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Abstract
Semiconductor materials in compound form have been extensively investigated in recent
years as photoabsorber materials for thin film solar cells. The research work presented in
this thesis reports the use of a number of dialkyldichalcogenophosphinatometal complexes
as molecular precursors for deposition of binary, ternary and quaternary semiconductor
thin

films

and

nanoparticles.

Several

complexes

belonging

to

diphenyldiselenophosphinatometal family with general formula [Mx(Ph2PSe2)y] (Where M
= Cu, In, Ga, Zn, Sn Pb and Fe) have been synthesized in high yield by a new efficient and
reproducible method. Similarly, a number of diisobutyldithiophosphinatometal complexes
[Mx(iBu2PS2)y] (Where M = Cu, In, Ga, Zn, Sn, Pb, and Fe) have been synthesized by a
facile and reproducible approach utilizing commercially available ligand. The assynthesized complexes have been characterized using mass spectrometry, NMR (1H and
13

C) spectroscopy, FTIR spectroscopy and elemental analysis. Thermogravimetric analyses

were carried out to study the degradation of these complexes under the influence of
temperature.
These complexes have been used as single source precursors (SSPs) for deposition of
binary metal selenide (Cu2-xSe, In2Se3, ZnSe, and PbSe) and metal sulfide (Cu2-xS, In2S3,
ZnS and PbS) thin films by aerosol-assisted chemical vapour deposition (AACVD).
Similarly, thin films of ternary semiconductor materials (CuInSe2, CuGaSe2, Cu2SnSe3,
CuFeSe2, CuInS2, CuGaS2, Cu2SnS3, CuFeS2) as well as quaternary materials (CuIn1xGaxSe2,

CuIn1-xGaxS2, Cu2ZnSnSe4 and Cu2ZnSnS4) have been deposited using suitable

molar combinations of these molecular precursors in AACVD experiments. Depositions
were carried out at four different temperatures (350, 400, 450 and 500 °C) to study the
influence of deposition temperature on morphology, mean diameter, stoichiometry and
crystallographic phase of the deposited material. Similarly, parametric studies were also
undertaken to investigate the effect of solvent, precursor concentration and carrier gas flow
rate on quality of the deposited thin films. Characterization of the thin films was carried
out by powder X-ray diffraction (p-XRD) studies, scanning electron microscopy (SEM),
energy dispersive X-ray (EDX) analysis and atomic force microscopy (AFM). Significant
variation of grain size, shape, stoichiometry and phase structure was observed by varying

iv

the deposition parameters, particularly the deposition temperature. In short, a range of
materials has been deposited by AACVD, with good control over properties of the material
like crystallographic phase, stoichiometry and morphology of the crystallites.
Keeping in view the recent trend of using semiconductor nanocrystals as solar inks for
deposition of photoabsorber layer in solar cells, diphenyldiselenophosphinatometal and
diisobutyldithiophosphinatometal complexes have also been used for colloidal preparation
of binary, ternary, and quaternary semiconductor nanoparticles. Effect of various
nanoparticles growth parameters like growth temperature, reaction duration and precursors
concentration was investigated in detail. Nanocrystals were characterized by p-XRD
studies, transmission electron microscopy (TEM), energy dispersive X-ray (EDX) analysis,
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Band gaps of the asgrown nanocrystals were determined by using Tauc plots drawn from UV-Vis-NIR
absorption data. It was demonstrated that mean diameter, morphology and band gap of the
nanocrystals could be controlled by judicious choice of the growth parameters.
Furthermore, stoichiometry of the as-grown nanoparticles could also be controlled by
suitably adjusting the molar ratios of molecular precursors used in the reaction. Good
quality, phase pure and monodispersed nanoparticles have been prepared by thermolytic
degradation of these dialkyldichalcogenophosphinatometal precursors. In conclusion, a
comprehensive study on preparation of a wide range of semiconductor nanoparticles, by
using molecular precursors approach, has been carried out. These nanoparticles may
potentially be used as solar inks, thus providing an attractive alternative route for
deposition of photoabsorber layer in thin film solar cells.
The upshot of this novel study is that a facile and effective alternate route for deposition of
wide

ranging

semiconductor

thin

films

and

nanoparticles,

using

dialkyldichalcogenophosphinato-metal precursors, has been developed. This molecular
precursor route offers the possibility for judicious tuning of material properties for their
optimal utilization in solar cell applications, thus providing a viable solution of energy
shortage through a renewable route.
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Chapter No. 1
General Introduction
1.1

Solar energy
Energy is one of the foremost requirements for development of society. The main

source of energy during the 20th century has trivially been the burning of fossil fuels.
Therefore, the 20th century is rightly called ‘the century of man’s love for oil’. Even during
the 21st century, energy mix in all parts of the globe still consists of fossil fuels. Some
developed nations have also opted for nuclear energy as another major energy source.
However, the present share of nuclear energy in global energy production is considerably
low.The past few decades have witnessed a significant increase in global energy
consumption trends, primarily due to rapid industrialization in developing countries and
consequent transition in lifestyle of people. Therefore, energy planners consider this
current energy situation unsustainable for economic, social and environmental needs.
Accordingly, it is believed that there is an evident need for nothing less than an ‘energy
revolution’. Energy planning of the future necessitates the development of viable
strategies for securing the dependable supply of energy in an environmentally sustainable
and cost-effective manner. It is also important that ‘global energy mix’ should be
transformed in a way that it ensures efficient energy production in an environmentally
benign fashion and carbon emissions are kept low to address the concerns of
Environmental Protection Agency (EPA) [1].
There exists a direct correlation between per capita consumption of energy and
Human Development Index (HDI) of a country [2]. People in developed countries
consume significantly more energy than in underdeveloped countries. Similarly,
Arunacholam and Fleischer have described a strong correlation between the energy
consumption and the gross development product (GDP) of a nation [3]. These correlations
suggest that development would be associated with significantly higher energy
consumption in developing countries. It is also worth considering that the world
population has already exceeded 7 billion and more population requires more energy.
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Therefore, one may rightly anticipate that the global politics in the 21st century may be
dominated considerably by the energy requirements.
Power production, across the globe, currently relies on the combustion of fossil
fuels (oil, coal and natural gas), nuclear reactors and hydroelectric power generation [4.5].
A small fraction of electricity is also being produced by emerging technologies like solar
photovoltaics (PV), solar thermal, bio-fuels, tidal energy and wind power generation.
Major technologies for power production have associated environmental issues. Burning
of fossil fuels has resulted in an accumulation of greenhouse gases in the atmosphere.
Nuclear reactors produce hazardous radioactive isotopes and give rise to issues of nuclear
safety and security. Similarly, large hydroelectric systems drastically influence the river
ecosystem and cause dislocations and disruption of local population [6,7].
There are other socio-economic and geopolitical issues which make the current
energy supply trends unsustainable. Fossil fuels have a finite availability and their
distribution across the globe is not equitable. Nuclear power production technologies are
restricted to technologically advanced nations only. Similarly, hydroelectric power
projects are prone to draught and seasonal flow fluctuations. Therefore, it is necessary that
clean, viable, efficient and environmentally sustainable power production sources and
technologies are developed. Consequently, a major focus of energy related research is
shifting to alternative energy technologies which include wind power generation, energy
from biomass, tidal energy from oceans, geothermal energy, solar thermal power
generation and solar photovoltaics.
The most abundant supply of energy for earth comes from sun. The amount of
energy poured by sun continuously in the upper atmosphere of earth is about 174000 TW,
the average power density being 1366 Wm-2 [8]. It is estimated that in one hour of
sunshine, more energy strikes the surface of earth than the aggregate energy used up on
the globe during a year. Another estimate shows that the earth receives more solar energy
in 30 days of sunshine than the total energy produced by burning all fossil fuels. This
includes all consumed or unconsumed fossil fuels. The use of solar energy is limited by
issues like atmospheric absorption, scattering, seasonal variation, attenuation by cloud
cover etc. Despite all these issues, technically speaking, available sunlight can be
converted into approximately four times the heat and electricity required presently for
2

consumption on earth [9]. We may, therefore, conclude that the solar energy alone might
potentially change the current energy situation and provide efficient, environment friendly
and sustainable energy supply during this century. Solar energy shall not have any
associated environmental footprints because of no emissions. Similarly, global availability
of solar energy will be key element in ensuring energy security. Consequently, it is
envisaged that during forthcoming decades, solar energy supplemented by more
renewable technologies as well as improved practices of energy efficiency, may emerge
as leading energy solutions to meet the challenging energy demands of 21st century.
1.1.1

Solar PV
In solar PV, the solar energy is transformed to electricity by utilizing solar cells

and modules. Photoelectric effect was initially discovered by Becquerel in 1839 [10].
During 1876, it was demonstrated that electrical energy could be produced by exposing a
selenium rod having platinum electrodes to light [11]. A small module of selenium cells
having low efficiency of ~ 1% was invented by Charles Fritts in 1883. In 1950, W. B.
Shockley explained the functioning of a p-n junction which may be considered the
theoretical foundation of the today’s solar cells. The first demonstration of silicon-based
solar cells was made possible by Chapin, Fuller and Pearson from the Bell Laboratories
[12]. This is marked as the start point of solar PV on a commercial scale. Afterwards, a
consistent growth in solar PV occurred through provision of subsidies and other incentives
by governments. However, a substantial growth in solar power generation has been
witnessed during past three decades. Analysts believe that this growth has spurred chiefly
due to volatility in oil prices and better addressing of environmental issues. However, a
meager share of global energy production comes from solar PV despite all intrinsic
potentials and technological advancements. The most crucial daunting factor is the cost
per unit of electrical power obtained from solar PV. Different studies have suggested that
present cost of 2 €/W might decrease to 1 €/W till 2020 and to 0.5 €/W by 2030. Further
cost reduction, even after 2030, is also envisaged [13]. Many factors like consistent market
expansion, improved production methodologies, better power conversion efficiency
(PCE) and other relevant technological developments will be the main driving forces for
this cost reduction trend [14].
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1.1.2

