same maximum peak at
532 nm but their FWHMs were 44 and 47 nm respectively. This is indicative of a narrow size
distribution in both samples. The (ahv)?/ hv curves for the band gap energies of MAM and
CCM CZTSSe nanoparticles are shown in Fig. A6.1 in appendix. The MAM and CCM
synthesized nanoparticles possess higher energies than that of the bulk CZTSSe amounting to
1.51 eV. This is indicative of the confinement effect as equally proven by the absorption of
both sample. The slight difference in optical properties of the two samples indicates that the
same kind of materials was prepared by either MAM or CCM. A further characterization was
done on the samples to determine their structures and to show whether this may help

emphasizing on the optical properties.
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Fig. 6.2 Absorption spectra of CZTSSe NPs synthesized via (a) MAM and (b) CCM
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Fig. 6.3 Emission spectra of CZTSSe NPs synthesized via (a) MAM and (b) CCM

Table 6.1 Optical parameters of MAM and CCM synthesized CZTSSe

Method Band edge Emission Stokes shift FWHM
(nm) (nm) (nm) (nm)
MAM 460 532 72 44
CCM 450 532 82 47
Bulk 827 - - -

6.3.1.2 Structural properties of MAM and CCM synthesized CZTSSe NPs

The XRD patterns of CZTSSe NPs synthesized via MAM and CCM are shown in Fig. 6.4.
The diffraction peaks of both samples show indices corresponding to Cu,ZnSn(SSe), of a
hybrid tetragonal crystalline structure between CZTS ( PDF 00260575) and CZTSe ( PDF
000520868). The structural properties of synthesized CZTS and CZTSe nanoparticles
including the diffraction patterns and TEM images are shown in Fig. A6.2 and Fig. A6.3 in
the appendix. The CZTSSe synthesized via MAM gave more intense and defined diffraction
peaks than the CCM. Thus the MAM synthesized CZTSSe nanoparticles were more

crystalline.
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Fig. 6.4 XRD patterns CZTSSe powders prepared from (a) MAM and (b) CCM

The TEM images of MAM and CCM synthesized CZTSSe nanoparticles with their
corresponding size distributions and the EDS spectrum are shown in Fig. 6.5. The EDS
analysis proved that the synthesized nanoparticles are made of copper, zinc, tin, sulphur and
selenium. The excess of copper detected here originated from the copper grid. The
nanoparticles with hexagonal-like facets were identified in both samples but the particles
from CCM were slightly more monodispersed with a standard deviation of 0.216 nm
compared to those from MAM which possessed a standard deviation of 0.259 nm. The
synthesized chalcogenides had the average sizes of 10.09 nm and 8.86 nm for MAM and
CCM respectively. This is in agreement with the optical properties observed earlier.
Generally the properties of CZTSSe nanoparticles were similar in both MAM and CCM.
However XRD findings result in the usage of the MAM synthesized CZTSSe nanoparticles
for fabrication of the QDSSC devices.
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Fig. 6.5 TEM images of (a) MAM and (b) CCM synthesized CZTSSe NPs and their
corresponding size distributions (c) and (d) respectively; with (e) the EDS spectrum

confirming the elements of CZTSSe NPs.

6.3.2 Cyclic voltammetry of CZTSSe thin film

The CZTSSe QD solutions were prepared by dispersing 5 mg of CZTSSe NPs in 1 ml of
toluene. The details of the CV procedure are shown in the experimental section. Fig. 6.6
shows the voltammogram obtained (with depicted oxidation and reduction energies) and the
energy levels related to the assembled QDSSC. Table 6.2 shows the values of energy levels
and band gap energies of synthesized CZTSSe QDs. The CV gave a the conduction band
level at 3.61 eV which is higher than that of TiO, confirming that the active layer made of
CZTSSe could transfer electron to the electrode. The band gap energy of CZTSSe film was
1.72 eV, which is about 0.21 eV higher than that of the bulk material. This clearly indicates a
very large blue shift as confirmed by the absorption band edge found from UV-Vis-NIR
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spectrum of the solution and thin film of CZTSSe QDs. This energy is also indicative of a
quantum confinement effect that was also attributed to the small size, way less than that of
the Bohr radius (10 nm or the diameter of 20 nm). Cao et al. [21] employed chemical bath
deposition CBD and sulfurization treatment to prepare CZTS thin films that exhibited a band
gap of 1.48 eV. The ZnO:Al CdS/CZTS/Molglass layered device gave a PCE of 0.30%.
Although the homogeneity of the film of deposited QDs can also have an impact on the
device performance, the energy in the device setup may signify that upon absorption of
photon, electrons could be excited but their transfer into a wide band gap material TiO;
(about 3.0 eV), was being slowed because the electrons may have been trapped in high
energy CZTSSe layer instead of moving into TiO,. Other authors also reported similar
findings [1, 22-23]. The band gaps and energy levels are vital parameters for the device
design and material selection. Despite the limited accuracy, CV measurements are regarded
as a useful and relatively easy tool to measure the absolute position of energy levels. For
ternary and quaternary QDs there is discrepancy in the absolute position of the energy levels
measured by different groups. Generally, the problem is the low current intensity of the
nanocrystal systems, which is comparable to the noise originating from the electrolyte. This
may also be attributed to an influence of the stabilizing ligands on the charge injection
process between the nanocrystals and the working electrode [24, 25]. Some authors have
reported the deviation of energy levels as function of the composition and crystallographic
structure of synthesized particles [1, 4, 26].
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Fig. 6.6 CV and energy levels of CZTSSe QD solution deposited onto FTO substrate
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Table 6.2 Homo-Lumo and BG approximations of CZTSSe from CV

QDS on Ered EHomo E Lumo ApprOX QD SIZE
V) V) (eV) (ev)  BG (ev)  (nm)
CZTSSe 0.92 -0.79 5.32 3.61 1.71 8

6.3.3 The effects of EDT and MPA treatments on the electrical properties of CZTSSe
QDSSC devices.
The MPA and EDT treatments were performed at the interface of TiO, and CZTSe layers in
order to increase the adhesion of synthesized CZTSSe QDs onto TiO; surface. Fig. 6.7 shows
the J-V curves of devices treated with MPA and EDT versus the untreated one. The J-V
curves from the dark current allowed confirming the photovoltaic activities of the QDSSC
devices as per photogenerated current upon illumination.Table 6.3 shows the electrical
properties extracted from the J-V curves. The short circuit current density improved from 85
to 258 PA cm’, respectively from untreated to treated devices demonstrating that devices
assembled via treatment of TiO, and active layers with EDT and MPA affected the optical
and electrical properties. However the higher short circuit voltage of 395 mV was only found
in the untreated device. Although the overall efficiency of the device could slightly increase
from 0.013 to 0.021%, the fill factor was not affected considerably by MPA or EDT
treatment on the device. This can either be related to the differences in the QDs surface such
as traps and defects or to the interaction of CZTSSe with the TiO, particles. The high
absorption observed from UV-Vis spectra together with the size of CZTSSe QDs as
measured from TEM images, the quality of the film and the interface CZTSSe QDs-TiO;
layers could also be the main factors related to the electrical properties of devices. However,
the low current densities were indicative of a poor interaction of MPA or EDT with the
CZTSSe QDs. On one hand MPA molecules attached to TiO, may not be properly linked to
QDs due to uneased interaction of QDs. Furthermore, the exchange of the adsorbed ligands
can mainly be attributed to the minimum effect of carboxylic group strongly adsorbed onto
CZTSSe surface after synthesis rather than that of thiol group found in MPA structure. On the
other hand, the double thiol functional groups in EDT or structure may not effectively allow
the attachment of EDT from TiO, surface to the QD. Steinhagen et al. [1] prepared CZTS
sizing 7.7-13.5 nm and used ZnO instead of TiO; in the device without any linker treatment.
A CdS layer was established between CZTS and ITO and the assembled device had the Jsc,
136