Solar PV technologies
A solar PV system comprises solar cells which are arrayed together to form a solar

module for producing the electrical power. This system also requires some other key parts
like the batteries, DC/AC inverters, charge controllers, cabling and other essential
components. Semiconductor based light absorbing material constitutes the heart of a solar
cell which captures light photons and through PV effect generates electron and hole pair.
Presently, PV market is based on multiple technologies. However, technologies based on
silicon wafers and thin films of compound semiconductors, classified as first generation
and second generation PV technologies, respectively dominate the solar PV market.
Solar cells based on crystalline silicon wafers are usually categorized as first
generation PV technologies. With around 90% share of current global production of solar
modules, this is the most mature solar cell technology today. Silicon-based solar cells may
either be single crystalline or polycrystalline. PCEs of ~ 26.7 ± 0.5% and 22.3 ± 0.4%
have been demonstrated for single crystalline and multicrystalline silicon solar cells,
respectively [15]. Silicon has an indirect band gap which results in weaker light
absorption; hence silicon wafers of about 100 µm thickness are required to trap light.
Similarly, processing of silicon to form single crystalline wafers results in significant loss
of silicon. Therefore, more than 50% of production cost is the cost of high-quality
feedstock of the silicon. Increased consumption of silicon in PV modules has resulted in
price hype of raw silicon which is also required by other electronic manufacturing
industries. Moreover, these technologies cannot be optimized for high throughput roll-toroll manufacturing. It is therefore, envisaged that the first generation PV technologies
might not be able to sustain cost reduction trend to achieve effective cost competitiveness
[16].
1.1.3

Thin film solar cells
Single junction solar devices based on thin films of semiconductor materials are

categorized as second generation PV technologies. These devices use much less material
and associated material costs are considerably low. PCEs are similar or even better than
those demonstrated by their first generation counterparts. Most commonly, amorphous,
polycrystalline, microcrystalline or nanocrystalline silicon as well as compound
semiconductors like cadmium telluride (CdTe), copper indium diselenide (CuInSe2) or
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copper indium gallium diselenide (CIGS) are deposited as thin films on cheaper substrates
e.g. glass. Similarly, upcoming thin film PV technologies like copper zinc tin sulfide
(CZTS), Pyrite (FeS2) and perovskites have also joined the race as promising technologies
of the future. Owing to higher absorption coefficients (> 105 cm-1), the requisite thickness
of photo-absorbing semiconductor film is usually in sub-micron range thus requiring 1001000 times less material than traditional single crystalline silicon wafer-based PV
technologies. Furthermore, these technologies offer the possibility of large-scale roll to
roll manufacturing of solar modules; thus providing an added advantage of better economy
of scale [17,18]. Presently, second generation PV technologies suffer from the dilemma
of low PCE. Highest efficiency recorded for solar cells based on amorphous,
microcrystalline or polycrystalline silicon is 10.2 ± 0.3 % and 11.8 ± 0.3 %, respectively
[19.20]. Similarly, compound semiconductor based thin film solar devices have
demonstrated record PCE values of 22.1 ± 0.5 %, 22.1 ± 0.7 %, and 12.6 ± 0.3 %,
respectively for CdTe, perovskites and CZTSS based solar cells [21]. CIGS-based solar
devices have demonstrated a PCE of 22.9 ± 0.5 %, which is almost comparable to silicon
wafer based devices [22]. Potentials and weaknesses of various emerging PV technologies
have been reviewed by a number of authors which focus on material usage, efficiencies,
costs, complexity of device fabrication and technological roadblocks for TW level
deployment [23,24].
The term third generation PV encompasses a wide variety of budding concepts and
new devices which are promising to achieve the requisite cost and efficiency targets for
generation of 15-30 terra watts of solar power till the mid of 21st century [25]. There exists
no elaborate description of the term third generation solar PV. Significant developments
have been made in different technologies like tandem or multi-junction devices, organic
solar cells, quantum dot solar cells and dye sensitized solar devices. Highest efficiencies
recorded for tandem or multi-junction devices, organic solar cells, quantum dot solar cells
and dye sensitized solar devices are 38.8 ± 1.2 % [26], 9.2 ± 0.3 %, 11.2 ± 0.3 % [27] and
11.9 ± 0.4 % [28], respectively. PCE values approaching 46% have also been
demonstrated for multijunction solar cells used in conjunction with solar concentrators
[29]. A good overview of current third generation solar cell technologies has been
compiled [30].
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1.1.4

Material considerations for solar cells
Solar energy is considered limitless in terms of the resource base. Solar PV can

have a significant impact on energy mix of the future only if it has been deployed at a
terawatt (TW) scale. Such a massive deployment of solar PV technologies will require an
enormous amount of solar cell materials as well as significant improvements in device
performance. An ideal semiconductor material for solar cell should comprise earth
abundant and low-cost raw materials having economical processing. Furthermore, such
material should be non-toxic, thus having a low impact on health and environment. Solar
cells based on these materials should have an optimum band gap for better absorption of
the solar spectrum. Such materials should have high absorption coefficient, lower rate of
recombinations and thus higher lifetime of minority carriers. No semiconductor material
discovered so far meets all the above requirements. Therefore, a number of solar PV
technologies exist today.
About 45% of the photons in the solar spectrum can actually be absorbed by
semiconductor materials having band gap energies from 1.1 to 1.4 eV. This represents the
maximum power generation if all photons having energy greater than the band gap are
absorbed and all charge carriers generated thus are completely utilized. However, due to
various practical device limitations and fundamental thermodynamic constraints, lower
open circuit voltage (Voc) than the band gap is achieved. Shockley and Queisser, in 1961,
derived the limiting efficiency for a single junction solar cell considering all these
constraining factors [31]. They suggested a maximum attainable efficiency of 33.7% for
a semiconductor with 1.34 eV band gap single junction solar cell under standard AM1.5
illumination.
Present solar cell technologies are generally categorized into single generation
monocrystalline silicon wafer-based technology, second-generation thin film materials
(CdTe, CIGS, GaAs, amorphous Silicon) and upcoming third generation technologies like
organic PV and DSSCs etc. Material considerations for various solar cell technologies
have been reviewed by many authors [32,33]. A brief overview of the material
considerations for the most important solar cell technologies is given as follows.
Silicon having an almost ideal band gap of 1.12 eV has the proven highest PCE of
25.6%. This is a mature technology with established reliability. Silicon is amongst the
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most abundant elements in the earth crust. However, it has higher processing cost
associated with the production of monocrystalline silicon wafers. The film thickness is
higher (180 – 200 µm) due to indirect band gap and relatively lower absorption coefficient
of silicon. Silicon-based solar cells use silver (Ag) as the front electrode and indium tin
oxide (ITO) as the transparent conductive oxide (TCO) electrode. Silver and indium with
geological reserves of 540,000 and 11,000 metric tons, respectively are relatively scare
elements and may pose material availability issues for large-scale (TW) deployment of
this technology. Calculations based on Ag as ‘limiting material’ reported by Tao, suggest
that silicon-based technologies may meet 3.3% of global energy demand for 2100 [34].
Second-generation PV technologies use 1-4 µm thick layer of photoactive material
deposited on glass or polymeric substrate, thus requiring much lesser material than siliconbased technologies. Silicon thin films deposited by CVD may be amorphous,
polycrystalline or microcrystalline depending upon the deposition process. These thin
films demonstrate lower PCE than their bulk counterparts.
Gallium arsenide (GaAs), with an optimal band gap of 1.42 eV, has the
demonstrated highest PCE of 28.8% for any single junction cell under standard AM1.5
illumination. Commercialization of GaAs modules for terrestrial applications has an
associated toxicity due to toxic arsenic. Effective encapsulation strategies must be
developed for handling toxic As and its recycling after degradation.
CdTe demonstrates a band gap energy of 1.43 eV and solar cells based on this
absorber have reached 21.5% PCE. Cadmium is usually obtained from zinc ores like
sphalerite that contain 0.0001-0.02% cadmium. However, more than 80% of extracted
cadmium is used in non-solar technologies like rechargeable batteries, pigments and
coatings. Moreover, serious concerns about the toxicity of cadmium might limit the
widespread use of CdTe based solar PV. Tellurium, being the 72nd most abundant element
in the earth crust, is the limiting element for CdTe based solar technologies. Currently,
tellurium is obtained from anode slimes of copper refining. Other sources for tellurium
have also been identified but these sources are not yet economical for recovery. Best
scenario estimates based on available tellurium reserves suggest that CdTe based solar
cells can meet only 0.16% of global energy demand for 2100.
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A steady increment in record efficiency of CuIn 1-xGaxS1-ySey (CIGS) has been
observed during last 20 years. The current record PCE demonstrated by CIGS being
21.7% makes CIGS as the thin film solar PV technology having highest efficiency so far.
Band gap of CIGS can be gradually tuned from 1.01 to 2.4 eV depending upon
stoichiometric composition of the material. Complex stoichiometry of the material can
lead to the formation of secondary phases, which are detrimental to PCE; hence,
optimization of the deposition process and post-deposition treatments like annealing is an
essential requirement. CIGS based modules have shown a good photo-irradiation stability.
In CIGS, gallium is an abundant element but its extraction is not economical. Indium, due
to its scarce availability, is a limiting element which might hinder the deployment of CIGS
modules to TW level. Calculations suggest that CIGS based solar modules might provide
0.34% of global energy demand for 2100.
Solar cells based on perovskites (with general formula ABX2, where A represents
some organic cation like methyl ammonium, B represents some inorganic cation while X
is halide) have got significant research attention as they have achieved PCE of >20%
within few years. Band gap of the perovskites can be tailored by composition e.g from
about 1.6 eV for pure iodide to around 3.2 eV for pure chloride. Band gap can also be
tuned by using different organic cations. Perovskites based solar cells have simple device
geometry and processing is not much costly. However, the most significant issue with
hybrid perovskites solar cells is their rapid degradation under ambient operating
conditions. ABX2 perovskites, being partially soluble in water, are prone to humidity.
Similarly, lead toxicity is yet another issue for some perovskites (such as PbZrO3) which
might affect the viability of this technology for large-scale deployment without the
development of effective encapsulation and recycling technologies.
The highest efficiency amongst thin film solar PV technologies has been
demonstrated by CIGS based solar cells. However, scarce availability of its constituent
elements like indium might hamper its wide-scale deployment. Therefore, Cu2ZnSnS(Se)4
has been developed as an alternate material based on earth-abundant elements. CZTS
crystallizes either in kesterite or stannite crystallographic phase; the former being more
suitable for PV applications. The band gap of CZTS is tunable (1.0 - 1.6 eV), by suitably
varying the stoichiometry of the material. Better cell efficiencies have been demonstrated
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by CZTS having Cu poor and Zn rich composition. In case of CZTS, solution based
processing strategies have given higher PCE than corresponding vacuum-based
approaches. This technology, by virtue of its earth abundant composition and solution
processability as well as moderate PCE, has remarkable potential if the material issues
leading to low Voc can be sorted out through improvements in material quality.
Dye sensitized solar cells (DSSCs) use a molecular dye which upon
photoexcitation injects electrons into the conduction band of the nanoporous titania (TiO2)
electrode for generation of electricity from sunlight. Usually, an organometallic complex
of ruthenium is used. Other dyes like zinc porphyrin and some solely organic dyes have
also been used. The record efficiency for DSSCs is 11.9%. Major issues associated with
this technology are lower efficiency and poor stability of the dye for long-term
performance. Furthermore, a requirement of liquid electrolyte that is necessary to
regenerate the dye after transfer of electrons to the titania, poses handling issues for these
devices.
Solar PV market is presently dominated by silicon-based technologies and is likely
to remain so in near-term future too. Silicon being a very abundant element in the earth
crust, its availability has never been considered a limiting factor for large-scale
deployment of silicon-based solar modules, though energy planners consider the cost for
processing of silicon into wafers for solar PV, as a daunting factor, for this technology.
However, silicon- based solar modules use rare elements like silver as an electrode and
thus might face the issue of material scarcity in TW scale deployment. Dependence of
silicon-based solar technologies on silver has been discussed by Grandell and Thoren [35].

1.2

Semiconductor nanocrystals and quantum size effects
Nanocrystals are the particles which have the size ranging from 2 – 100 nm, at

least in one dimension [36]. During the previous two decades, an astounding amount of
research attention has been paid to semiconductor nanoparticles. This interest primarily
stems from the unique size and morphology reliant features of nanoparticles which make
them candidate materials for a variety of catalytic, photocatalytic, optoelectronic and bioimaging applications [37]. Newer strategies and tools have been developed and
continually improved for controlled synthesis and characterization of semiconductor
nanoparticles [38]. A wide variety of devices like solar cells, lasers, LEDs and
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photodetectors have been manufactured through exploitation of the novel properties of the
semiconducting nanocrystals [39,40]. Nanoparticles also find extensive applications in
biological labeling, bio-imaging and drug delivery [41,42].
In bulk materials, the intramolecular binding forces, being much stronger than the
intermolecular forces, determine electronic and optical properties [43]. Hence,
optoelectronic properties of materials show no dependence upon the size of the crystal in
bulk regime. The properties of semiconducting nanocrystals are remarkably different from
the corresponding macrocrystalline bulk materials. These unique features of the
nanocrystals are mostly attributed to two basic factors. Firstly, if a macroscopic material
is gradually divided into small parts, a drastic increase in the proportion of the surface to
bulk atoms occurs [44]. Therefore, nanomaterials, as well as, nanostructured materials
possess a considerably larger proportion of surface atoms per unit volume if compared
with their bulk counterparts [45]. This leads to a significant increase in total surface
energy and the number of surface active sites, having a strong correlation with changing
dimension of the material [46,47]. Secondly, metals and semiconductors comprise ordered
arrays of atoms. Electronic excitation from the valence band to the conduction band results
in generation of the exciton (electron–hole pair) which is frequently delocalized over an
extended length than the lattice constant of material termed as ‘Exciton Bohr Radius’.

Figure 1.1. Diagram depicting the increase in the band gap of nanoparticles than
corresponding bulk semiconductors
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When the size of the semiconducting nanocrystal starts approaching the exciton
Bohr radius, significant changes in optoelectronic properties of the semiconductor are
observed. This phenomenon is called Quantum Confinement Effect [48]. This effect
appears due to confinement of an ‘electron in a box’ as nanocrystal diameter becomes
smaller than its Bohr exciton radius. Resultantly, discrete energy levels are created in both
the valence and conduction band. Coulombic interactions between the electrons and holes
result in higher kinetic energy states than corresponding bulk semiconductors, therefore
manifesting a blue shift in optical spectra.
The most vital result of this phenomenon is an enlargement in band gap of the
semiconductor nanocrystals with the reduction in size [49]. Moreover, it results in the
formation of discrete energy levels at the edge of the valence and the conduction band as
depicted in figure 1.1. This occurrence has a special importance in that it permits the
tunability of optoelectronic characteristics of the nanocrystals by varying the size of
nanoparticles. This, in turn, makes it feasible to get materials that are better suitable for a
peculiar optoelectronic application. Light emitting diodes (LED), PV cells and non-linearoptics (NLO) are some of the devices that have enjoyed the benefits of this effect.

1.3

Deposition of thin films

1.3.1

Thin films
Thin films may arbitrarily be described as a layer of solid material deposited on

some substrate while the thickness of thin layer ranges from few Å to around 10 µm [50].
In a more elaborate manner, the thin film may be a homogenous solid material extending
indefinitely in x,y directions while being restricted along a z-direction. The z dimension,
therefore, represents thickness of the film and is substantially slighter than x,y dimensions.
The magnitude of z may vary from >0 to ~10 µm. However, in reality, many deviations
of thin films from this ideal definition are observed as the material contained in x,y
direction is rarely homogeneous, distribution is not perfectly uniform and composition of
the thin film may significantly vary in different regions. Furthermore, real thin films do
contain impurities, defects, dislocations, imperfections, grain boundaries and may be
discontinuous as well.
Thin films have received much research attention because of their enormous
application in a variety of technological fields including electronics, optoelectronics,
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defence, aviation, energy, space and other areas. Countless inventions of the present day
in the form of optoelectronic devices and their components, piezoelectric devices,
miniaturized power supplies, amplification and rectification circuits, micro-sensors, solar
devices energy storage devices, magnetic memories, reflective or anti-reflective coatings
and superconducting films have been made possible with the advancements in thin films
science and technology. Devices based on thin films offer huge economic and technical
edge over bulk counterparts due to their compact nature, better reliability and/or
performance, lower package weight and smaller material costs. Therefore, thin film
science is not a subject of merely academic interest; rather it has emerged as an entirely
new discipline of technology.
Thin films attract an immense academic as well as industrial interest also by virtue
of the fact that the materials in thin film form considerably deviate from bulk properties
and sometimes demonstrate newer phenomena in the thin film state. For example, alkali
metals like sodium, potassium, rubidium and similarly gold, platinum etc. which are
highly conducting in bulk form and have a positive temperature coefficient of resistance
(TCR) demonstrate negative TCR and accordingly behave as semiconductors in thin film
[51]. It was observed by Buckel and Hilsch that thin films of bismuth exhibit
superconducting properties at a low temperature which is not likely in bulk form [52].
Similarly, amorphous or highly disordered films possess magnetic or electrical properties
which are different from their bulk single crystals by several orders. Optical, electrical,
physical and other properties of thin films are controlled by deposition parameters like
deposition temperature, nature of the substrate, deposition chamber environment (inert or
otherwise), gas flow rate, deposition rate, the inclusion of foreign matter in deposit,
compositional non-uniformity etc [53,54].
1.3.2

Thin film deposition techniques
Significant progress has been made during the previous three decades towards the

synthesis of materials having desired shape and size [55]. A number of synthetic
methodologies and deposition techniques have been evolved for controlled preparation of
low-dimensional superlattices and complex heterostructures. Accordingly, a number of
techniques for deposition of thin films have also been developed [56]. Some of the most
important thin film deposition techniques include thermal evaporation, sputtering, dip
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coating, spin coating, doctor blading, chemical vapor deposition (CVD), chemical bath
deposition (CBD) and molecular beam epitaxy (MBE). All these techniques offer distinct
advantages and also have their inherent limitations. Keeping in view their commercial
utility, MBE and CVD are the major deposition techniques which have contributed
significantly towards the fabrication of electronic and optoelectronic devices. MBE
involves ultrahigh vacuum of the order of 10-11 Torr, hence is regarded as a quite costintensive technique for fabrication of semiconductor devices. CVD, on the other hand,
requires low vacuum of around 10-2 or higher. This technique is, therefore, cost-effective.
Furthermore, desired quality of the deposited material (grain size, shape, film thickness
and stoichiometric composition) can be achieved by suitably optimizing the deposition
parameters (flow rate, precursors, deposition temperature, deposition rate etc.). A CVD
technique used for epitaxial growth of materials from metal-organic compounds (as
precursors) is called metal-organic chemical vapor deposition (MOCVD). MOCVD finds
extensive applications in the deposition of structures e.g. quantum wells and superlattices
with precise control on desired properties [57].
One may find a number of literature reports dealing with review of thin film
deposition techniques and growth of low dimensional semiconductor nanostructures.
Present work deals with the aerosol-assisted chemical vapor deposition (AACVD) for
deposition of semiconductor thin films and colloidal approach based on thermolytic
degradation of molecular precursors for the growth of nanoparticles. Hence, the
subsequent section of this thesis will be dedicated to a brief review of these techniques.
1.3.3