Voc, FF, and PCE of 1.92 mA cm?, 321 mV, 37% and 0.23% respectively under AM 1.5
conditions. TiO, used in our work may possess good mechanical properties and good
crystalline phase that can be compatible with the deposition of QDs due to structure
orientation acting as template to accommodate the attachment of QDs. The small currents
measured here were attributed to the structure of the QDs, the contact at the interface QD-
TiO,, the energy generated in the QDs as absorbing layer, the impact of trapped electron in
the absorbing layer. Similar findings have been discussed in Chapter 4 and 5. While pyridine
seemed to affect the action of EDT as ligands on the surface of CZTSSe the electron could
not be easily transferred from the photon absorbing layer to the wide band gap electron
accepting material. Thus, the electron transport to FTO electrode was compromised. The
concentration of MPA, time for MPA treatment and that of dip-coating in quantum dot
solution in order to surpass the FF currently found in this work are parameters to further
investigate. The electrolyte can also play a role in electrical properties of the assembled
devices. Thus the investigation of other electrolytes beside 1'/l13” may be another alternative in
improving the performances of the device. The composition of the synthesized materials
would be of great role in the device assembly and our materials seemed to be copper rich as
per ratio Cu/(Zn+Sn) since our initial target was to synthesize Cu,ZnSn(SSe);. This was
investigated by several authors who even buffered the QDs to decrease copper content. Carter
et al. [26] prepared CZTSSe by selenisation of synthesized CZTS nanoparticles with
hexanethiol and Se pellets. The Cu/(Zn+Sn) ratio was investigated and CZTSSe was buffered
with a CdS layer. About 8% PCE was achieved from the assembled device. Guo et al. [27]
synthesized CZTS which was alloyed with Ge and Cuj 4ZN1.25Sn0.75G€0.25S4 film in which
Cu/(Zn+Sn) ratio was 0.82 was then selenized under Se vapour. The CZTGSSe film obtained
was buffered with CdS in the device assembly. The device was without any anti-reflection

coating and gave a PCE of 8.5%.
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Fig. 6.7 J-V curves obtained from (i) untreated, (ii) MPA and (iii) EDT treated CZTSSe films
for QDSSC devices under (a) illumination with white light and (b) dark current
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Table 6.3 Electrical properties of CZTSSe devices

CZTSSe film Jsc Voc FF PCE

Untreated 85 395 36 0.013
MPA-treated 195 211 38 0.016
EDT-treated 258 262 31 0.021

6.4 Conclusions

The CCM and MAM were successfully employed in the synthesis of copper zin tin suphur
selenide nanoparticles. Similar properties were observed in both CCM and MAM. Highly
monodispersed 9-10 nm sized of nearly hexagonal CZTSSe possessing the blue-shifted
absorption band edges of 450-460 nm were obtained from CCM and MAM. The particles
had a tetragonal crystalline phase but the MAM synthesized CZTSSe QDs possessed a higher
degree of crystallinity. A thin film was therefore made from the MAM synthesized
nanoparticles and was later used in QDSSC devices. The energy levels revealed that the QDs
had a quantum confinement effect with a large blue-shifted energy of about 0.21 eV from
their bulk materials. The application of QDs in the devices as QDSSCs successfully
confirmed that QDs can absorb photons and the assembled device had photovoltaic
performances. However, relatively low Jsc (up to 258 uA cm™) and Voc (up to 395 mV)
were obtained here. While the type of QDs affected the device setup as shown from the
synthesized CZTSSe QDs, their thin film treatment with EDT and MPA together with the
TiO; film may lead to a better device assembly for more efficient solar cells.
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CHAPTER 7:
GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