Chemical vapor deposition (CVD)
The term CVD refers to a variety of techniques used for deposition of a thin solid

material layer onto the substrate through a chemical reaction. As a result of this deposition,
peculiar kind of materials generally referred as ordered crystals are grown on a substrate
from precursors in vapor form. Patents by de Lodyguine (1893), describing deposition of
tungsten layer on filaments of carbon lamp by reduction of WCl6 with hydrogen, may be
marked as the first example of an industrial application of CVD [58,59]. Similarly, Monde
developed a process for extraction of nickel from nickel carbonyls in 1890 [60,61].
Extraction procedure for trace metals, established by van Arkel and de Boer in 1925, may
be marked as the beginning of modern CVD [62]. This process has been extensively used
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for extraction of Ta, Zr etc [63]. Electronic revolution of 1960 and subsequent demands
of corresponding technologies have been the most significant driving forces for the
evolution of CVD which has emerged as a key technology for producing microelectronic
devices and their components [64].
The CVD process involves deposition of a very thin solid coating on some specific
substrate from vaporized precursors. CVD is different from physical vapor deposition
(PVD) in the context that it forms solid deposits on the substrate by chemical reaction,
most often the decomposition of precursor vapors. There have been developed so many
variants of trivial CVD which offer unique benefits for a variety of applications. These
include photo-assisted chemical vapor deposition (PACVD), laser-assisted chemical
vapor deposition (LACVD), plasma enhanced chemical vapor deposition (PECVD) and
metal organic chemical vapor deposition (MOCVD) including aerosol assisted chemical
vapor deposition (AACVD) and low-pressure chemical vapor deposition (LPCVD).
Selection of a specific CVD technique is governed by a number of factors like availability
of the process equipment, type and characteristics of the precursor, targeted quality of
deposited material etc.
1.3.4

Precursor issues for CVD
Besides other factors, composition structure and quality of the material deposited

by the CVD process strongly depends upon the precursor(s) used in the process. Ideally,
the CVD precursors should have the following properties:
1.3.4.1 Purity
Precursors used in the CVD process should have a high degree of purity to avoid undesired
interferents and side products that might lead to contamination of the thin film.
1.3.4.2 Clean decomposition
The precursor should undergo a clean decomposition upon pyrolysis; thus yielding the
desired material with a lower degree of contamination. This is particularly important for
some applications like carbon contents should be as low as possible in case of oxide
materials used in optoelectronic and microelectronic devices.
1.3.4.3 Reactivity
It is desirable that the precursor reacts at the surface of preheated substrate yielding
targeted product, which deposits as the thin film. The precursor should give desired
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chemical reaction at CVD temperature to which substrate has been heated. Precursor
reactions in other parts of CVD chamber are generally undesired.
1.3.4.4 Volatility
Volatility is an important prerequisite for conventional CVD precursors. For
effective transport, a CVD precursor should have sufficient volatility at temperatures
fairly lower than that of its decomposition.
1.3.4.5 Air and moisture stability
CVD precursor should demonstrate good and long-term stability under usual
storage conditions. It is desirable that precursor does not require any specialist storage.
1.3.4.6 Toxicity
The CVD precursors are desired to have low toxicity so that they do not require
any special handling, storage and processing procedures.
1.3.4.7 Synthesis
Procedure for the synthesis of CVD precursors should be facile and reproducible
which can be scaled up for mass scale production without significant complications.
1.3.4.8 Environment and cost
It is necessary that the precursors should be environment-friendly and composed
of earth-abundant elements to have a low environmental footprint and lower cost.
However, most of the precursors employed for deposition of materials do not
comply with the requirements outlined above [65]. The precursors, trivially used in
conventional CVD, are highly volatile, pyrophoric and toxic compounds such as
phosphines, arsines, metal alkyls, hydrogen sulfide and hydrogen selenide [66]. These
conventional CVD precursors have many associated limitations such as (a) difficulty to
control stoichiometry of the target material (b) incorporation of some undesired impurity
into the deposited material (c) undesirable side reactions in the reaction chamber and (d)
higher working temperatures that result in inter-diffusion of layers. Therefore, significant
research efforts are dedicated to overcome these hindrances through the development of
alternative precursors and procedures for conventional CVD.
1.3.5

Aerosol-Assisted Chemical Vapor Deposition (AACVD)
The conventional CVD technique often encounters the problem of availability of

good precursors for optimum transport in the process. This becomes particularly
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challenging while one is attempting the deposition of some multi-component product(s),
where homogeneity of delivery rates for various precursors is a primary requisite. So
unfavorable volatility of the precursors poses a major hindrance and it becomes virtually
impossible to achieve a precise control over stoichiometry of the deposited material. This
limitation is circumvented by AACVD which is a variant of trivial CVD process
employing aerosols of precursor or precursor solution for delivery of the precursors,
within a stream of inert, or even in some cases reactive, carrier gases [67]. Therefore,
volatility of the precursor is not necessary for AACVD. However, the precursors ought to
be soluble in common organic solvents in order to generate their aerosol through some
suitable technique such as ultrasonic modulation, electrostatic atomization or pneumatic
aerosol jet. AACVD is a particularly advantageous choice for deposition of thin films,
coatings and other such structures from non-volatile or thermally unstable molecular
precursors. AACVD involves the use of less volatile precursors, so even precursors with
low thermal stability can yield good-quality CVD products in a cost-effective manner.
Key advantages of the AACVD, compared with the other CVD techniques, may be
described as given below:


Broader availability and a wide range of precursors for deposition of excellent
quality CVD products and structures at considerably low cost;



Simple process for generation of precursor aerosols as well as simple delivery of
the precursors to the reactor;



Precise control of deposition rates by regulating the mass transport of molecular
precursors;



Flexible reaction conditions ranging from low pressure to atmospheric pressure,
and no high vacuum equipment is required;



Strictly controlled deposition of multi-component products with desired product
stoichiometry.
Typical AACVD process involves dissolving precursors in a solvent, usually

acetonitrile, toluene or tetrahydrofuran (THF). A nebulizer / ultrasonic humidifier forms
a ‘precursor spray’ in the form of aerosols, which are subsequently transported to the
preheated substrates placed in the CVD reactor, with a carefully controlled stream of
carrier gas (usually argon or nitrogen). This delivery/transport of aerosols, in contrast to
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evaporation of the precursors for mass transport of the precursors to the reactor, is the
main advantage of AACVD. Furthermore, this process is simple and scalable, allowing
the deposition of multicomponent materials at lower cost. The size, morphology and
microstructure of material may be tailored by suitable choice of the precursor, deposition
temperature and solvent.
1.3.6

Single molecular precursor approach and its advantages
Conventional CVD process, in a number of cases, utilizes highly volatile,

pyrophoric or toxic precursors for the production of thin films. It usually involves the use
of metal alkyls, arsines, phosphines, hydrogen sulfide (H2S) and hydrogen selenide
(H2Se). Furthermore, these multiple source precursors have other limitations like lack of
control on the stoichiometry of target material, contamination from impurities
incorporated during thermolysis, undesired side reactions resulting in the formation of
undesired products and high degradation temperatures. During the last decade, single
source precursors have been developed as an alternative strategy to overcome these issues.
‘Single source precursors’ are metal-organic molecules containing all elements required
for growth of the target material. These single-source precursors usually consist of the
elements (M and E, where M is desired metal whereas E = O, S, Se, Te etc.) in the target
material. The chemical reaction during the CVD process leads to degradation of precursor
without breaking the M-E bond. All other atoms in ancillary ligands are lost, thus yielding
a thin layer of the desired material onto the substrate.
This single source precursor approach offers many advantages, which may be
enumerated as follows:


The deposited film retains stoichiometric composition maintained in the precursor;



Generally, single source precursors involve relatively lower deposition
temperatures than those associated with conventional multi-source precursors;



Highly toxic materials like arsine, phosphine, hydrogen selenide etc. can be
removed;



By using a single source precursor, the issue of inhomogeneity in precursor
transport may be effectively handled;



Better uniformity of deposited material is feasible because of effective pre-mixing
of the desired elements at the molecular level.
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In conclusion, this approach offers simple, straightforward, facile and cleaner way
to obtain desired thin films. It eliminates the requirement for using a mixture of toxic,
pyrophoric and/or expansive precursors. This technique also avoids complex gas-phase
reactions which might lead to deposition of thin films with undesired stoichiometry.

1.4

Synthesis strategies for nanoparticles
Nanotechnology has enabled the scientific community to exploit some peculiar

properties of the material for different applications by precise control of parameters like
the particle size and shape [68,69]. For achieving optimum control of properties, it is
imperative to have elaborate preparative methods which reproducibly yield nanoparticles
having desired morphology and size. A number of preparative approaches for
nanostructures have been developed. They may broadly be categorized into two groups,
namely ‘top-down approaches’ and ‘bottom-up approaches’ [70]. The former approach
typically involves structuring down some macroscopic material to a micrometer or
nanometer size regime. Lithographic techniques like photolithography are a good example
of the top-down approach used extensively in different industrial application. However,
these techniques generally suffer from low resolution of ~ 50 nm. Contrastingly, the later
(bottom-up) approach aims at building up the nanostructured materials from molecular or
atomic precursors. Colloidal synthesis and chemical vapor deposition (CVD) are typical
examples of bottom-up approaches.
Synthetic strategies employed for the growth of nanoparticles have a significant
influence on peculiar properties of the product. Therefore, the synthetic method of
nanocrystals plays a considerably important role in their subsequent utilization of
nanocrystals in device applications. Characteristics ideally desired in the synthesized
nanoparticles include a fairly narrower size distribution, better crystallinity, suitable
stoichiometry, good surface properties and high photoluminescence quantum yield
(PLQY). Synthetic approaches must be facile and reproducible involving readily available
equipment as well as less toxic precursors and reagents. Other crucial aspects, from an
applied perspective, are reaction time, cost of raw materials and potential for up-scaling
the production strategy etc. A number of review articles cover the synthesis techniques
for the preparation of semiconducting nanoparticles with desired shape and size [71-73].
Some important strategies used for the preparation of semiconductor nanoparticles include
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gas phase synthesis, colloidal approaches, solvothermal synthesis, synthesis in confined
matrices and methods involving metal-organic routes to nanoparticles.
1.4.1

Colloidal growth of nanoparticles
Colloidal approach for the synthesis of nanoparticles has established itself as a

synthetic strategy that offers a great degree of control over the particle size, shape and
composition. This, in turn, provides an efficient control of targeted physical and chemical
characteristics of the material. Resultantly, colloidal semiconductor nanocrystals have
attracted significant applications in numerous technological applications like solar cells
and LEDs [74]. Potential of the colloidal method for growth of semiconductor
nanocrystals and their use in electronic and optoelectronic devices have been reviewed
[75]. Colloidal synthesis of nanocrystals has been reviewed in a number of articles [7678].
Colloidal synthesis represents a wet-chemical approach which aims at
synthesizing the nanocrystals as a colloidal solution. This colloidal solution, in turn,
means a stable dispersion of nanocrystals in some suitable solvent. This process usually
employs a surfactant, also called as capping ligand or stabilizer, which attaches itself with
the surface of nanocrystals in colloidal solution for performing different functions. One
obvious purpose of using the surfactant is its role in inhibiting the aggregation of
nanoparticles that might otherwise lead to the formation of bulk material. Surfactants also
ensure stabilization of the colloidal solution by improving solubility of the nanocrystals
in non-polar solvents. Generally, the functional group of the surfactant binds with the
surface of the nanocrystals whereas extended hydrocarbon chain improves affinity for the
non-polar solvent molecules, thus increasing solubility and avoiding precipitation. Most
of the capping ligands or surfactants are alkylamines, alkanethiols or carboxylic acids.
Similarly, choice of appropriate precursor(s) is an important pre-requisite for the colloidal
preparation of nanocrystals.
1.4.2

Nucleation and growth mechanism for nanocrystals
The colloidal process for formation of nanoparticles in solution generally takes

place in two distinct phases called nucleation and growth. Initially, small seeds of
nanocrystals, termed as nuclei of the desired compound, should be formed at the
nucleation stage. This occurs when concentrations of the constituting elements in
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precursors exceed solubility product of the target compound, thus resulting in the onset of
precipitation.

For this purpose, solutions having an amply higher concentration of

precursors containing requisite elements are mixed in presence of suitable capping ligand.
Upon formation of the nuclei, monomers of the desired material might attach to the surface
of thus formed small nuclei, causing the growth of the nanocrystals. It should, however,
be noted that the process for growth of the nanocrystals is dynamic in nature, involving
attachment of new monomers to the surface of the nanocrystal on one hand. The
nanocrystal may also dissolve simultaneously resulting in the release of monomer in
solution. Consequently, the net rate of nanocrystal growth is an overall result of these two
competing processes.
This dynamic process of growth for colloidal nanocrystals is quite complex and
detailed coverage of theoretical models related to nucleation and growth process are
beyond the scope of this thesis. However, substantial research efforts made to gain a
theoretical insight into this process have been thoroughly reviewed by Kwon et al. [79],
Finney et al. [80] and Thanh et al. [81]. For many years, the nucleation and growth
mechanism of nanocrystals has been explained by LaMer burst nucleation [82], followed
by Ostwald ripening [83]. Reiss initially modeled this procedure [84]; however the same
was subsequently replaced by an improved model based on LSW theory, developed by
Lifshitz, Slyozov [85] and Wagner [86]. Later on, Watzky and Finke devised yet another
approach based on ‘constant slow nucleation’ and subsequent ‘autocatalytic growth’ [87].
1.4.3

Molecular precursors for nanoparticles
A wide variety of synthetic approaches has been developed for the growth of

nanocrystals. Each technology has its own inherent advantages and shortcomings.
Colloidal thermolysis of molecular precursors has emerged as a facile and reproducible
method for preparation of nanocrystals with controlled size and shape. This technique was
pioneered by Bawendi and co-workers in 1993 [88]. They employed this method for
preparation of CdSe and ZnS quantum dots from dimethyl cadmium or dimethyl zinc
precursors using trioctylphosphine oxide (TOPO), as a surfactant. However, the beneficial
potential of this method is marred by the use of pyrophoric, toxic and air-sensitive starting
materials that limits the large-scale application of this method. Moreover, if metal salts
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are used as precursors, they suffer from the issue of solubility in non-polar solvents and
resultantly lead to a non-homogenous composition of the final product.
Molecular precursor approach was later developed to curtail complications related
to the colloidal growth of nanoparticles. A horde of molecular precursors (single source
precursors for some materials) has been prepared and used for deposition of metal
chalcogenide (sulfide, selenide and telluride) nanomaterials. The motivation behind this
research was not limited just to avoid the risky use of toxic and pyrophoric starting
materials, but also the fact that carefully designed molecular precursors improve control
of the material properties in the final product. A number of research groups have been
working to explore the influence of precursors on diameter, morphology and composition
of the nanoparticles. Use of molecular precursors provides a facile way to control the
stoichiometry of the synthesized nanocrystals, as in the case of precursor complexes used
for MOCVD. Many undesired pre-reactions, as well as side products, can be avoided
through the use of a molecular precursor approach. Moreover, a perfect mixing of the
metal ions at a molecular level in single molecular precursors also results in obtaining the
target nanocrystals with homogenously distributed metal ions. Organic ligands chelated
or bridged with the metal ion in the precursor complex prevent molecular segregation.
More importantly, a number of advantageous features are spontaneously formed
in the nanocrystals synthesized from molecular precursor when the volatile contents of
organic moieties are lost during the reaction. These features include higher surface area,
a large number of surface active sites, less density, inter-related channels and in some
cases the formation of metastable phases. Similarly, colloidal growth using molecular
precursors provides a low-temperature deposition route for good quality deposition of a
number of materials. Due to an enormous interest in single source precursors, a variety of
precursors has been prepared and utilized for deposition of thin films. Similarly, these
precursors have also been exploited for the preparation of nanocrystals through different
techniques.

1.5

Synthesis of dialkyldichalcogeno-phosphinatometal precursors
During the previous few decades, considerable research efforts have been

dedicated to design and synthesis of new molecular precursors for thin films and
nanocrystals. Use of molecular precursors, especially single source precursors (SSPs), is
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more advantageous than conventional CVD process as it eliminates the need to use toxic,
pyrophoric and moisture sensitive gases i.e. H2Se, H2S, NH3, SiH4, etc. Moreover,
industrial processes based on single source precursors are envisaged to be efficient,
benign, cost-effective and better controllable. Semiconductor thin films, as well as
nanoparticles of metal chalcogenide (M – E, where M = metal and E = S, Se, Te), find
extensive use in the modern high-tech industry. Therefore, an enormous interest in the
reliable and efficient synthesis of precursors for these materials has emanated during the
past two decades. Phosphorus containing inorganic rings, having P – E – M and N – P –
E – M linkages, constitute an important family of molecular precursors for metal
chalcogenide nanostructures. Therefore, a number of research groups have been working
to develop reliable and high-yield synthetic procedures for such compounds.
Important classes of inorganic complexes utilized as SSPs for the preparation of
metal

chalcogenide

dichalcogenophosphates,

materials

include

thio-

or

dichalcogenophosphinates,

selenourea

complexes,

dichalcogenocarbamates,

dichalcogenoimidodiphosphinates and xanthate complexes. Different studies have
demonstrated that choice of the precursors can have a significant impact on overall quality
of the deposited material. Therefore, concerted research efforts have been dedicated for
designing the new precursors and assessing their suitability for subsequent deposition of
metal chalcogenide nanostructures. Precursors used in this work belong to
diisobutyldithiophosphinate and diphenyldiselenophosphinate families of inorganic
complexes. Hence, various synthetic approaches used in the preparation of such
complexes, with general formulae [Mx(R2PS2)y] and [Mx(R2PSe2)y], will be reviewed.
The use of these complexes as molecular precursors for deposition of metal chalcogenides
will also be reviewed.
1.5.1

Dialkyldithiophosphinatometal complexes
Ligands based on thiophosphorus (P–S) system constitute a vital group of sulfur

donors for deposition of metal sulfide thin films and nanoparticles. Important categories
of such ligands include dithiophosphates, dithiophosphinates and dithiophosphonates
ligands which react with different metals to give corresponding complexes. Amongst these
complexes, dithiophosphinatometal complexes are the most widely explored family,
probably because of their facile synthesis as dithiophosphinate ligands demonstrate a
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tendency to chelate with almost all main group as well as transition metals. Moreover,
dithiophosphinate complexes have found numerous important biological applications
[89]. They have been extensively used in industrial and mineralogical processes as a
flotation

agent

for

sulfide

ore

minerals

[90].

The

anion

i

Bu2PS2-

i.e.

diisobutyldithiophosphinate is commercially obtainable as its sodium salt due to its use in
mineral processing. An enormous interest has been generated in this ligand as it gives
moisture and air-stable complexes which can be easily isolated for subsequent
applications. This ligand is known to induce lipophilic properties in its complexes with
metal, a desirable feature for use as precursors for thin films and nanomaterials [91].
Hofmann and Mahla reported the preparation of dialkyldithiophosphinic acid, in
1892, by reaction of dialkylphosphines with sulfur [92]. Malatesta and Pizzotti also
synthesized this compound through reaction of Grignard’s reagent with P4S10 [93]. A
synthesis based on a Friedel-Craft reaction was also reported which yielded
diphenyldithiophosphinic acid upon reaction of benzene and phosphorus pentasulfide
using anhydrous AlCl3 as a catalyst [94]. Peters refined Hofmann’s method in 1960 and
synthesized

dialkyldithiophosphinic

acid

through

partial

oxidation

of

the

dialkylphosphine with one molar equivalent of sulfur, under an inert atmosphere of
nitrogen [95]. Stecker and Grossmann, while investigating the reaction of Grignard
reagents with thiophosphoryl chloride (PSCl3) in 1916, prepared a compound which they
considered was diethylphosphinothioic acid (C2H5)PSOH [96]. However, subsequent
investigations by Christen et al. demonstrated that this compound was actually
[(C2H5)2PS]2 [97]. Metal complexes of the family, dialkyldithiophosphinate were prepared
for the first time, by Kuchen et al. in 1964, using this compound [98].
Diethyldithiophosphinatometal

compounds

were

prepared

from

Bis-

(diethylphosphinothioyl) [(C2H5)2PS]2 in three distinct ways. The first approach was based
on using powdered metal with sulfur, whereas the second one employed sulfur with a
metal sulfide, as shown below. The third approach employed by Kuchen et al. involved
an initial synthesis of sodium dialkylthiophosphinate salt [R2P(S)S-Na+] from [R2P(S)P(S)R2], Na2S and sulfur. This sodium salt was subsequently reacted either with an
aqueous solution of desired metal salt or with an organic suspension of corresponding
metal halide, like CdCl2 in 2-propanol, as shown below:
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Approach 1:

Approach 2:

Approach 3:

or

Ebert et al, in 1994, developed another synthetic methodology for obtaining
aromatic dithiophosphinatometal compounds [99]. It was based on an initial synthesis of
diphenyldithiophosphinic acid (Ph2PSSH), which yielded its ammonium salt (NH4S2PPh2)
upon bubbling dry NH3 in benzene. This ammonium salt may also be obtained through
reaction of dipehnylphosphine (Ph2PH), with sulfur and NH4OH [100]. Subsequent
reaction of NH4S2PPh2 with either Ph2MCl2, or M(CO2CH3)2, gave M2[S2P(Ph)2]4.

then either
or
(M=Pb)
Casas et al, in 1994, have reported the synthesis of M2[S2P(Ph)2]4 using metal
perchlorate (M(ClO4)2.6H2O) and NH4S2PPh2 and studied the crystal structure of the
complex [Cd(Ph2PS2)2], prepared by this approach [101].
M(ClO4)2.6H2O + NH4S2PPh2

M2[S2P(Ph)2]4

Artem'ev and co-workers have reported the multi-component one-pot synthesis of
a number of thioselenophosphinate, having a general formula M[SeSPR2] (where M = Li,
Na, K, Rb, and Cs snd R = alkyl, aryl, aralkyl, and hetaralkyl) [102]. Secondary
phosphanes, alkali metal hydroxides, selenium and sulfur undergo reaction under
moderate condition (~ 50 °C, 0.5 h, Ethanol) giving high yield (78 – 90 %) of the
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thioselenophosphinates. These M[SeSPR2] salts readily form corresponding ammonium
analogues upon reaction with NH3 or amine. Reaction with halides of metals results in the
formation of corresponding complexes e.g Na[SeSPR2] yields square planer Ni complex
[Ni(SeSPR2)]2 where R = Ph, CH2CH2Ph. This room temperature reaction proceeds in
fairly high yield (68-81%).
They have also reported the synthesis of group 12 metal diselenophosphinates
through reaction of readily available [NH4[Se2PPh2] or Et2NH2[Se2PPh2] and
corresponding metal oxides under mild reaction conditions (0-25 °C, acetone, 1-4 h). By
using this method, Cd(II), Zn(II), and Hg(II) diselenophosphinates were prepared, which
revealed dimeric [M2(Se2PPh2)4] structure, upon characterization [103].
As dialkyldithiophosphinic acids are industrially employed as flotation agents for
separation and extraction of metals, so synthetic strategies for commercial scale
production of these compounds have also been developed. The commercial process
employed for the preparation of dithiophosphinates is as given below:
PH3 + CnH2n (olefin)
R2PH + S + H2O

(CnH2n)2PH
R2P(S)SH ( at 70 °C )

R2P(S)SH + NaOH

R2P(S)S-Na+

This first step is associated with safety hazards; however, one might avoid this step
by using commercially available secondary phosphines for subsequent steps, though they
are expansive mainly because of danger associated with their production. Moreover,
dialkylphosphines are pyrophoric and need due precautions in their handling. However,
with suitable precautions, higher (>95%) yield of dithiophosphinic acid can be obtained.
Using these and similar reaction strategies, synthesis of a wide variety of
dialkyldithiophosphinate complexes with virtually all metals has been reported. These
complexes demonstrated good air-stability.
1.5.2

Dialkyldiselenophosphinatometal precursors
There were seldom reports of the synthesis of dialkyldiselenophosphinatometal

complexes, presumably due to lack of facile synthetic protocols available for this class of
compounds. During last decade, a lot of research interest has been generated in salts and
esters of dialkyldiselenophosphinic acids, primarily owing to their use as precursors for
important materials. These compounds also find applications as reversible addition25

fragmentation chain transfer (RAFT) agents [104,105] and potential drugs [106].
Moreover, diselenophosphinate compounds can be used in the extraction of rare and heavy
metals because of their excellent chelating ability.
Initial work by Kuchen and Knopp, in 1965, on the preparation of
diselenophosphinate compounds, may be marked as the very first report on the synthesis
of this class of compounds [107]. Their synthetic approach was based on a reaction
between R2PCl and Se powder, thus forming R2PSeCl which subsequently reacts with
NaSeH to yield Na[R2PSe2] ligand. This ligand may react with salts of some metals to
give corresponding diselenophosphinatometal complexes (Scheme 2.1). However, this
scheme only yielded sodium salt of diselenophosphinic acid, limiting broad scale
applicability of this reaction.

Later

on,

Muller

and

co-workers

have

synthesized

sodium

diphenyldiselenophosphinate. [Ph2P(Se)Cl] was synthesized by the oxidation of Ph2PCl
with elemental selenium and subsequently treated with NaHSe to give sodium
diphenyldiselenophosphinate in good yield (65%) [108]. This approach has been used for
the preparation of [Mx(Ph2PSe2)y] complexes where M = Cd, Ni, Zn, Co, Bi and Hg.
However, this strategy suffered from drawbacks of lower stability of the ligand as well as
the requirement of extremely toxic H2Se gas for preparation of Na[R2PSe2] ligand.

Kuchen strategy was modified by Murai and Kimura who used Na2Se, instead of
NaHSe, in reaction with [tBuPhP(Se)Cl] [109]. This reaction gave the corresponding
diselenophosphinate which reacts with CH3I and yields Se methylester.
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Woollins

et

al.

have

devised

a

strategy

for

the

synthesis

of

Na[Ph2PSe2]2.THF.5H2O based on the reaction of R2PCl with metallic sodium and Se, in
liquid NH3 [110]. However, this method, not being reproducible, has very little synthetic
significance.

Du Mont and co-workers have inserted selenium into P-P bond of diphosphines,
thus forming [R2P(Se)]2Se [111]. Based on this approach of breaking the P-Si bond in
R2P(SiEt3),

with

elemental

Se,

O’Brien

et

al.

synthesized

some

novel

diselenophosphinato- ligands [112]. These ligands upon reaction with metal salts
produced corresponding metal complexes in high yield. A new synthetic strategy for the
preparation of diselenophosphinatometal compounds of Li and K has been reported [113].
These compounds also underwent a metathesis reaction with indium salt to yield
dialkyldiselenophosphinatoindium complexes [114].
Previously, while attempting the preparation of ligand imidobis(diisopropylphosphineselenide), O’Brien and co-workers have obtained (iPr2PSe2)2Se along with
i

Pr2P(Se)NHP(Se)iPr2. This (iPr2PSe2)2Se formed spontaneously in this reaction

demonstrated excellent coordination characteristics. Its reaction with metal salts gives
i

Pr2PSe2 units which are formed by splitting of the P-Se bonds. These units chelate with

metals as bidentate ligands, thus forming corresponding diisopropyldiselenophosphinatometal complexes. However, this reaction also suffered from the issue of low
yield, which did not improve even after several attempts. Detailed investigations of the
reaction mechanism shown that the R2PSiMe3 is initially formed as a reaction
intermediate, followed by insertion of the Se into P-Si bond. This reaction thus
demonstrated the feasibility of Se insertion in P-Si bond in the R2PSiR’3. The overall
efficiency of this procedure was dependent upon the formation of the intermediate
R2PSiR’3.
A reaction between R2PCl and Li, resulting in the formation of R2PLi, has been
reported [115]. R2PSiR’3 may also be obtained by reaction between R2PLi and R’3SiCl.
However, this reaction proceeds under extreme reaction conditions and is not desirable
for large-scale use. The same compound i.e. R2PSiR’3 may also be obtained in good yield
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under moderate conditions through Bankeser reaction [116,117]. Therefore, a facile
method

has

been

evolved

by

O’Brien

et

al.,

for

the

synthesis

of

dailkyldiselenophosphinate ligands. It was reported that two different ligands could be
obtained by using different molar ratios of R2PSiCl3 and Se for the reaction.
Characterization of the ligands was carried out using spectroscopic analysis and X-ray
crystallography.

Because of easy dissociation, an ionic diselenophosphinate ligand was envisaged
to give better yields of complexes in reaction with metal salts. So, stabilization of the
(R2PSe2)- anion and its crystallization as an ionic species was attempted. Initially, HSiCl3
and NET3 were used in excess to ensure sufficient availability of the [HNEt3]+ counterion.
However, this approach remained unsuccessful due to formation of [HNEt3][SiCl3], as a
precipitate. In a subsequent attempt, HSiEt3 was employed in place of HSiCl3 and this
approach yielded [HNEt3][R2PSe2] in considerably higher yield. This synthetic approach
may be illustrated as shown below:

Three novel ionic ligands with formula [HNEt3][R2PSe2] where R=iPr, tBu, Ph
have been synthesized. These ligands upon metathesis reaction with the metal salts gave
corresponding dialkyldiselenophosphinatometal complexes, in good yield. This scheme
offered the first example of a reproducible synthesis of dialkyldiselenophosphinatometal
complexes in good yield, however, it involved longer reflux time of ~ 20 h.
More recently, Trofimov and co-workers developed an entirely different synthetic
protocol. Conventional synthesis of diselenophosphinic acid salts was based on a reaction
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between P-electrophilic synthons [R2P(Se)]+ or [R2P]+ with nucleophilic synthon [Se]2from different sources like Na2Se, NaHSe or NaxSey. Contrastingly, newer approach,
developed by Tarofimov et al. employs the reaction of P-nucleophilic organophosphorus
species like R2PM, R2PH or R2P(Se)H, with Se in elemental form. Such synthetic
approach relies on the reaction between diorganophosphides of alkali metal with
elemental Se. This reaction results in insertion of Se in R-M linkage in R2PM [118]. This
reaction for the insertion of Se in R-M bond is known since long and has been utilized for
preparation of the lithium chalcogenotellurophosphinates, with general formula
[R2PETe]Li, where E = O, S,Se, Te] [119,120].
Davies et al. have reported the preparation of alkali metal diselenophosphinates,
using this strategy [121]. They demonstrated that the reaction of Ph2PLi with elemental
Se, in presence of N,N,N’,N’’-tetramethylene-1,2-diamine (TMEDA) results in formation
of [Ph2PSeLi.TMEDA]2 in good yield (71%). This compound undergoes oxidation with
another mole of Se to yield [Ph2PSe2Li.TMEDA.THF]. Preparation of potassium
diselenophosphinate [Ph2PSe2K.THF]2 through treatment of Ph2PK with two moles of Se
powder in THF/toluene, was also reported by Davies et al. in 2004 [122]. Another strategy
reported in 2007, involved the preparation of Ph2PK by reaction of diphenylphosphine
with potassium tert-butoxide, in THF [123].