7.1.1 Synthesis and characterization of Cu,Se, CISe, CIGSe and CZTSSe NPs

Copper chalcogenide quantum dots were successfully synthesized via CCM and MAM.
Several parameters affecting the synthesis of the quantum dots were investigated. This
includes the kinetics (reaction times), temperature, solvent and precursors. The methods were
optimized to obtain particles with desired properties for their applications in various devices.
The synthesis of copper selenide (Cu,Se) nanocrystals was used as a template from which
other multinary quantum dots were prepared. The nanocrystals with dominant defined
crystalline phases were obtained from the syntheses of copper chalcogenide nanocrystals.
Nearly hexagonal shaped copper selenide nanocrystals with less than 9 nm diameter were
found in cubic and hexagonal crystalline phases. The particles had a large blue-shifted
absorption band edge. The MAM particles were less polydispersed and distinctively
crystallized in single cubic Cu,Se phase. However, the CCM synthesized copper selenide
nanoparticles were smaller than those from the MAM sample. The CCM synthesis was
optimized at 220 °C for 30 min with Cu/Se ratio of 1:1 using OLA.

The copper indium selenide (CISe) nanoparticles synthesized via MAM and CCM had blue-
shifted absorption band edges and possessed nearly hexagonal and spherical facets of less
than 9 nm in diameter. The synthesized ternary chacogenides crystallized in tetragonal
orientation. The MAM showed defined crystals with lattices of copper-rich material slightly
deviating from those of CulnSe; tetragonal phase. The CCM synthesized CISe in OLA using
uncapped precursors at 220 °C for 30 min showed better properties and were thus employed

as active layer in devices.

The copper indium gallium selenide (CIGSe) nanoparticles synthesized via MAM and CCM
had an average diameter of less than 20 nm and possessed blue-shifted absorption band
edges. The particles with hexagonal-like facets were observed and crystallized in tetragonal
phase. The addition of indium to copper selenide synthesis allowed the change in morphology
and crystalline orientation. Nevertheless, the nanocrystals still had better optical properties

than their bulk materials. A further addition of gallium for synthesis of the quaternary copper
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indium gallium selenide brought more complexity in stoichiometry modulation. The
stoichiometric Culng7s GagosSe, synthesized via CCM using OLA showed less
polydispersivity and possessed a blue-shift in absorption band edge than the stoichiometric
Culngs GagsSe, and Culngzs Gag7sSe2 NPs. The synthesized Culng7s GagsSe, NPs had an

average diameter of 6.5 nm and were highly crystalline.

Copper zinc tin sulphide selenide (CZTSSe) NPs were also successfully prepared via MAM
and CCM. Both MAM and CCM synthesized CZTSSe NPs gave similar properties. The NPs
with blue-shifted absorption band edges and hexagonal-like shapes were oriented in
tetragonal crystalline phase. However, the quinary chalcogenide NPs prepared from MAM

were more crystalline than those from CCM.

7.1.2 Devices fabricated from Cu,Se, CISe, CIGSe and CZTSSe NPs

The evidence of photovoltaic effect was demonstrated in the Schottky device and quantum
dot sensitized solar cells fabricated with the synthesized nanocrystals from which higher band
gap energies were approximated in their solutions or in thin films. The Schottky device was
made of MAM synthesized copper selenide NPs. The electrical parameters extracted from the
J-V curve were used to determine the diode parameters following the Cheung’s modification
theory. The ideality factor, barrier height and series resistance of 1.04, 2.59 10 eV and 0.870
respectively were found. The device characteristics indicated that the synthesized copper
selenide can be used in heterojunction cells. Quantum dot sensitized solar cells were
successfully fabricated using copper indium selenide, copper indium gallium selenide and
copper zinc tin sulphur selenide nanocrystals. In CISe QDSSC devices, EDT treatment of the
thin film improved the device performance. The maxima of Jsc, Voc and FF of 324 pA cm™,
487 mV and 43% were determined. The untreated CIGSe QDSSC device had the Jsc, Voc
and FF of 168 A cm™, 162 mV and 33% respectively .The MPA and EDT treatments did
not improve the performance of the CZTSSe device under our working conditions. The Jsc,
Voc and FF had their maxima at 258 pA cm?, 395 mV and 38% respectively. Several
parameters including the nanocrystals film formation, capping ligand, interaction between the
nanocrystals and the wide band gap electron accepting material can affect the performance of
the device. Relatively low current densities were obtained from the devices leading to low
power conversion efficiencies. The ligand exchange using shorter chain ligands showed