A newer approach for the preparation of diselenophosphinates is based on a
multicomponent reaction between secondary phosphines, grey elemental Se powder and
a base [124]. Various types of bases used to accomplish this reaction include alkali metal
hydroxides [125], NH3 [126], amines [127], hydrazine [128], diamines and alkaloids
[129,130]. These reactions are exceptionally fast and efficient, as they are completed in ~
5 minutes at room temperature using ethanol as solvent. Moreover, these reactions occur
with high yields (>85%). The only issue associated with these reactions is the requirement
for cautious handling of secondary phosphines.
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The same research group developed yet another synthetic protocol which is based
on the multicomponent reaction between secondary phosphine selenides R2PHSe, base
and elemental Se [131]. These reactions are of enormous practical significance as the use
of R2PHSe, in place of R2PH is more facile and safer. These reactions proceed at ambient
temperature and are completed in very short duration (~ 1 minute). Moreover, due to
absence of any appreciable competing reaction, they yield diselenophosphinates in a clean
and almost quantitative manner, the yield being 96 – 99 %.

During the previous decade, a great deal of interest has spurred in diselenophosphinate
complexes because of their utility as SSPs for metal phosphide (MxPy) and metal selenide
(MxSey)

nanomaterials.

Important

approaches

used

for

the

preparation

of

diselenophosphinatometal complexes include the following:


Metathesis reaction between alkylammonium or alkali diselenophosphinates with
metal salts [132-134].



Elemental selenium induced oxidation of metal diorganophosphides [135]



Reaction between bis(diorganoselenophosphinyl)selenides with metal nitrates or
chlorides [136]



One pot reaction involving secondary phosphines, elemental Se, base and metal
salts



1.5.3

The reaction between Woolin’s reagent and nucleophiles [137]

Use of dialkyldichalcogenophosphinatometal complexes as SSPs
The earliest report of using dialkyldithiophosphinate complexes as SSPs dates

back to 1980 when CdS thin films were deposited from dimethyldithiophosphinate
[Cd(S2PMe2)2] complex [138]. Later on, Evans and Williams have demonstrated the
growth of highly orientated CdS films on InP and glass substrates by thermal degradation
of diethyldithiophosphinate precursor [139]. [Cd(iBu2PS2)2]2 and [Zn(iBu2PS2)2]2
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complexes have been synthesized by Byrom et al. and utilized as SSPs for CdS and ZnS
thin films through an LP-MOCVD process. Parkhomenko and co-workers have carried
out the preparation of two liquid dimethylgold(III) compounds with attached
dithiophosphinate moieties and having general formula Me2AuS2PX2 (where X = OMe,
OEt) [140]. They have investigated their stability as well as thermal behavior. Owing to
their good stability under storage and appreciable volatility, they have used these
complexes for deposition of elemental gold films by MOCVD at 210 − 250 °C. Similarly,
the synthesis of low-melting dimethylgold(III) compound (CH3)2AuS2PiBu2 has been
reported [141]. This compound has also been used as a molecular precursor for gold thin
films.
The feasibility of gas phase degradation of single source precursor [Cd(Ph2PSSe)2]
complex has been explored by employing the density functional theory (DFT) [142].
Similarly, standard transition state theory has been employed to determine the reaction
kinetics. Rate constants of various elementary reactions involved in the process have also
been investigated. Similarly, the mechanism for the formation of ZnSe, ZnS and ternary
ZnSSe by gas phase thermal degradation of [Zn(Ph2PSSe)2] precursor has also been
studied using the DFT calculations for ascertaining the kinetic and the thermodynamic
parameters [143].
The use of dialkyldiselenophosphinatometal complexes as SSPs for nanomaterials
has been pioneered by O’Brien and co-workers [144]. ZnSe nanorods have been prepared
from [Zn(iPr2PSe2)2] at 300 °C in hexadecylamine (HDA) which serves both as the solvent
and the coordinating agent. Similarly, CdSe nanocrystals have been grown by injecting a
solution of [Cd(iPr2PSe2)2]2 in TOP/OA, in a microfluidic reactor at 200 °C [145]. These
initially formed nanoparticles were re-injected along with [Cd(S2CNMeHex)2] to yield
highly luminescent core-shell CdSe/CdS nanoparticles.
The AACVD experiments using [Ni(iPr2PSe2)2] at temperatures of 350, 400 and
450 °C, resulted into deposition of hexagonal Ni 0.8Se along with some cubic NiSe2, as
demonstrated by p-XRD studies [146]. O’Brien et al. have also reported the colloidal
growth of Ni2P, Ni12P5 and NiSe nanoparticles by thermolysis of diselenophosphinate
precursors with general formula [Ni(R2PSe2)2], where R = iPr, tBu and Ph [147]. The
reactions were performed at different temperatures in TOPO and HDA. [Co(iPr2PSe2)2]
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complex was used as SSP for deposition of cobalt selenide or cobalt phosphide thin films
at 450 °C. Deposition process could not be carried out at lower temperatures. The same
precursor has also been used for synthesizing cobalt phosphide and cobalt selenide
nanoparticles, in HDA/TOPO at 300 °C [148].
Kawai et al., in 2008, reported the preparation of Eu1-xSe nanocrystals with cubic
morphology and having excellent optical properties [149]. For this purpose,
[Eu(Ph2PSe2)3] was synthesized by in-situ reaction of EuCl3.H2O with Ph2PSe2K, which
subsequently underwent thermolysis in HDA at 300 °C. Later on, spherical Eu1-xSe
nanoparticles

have

been

prepared

through

reaction

of

tetraphosphonium

diselenophosphinate [Ph4P][Ph2PSe2] with Eu(NO3)3.6H2O in HDA at 300 °C. Average
diameter of thus formed nanoparticles was found to be 11 and 20 nm, respectively. Kawai
and co-workers have also synthesized EuSe crystals of 200 nm with tetrapod-like
morphology [150]. This was accomplished by thermolytic degradation of in-situ formed
diselenophosphinatoeuropium(III) complex in HDA/oleic acid/oleylamine system.
Formation of EuSe nanoparticles, with controllable size, through thermolytic degradation
of [Ph4P][Eu(Ph2PSe2)4] in HDA, has been patented [151]. The effects of reaction
temperature and reaction duration on the size of nanocrystals have also been studied.
Silver complex [Ag(iPr2PSe2)] has been used as SSP in AACVD of Ag2Se thin films at
temperatures ranging from 275 – 475 °C [152]. p-XRD studies revealed deposition of
orthorhombic Ag2Se with good crystallinity at higher deposition temperatures. Lower
crystallinity was observed at lower deposition temperatures.

1.6

Solar cells based on nanocrystals
Current progress in the colloidal synthesis of nanoparticles with controlled size,

morphology, stoichiometry and other desired material properties has provided a unique
opportunity for cost-effective development of next-generation solar cells with good
efficiency. Improvements in solution phase growth of nanocrystals have enabled the
development, manufacturing and commercialization of newer PV devices and
technologies [153]. Scientists are now able to grow well passivated, monodispersed
semiconductor nanocrystals with desired size and configuration and having good
optoelectronic characteristics for use in PV devices. Material and processing cost of the
photo-absorbing layer in solar cells has been an important daunting factor for widespread
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deployment of solar modules. Solution based approaches have enormous potential to boost
cost-effectiveness of solar cells by curtailing material usage and processing cost.
Similarly, solution phase approaches have excellent potential for upscaling the production
through roll-to-roll manufacturing. One such approach is based on the use of colloidal
semiconductor nanocrystals as photo-absorber ‘ink’. Two options in this regard include
deposition of nanocrystals, as electronically coupled arrays, on a suitable substrate.
Alternatively, nanocrystals are sintered to form semiconductor layers of the photoabsorber with the desired bandgap for an efficient and effective absorption of solar
radiations [154].
Presently, PCE of sintered and nanocrystals array solar devices is less than the
Shockley–Queisser limit. However, this technology offers more economical PV modules
than related high vacuum approaches. The revelation of phenomena like “multiple exciton
generation” and “carrier multiplication” in some nanomaterials might yield efficiencies
greater than 100%. Thus, one may anticipate that the resulting devices might surpass the
Shockley–Queisser limit and yield an entirely new generation of sustainable PV
technology. Nanocrystals of low band-gap materials like PbS (Se), InAs etc are already
being investigated to explore this phenomenon of MEG [155-157].
High Vacuum deposition approaches, high-temperature processing, extended
processing duration, costly precursors and substrates lead to the higher manufacturing cost
of the PV modules. Therefore, use of solution-based non-vacuum approaches, involving
low-temperature processing, less processing time and inexpensive substrates or
precursors, are promising for reducing the cost in large scale ‘roll to roll’ manufacturing
process [158].
One important factor in the selection of photo-absorber material for solar cells is
the optimal band gap value of the material. Band gap of 1.0 to 1.6 eV can be achieved in
nanocrystals of CdTe, Cu2S, CuInSe2, CIGS and Si, despite having only weak quantum
confinement effects. Quantum confinement effect provides an opportunity for tuning the
band gap of colloidal nanoparticles by controlling their size. Therefore, smaller
nanocrystals of lower band gap materials (> 1.0 eV), having strong quantum confinement,
can have their blue-shifted band gap value (above 1.0 eV) and may be used for non-MEG
PV applications. Reliable synthetic protocols have now been developed for the preparation
33