improvement of the device performance although further optimizations still need to be done.
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7.2 Recommendations

The suggestions for future work can include several topics as from preparation of the metal
chalcogenide nanocrystals to various applications. A further optimization to prepare the
semiconducting nanocrystals with other shapes and in narrower size distribution can allow a
facile modulation in assembling the devices. More study of dark current on assembled
devices should be done for further explanation of nanocrystal properties and the electrical
behaviour of the cells. The choice of the electron accepting layer in relation to the determined
energy gap of the QDs can play a vital role in improving the electrical properties of the
QDSSC devices. The modulation of charge generation, the other film deposition methods and
the treatment of nanocrystal film such as annealing should be explored for enhancement of
any device performance. The possibilities of using the copper chalcogenide QDs in other
types of solar cells can then be explored.
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APPENDIX

Band gap approximation from the energy curves

The band gap energy is proportional to the absorption of the material as per equation (A.1)
below in which o is the absorbance, h is the Planck’s constant, v is the incident light
frequency, A is a constant, E, is the energy gap of the material and m is a index relating to the
electronic transition involved in the absorption. For direct transition of materials as the case
of the synthesized QDs, m is equal to %, leading to equation (A.2) then (A.3). A Plot of
(0th)2 versus hv gives the energy curve from which a straight line is extrapolated to hv axis

to read E,.

ahv = A (hv - Eg)"™ (A.1)
ahv = A (hv - Eg)*? (A.2)
(ahv)® = A (hv - Ey) (A.3)
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Fig. A3.1 Energy cuves of CusSe NPs synthesized via (a) CCM and (b) MAM. The

approximated energy gaps of CCM and MAM samples were 2.1 and 2.0 eV
respectively.
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Fig. A4.1 Energy cuves of CISe NPs synthesized via (a) CCM and (b) MAM. The band gap

energy was estimated at 1.9 eV for both samples.
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Fig. A4.2 Energy curves of CCM synthesized CISe NPs using (a) uncapped and (b) TOP-
capped precursors. The band gap energies were approximated at (a) 2.0 eV and (b)

1.9 eV which were higher than that of the bulk CISe locatedat 1.05 eV
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A.4.1 Structural properties of CISe NPs synthesized at 180 °C, 220 °C and 320 °C

The powder X-ray diffraction patterns (Fig. A4.3) matched well with the tetragonal unit cell
of CulnSe, (PDF number 01-079-2208) and. The Miller indices of the particles are shown
next to the major peaks. It can be noticed that the 220 and 122 peak frequencies were related
to the synthesis temperature. The intensity of the peak assigned 220 Miller index decreased
from increase in temperature of 180 to 220 °C while the 122 peak follow the opposite trend.
This confirmed that copper rich material was obtained with synthesis of Cl1Se at 180 °C from
uncapped metal precursors. Increasing the temperature to 220 °C favours the yield of copper
poor (indium rich) nanoparticles. However a further temperature increase (to 320 °C) tends to
stabilize the ratio of Cu and In. However, Se seemed to provoke the formation of secondary
products such as copper selenium and indium selenium as seen from the diffraction patterns.
The increase of 422 peak intensity in CISe synthesized at 320 °C was just linked to the all
pattern change in frequency. The broadness of the 320 °C synthesized CISe crystals showed
that the particle size was larger than those from synthesis at 180 or 220 °C. Furthermore, the
diffraction peaks of the 320 °C sample showed some shoulders suggesting that the particles

lost their shapes.
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Fig. A4.3 The XRD patterns of CulnSe, NPs synthesized at (a) 180, (b) 220, and (c) 320 °C
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Fig. A4.4 TEM images of CISe nanoparticles synthesized at (a) 180, (b) 220 and (c) 320 °C
and their corresponding size distributions. The size distribution of nanoparticles at 320

°C was not determined due to aggregation.
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The TEM images showed the size and shape of the synthesized particles at 180, 220 and 320
°C. Fig. A4.4(a) and (b) showed the size distribution of the particles quoted above except
from those of 320 °C since it was difficult to measure their individual length. The calculated
average particle sizes are shown in Table A4.1. The distribution showed that similar shapes
and sizes of particles with 220 °C synthesis. The image of the particles synthesized at 180 °C
showed a higher polydispersivity and a wide size distribution was observed although the
average size was about 5.7 nm, smaller than the average size of nanoparticles from other
temperatures of synthesis. This was in agreement with the more blue-shifted absorption band-
edge. The particles synthesized at 220 °C showed a rather well dispersed sample with a
narrower distribution leading to the average particle size of 7.7 nm. The bigger size of 220 °C
synthesized particles compared to those at 180 °C was consistent with findings from our
investigations for the optical properties. The synthesized particles at 320 °C seemed to be
attaching to each other forming larger particles as agglomerations which contributed to

disguised behaviours encountered in their absorption and emission spectra.

Table A4.1 Temperature effect on the size of synthesized CISe nanoparticle

Temperature (°C) Average particle size (hm)
180 5.71
220 7.73
320 -
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Fig. A5.1 Energy curves of CIGSe NPs synthesized via (a) MAM and (b) CCM. Higher band
gap energies were estimated in both samples via their energy curves. The band gap
energies of MAM and CCM samples were 1.82 and 1.93 eV respectively.They are
higher than the bulk CIGSe (1.04-1.70 eV).
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Fig. A5.2 Energy curves of CIGSe synthesized in HDA with In/Ga ratios of (a) 1:1, (b) 1:3
and (c) 3:1. Their corresponding band gaps were 1.93, 1.70 and 1.78 eV

respectively.
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Fig. A5.3 Energy curves of CCM CIGSe synthesized CIGSe using (a) HDA and (b) OLA.

Their energies were 1.78 and 1.88 eV respectively.
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Fig. A5.4 FT-IR spectra of pure OLA and Culng 75Gag25Se; NPs synthesized with OLA. No
major peaks corresponding to functional groups or carbon-carbon bond from OLA
were found in the synthesized CIGSe material.
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Fig. A5.5 AFM images of CIGSe thin film spin-coated onto substrate. The CIGSe film had a
roughness not consistent throughout the entire surface and the CIGSe particles
could be found agglomerated. The film was formed by larger building blocks of
CIGSe particles deposited on top of one another as shown in (b) and thus creating
more grain boundaries that influenced the charge recombination within the device.
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Fig. A6.1 Energy curves of (a) MAM and (b) CCM synthesized CZTSSe NPs
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Fig. A6.2 XRD patterns of (a) CZTS and (b) CZTSe synthesized nanoparticles via MAM.
The peaks are indexed to tetragonal phases of (a) Cu,ZnSnS, and (b) Cu,ZnSnSe,
from PDF numbers 000260575 and 000520868 respectively. The peaks of
synthesized CZTS and CZTSe matched well with the standards as shown
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separately in (ii) and (iii). The CZTSe sample seems to be highly crystalline than
CZTS, indicating the change in properties when the crystal lattice is made of S

instead of Se atomes.
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Fig. A.6.3 TEM images and size distribution of MAM synthesized (a,c) CZTS and (b,d)
CZTSe. The CZTS particles are more monodispersed and within a narrower size

distribution than CZTSe particles.
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