of nanocrystals of I–III–VI2 semiconductor like CuInSe2 and the I2–VI semiconductor like
Cu2S, for their use as solar absorber materials. CuInSe2 has a direct band gap of 1.04 eV
that broadens with the incorporation of Ga, forming CuInGaSe2 or CIGS. Thus, through
controlled substitution of In atoms with Ga atoms, tuning of the band gap from 1.04 eV to
1.68 eV, is feasible [159].
There are a variety of factors which must be considered while making choice of
the semiconductor nanocrystals for solar PV applications. These include high quantum
yield, photo-degradation stability, material and processing cost, synthetic procedure,
material abundance and potential health and environmental hazards. Some materials like
PbTe nanocrystals have extreme air sensitivity which limits their practical utility due to
rapid oxidation and degradation of such materials. Contrastingly, PV devices based on
CuInSe2 nanocrystals have demonstrated excellent stability and it has been observed that
these devices remain stable over years under humid environments, without any
encapsulation. Toxicity associated with Pb or Cd has been an important concern for largescale deployment of CdTe and perovskites based solar cells.
Amongst nanocrystals based solar cells, chalcopyrite I–III–VI2 semiconductor
nanocrystals, generally represented as Cu(In1-xGax)(Se1-ySy)2 have demonstrated the
highest efficiency. CIGS based devices with record PCE have been fabricated using
sputtering or co-evaporation of constituent metals. However, this technology has many
shortcomings, as it is costly for wide area deployment and cannot be scaled up. Nonvacuum based methods have been evolved as an alternative strategy for the fabrication of
CIGS devices. Solar cells having ~ 13% efficiency have been made using these
approaches. However, binary materials and additional phases are formed during
processing; thus deteriorating the overall quality of nanocrystals formed by these
approaches.

It is still challenging to achieve precise control over size, structure,

morphology and stoichiometric composition. This issue may be solved through the
synthesis of nanocrystals having desired composition and phase, and subsequent film
formation through pos-deposition processes like sintering and annealing. Guo et al. have
reported a stoichiometric synthesis of sphalerite and chalcopyrite CuInSe2 using elemental
Se and chloride precursors [160]. It was also observed that this approach may also be
extended to yield stoichiometric CIGS and CuGaSe2 nanocrystals through the controlled
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incorporation of Ga. Korgel group and Sargent group have also demonstrated a similar
synthesis of CuInSe2 and CuInGaSe2 nanocrystals [161,162]. Besides, Guo et al. have
prepared fairly stable solar cells based on CuInSe2 nanocrystals. Final device having
device

architecture

soda-lime

glass/Mo/sintered

CuInSe2/CdS/i-ZnO/ITO/Ni/Al

demonstrated 2.8% efficiency. Further reports describe the fabrication of an air-stable
device with PCE > 5% and 10%.
It may be concluded that CuInSe2 and CIGS nanocrystals are amongst the most
promising materials as solar absorbers. They might give devices with higher PCE and
lower manufacturing cost. However, considerable work is still needed to comprehend
precisely the phenomena of nucleation/growth process. Further investigations about the
role of ligands, additives, surfactants and impurities during growth of nanocrystals might
help in controlling properties of nanocrystals as well as controlling the formation of alloys
and heterostructures. It is also essential to evolve safer, simple and reproducible synthetic
protocols with higher material yields with effective control of size and surface properties.

1.7

Motivation for this study
Solar PV has emerged as a leading alternative energy technology which can

provide electricity in an efficient, clean and environmentally benign manner. With
increasing awareness about the issues associated with the finite availability of fossil fuels,
environmental impact of their burning and volatility in oil prices, substantial research
attention has diverted to development of PV technologies. PV Market is currently
dominated by silicon-based solar cell technologies which are mature technologies.
However, production of high-quality silicon feedstock for solar PV is becoming costly
due to its large-scale use in other electronics industries. Moreover, silicon is an indirect
band gap semiconductor and requires a thicker absorber layer for trapping light energy
photons. It is now believed that silicon based solar cell technologies might not be
competitive in cost reduction trends vis-a-vis other emerging thin film technologies.
CuInGa(S,Se)2 (CIGS) based PV devices have shown the highest PCE amongst
thin film technologies. CIGS has a direct band gap matching the solar spectrum and high
absorption coefficient. Moreover, it is less toxic and exhibits good photoirradiation
stability. Due to these features, this technology has already been commercialized and is
rapidly taking the shares of CdTe based PV, because of toxicity of Cd. However, scarce
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availability of In is considered a daunting factor for TW level deployment of CIGS based
PV technologies.
Cu2ZnSn(S,Se)4 or CZTS is another compound semiconductor which is based on
earth-abundant elements. CZTS based devices have already achieved a PCE of 12.6% and
further improvement in efficiencies is expected once the material issues with this
technology are solved. In case of CZTS, solution-based processing has yielded even better
PCE than corresponding vacuum-based processes. Therefore, it is considered to be a
leading PV technology of the future, to meet the TW scale requirements of energy.
AACVD, a variant of conventional CVD, has shown good potential for deposition
of metal chalcogenide thin films. It has now been established that quality of the deposited
material is strongly linked with the choice of precursor(s). Dialkyldithiophosphinates meet
most of the requirements for precursors used in AACVD. They are non-toxic compounds
for which industrial scale synthetic processes have been developed and practiced. They
have long been used in industrial flotation processes in the mineralogy of metals. There
are few reports on the use of dialkyldithiophosphinatometal complexes as precursors for
binary metal sulfide thin films. However, their usage as molecular precursors for ternary,
quaternary or multinary thin films and nanomaterials has not been studied.
Similarly, dialkyldiselenophosphinatometal complexes provide an alternative
route to metal selenide thin films and nanocrystals. However, their widespread use as
precursors to functional metal selenide nanoparticles was limited by their tedious
synthesis. Fortunately, on-going research on the synthesis of these complexes has resulted
in the development of new facile, efficient and reproducible synthetic methods. Therefore,
we have investigated diphenyldiselenophosphinatometal complexes as precursors for
metal selenide thin films and nanoparticles by using AACVD and colloidal approach,
respectively.

1.8

Scope of the study
This research project primarily is aimed at finding new and safer routes to

semiconductor thin films and nanocrystals for solar PV applications. In this work, a range
of inorganic complexes of dialkyldithiophosphinate and dialkyldiselenophosphinate
family have been synthesized in a facile and reproducible manner. Subsequently, the
potential of these complexes as molecular precursors for binary, ternary and quaternary
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materials (thin films and nanocrystals) has been evaluated. Thin films and nanoparticles
deposited in this work have been characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive
X-ray (EDX) analyses, atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), scotch tape test and optical measurements.
Accordingly, ‘Chapter 1’ presents a brief review of the literature regarding solar
energy and solar PV, thin film deposition techniques, especially AACVD, colloidal
approach for the preparation of nanoparticles and synthesis of dithiophosphinate and
diselenophosphinate complexes. ‘Chapter 2’ narrates the experimental details and
discussions on the synthesis of precursor complexes having general formula
[Mx(iBu2PS2)y] and [Mx(Ph2PS2)y] synthesized in this work. ‘Chapter 3’ describes the use
of [Mx(iBu2PS2)y] and [Mx(Ph2PS2)y] complexes as single source precursors for deposition
of a variety of binary semiconductor thin films and nanoparticles. Similarly, chapter 4
deals with the deposition of thin films as well as the colloidal growth of nanoparticles of
ternary semiconductors like CuInSe2, CuGaSe2, Cu2SnSe3, CuFeSe2, CuInS2, CuGaS2,
Cu2SnS3 and CuFeS2. Chapter 5 encompasses the studies regarding deposition of thin
films and nanoparticles of quaternary materials i.e. CuIn1-xGaxS2, CuIn1-xGaxSe2,
Cu2ZnSnS4 and Cu2ZnSnSe4.

1.9

Research objectives
Objectives of this research project include:


To carry out synthesis and characterization of molecular precursors of
dialkyldithiophosphinates

Mx[R2PS2] and

dialkyldiselenophosphinates

Mx[iPr2PSe2]y family


To deposit thin films of binary, ternary and quaternary semiconductor
materials by Aerosol Assisted Chemical Vapor Deposition (AACVD) using
molecular precursors



To study the effect of various deposition parameters like deposition
temperature, solvent, and the molar ratio of precursors on microstructure,
optical properties and stoichiometric composition of as-deposited thin films



To prepare phase pure, monodispersed nanoparticles of binary, ternary and
quaternary semiconductor materials by thermolytic degradation of molecular
37

precursors in capping agents like hexadecylamine (HDA) / trioctylphosphine
(TOP) and/or oleylamine (OA).


To investigate the effect of growth temperature, reaction time and relative
molar ratio of precursors on size, shape and stoichiometric composition of
the nanoparticles grown by the colloidal method



To develop a strategy for the deposition of thin films and nanoparticles that
offers better control over size, shape, phase and stoichiometry of the
deposited material.

1.10 Research Methodology
Research methodology for this project involved:


Literature survey



Synthesis of ligands and inorganic complexes as molecular precursors



Characterization of ligands and inorganic complexes by UV-Vis, FTIR,
NMR, Mass Spectrometry and elemental analysis



Thermal studies to determine thermolytic degradation behavior of molecular
precursors



Deposition of semiconductor thin films by AACVD process at desired
temperature ranges



Characterization of thin films by X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) Analyses,
Atomic Force Microscopy (AFM), Scotch Tape Test and Optical
measurements



Colloidal preparation of semiconductor nanoparticles under different
reaction

conditions

to

optimize

growth

parameters

for

various

semiconductor materials


Characterization of nanoparticles by X-ray Diffraction (XRD), Transmission
Electron Microscopy (TEM), Energy Dispersive X-ray (EDX) Analyses,
Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS) and Optical
measurements



Analysis of results to lay down effective strategy for deposition of specific
semiconductor materials
38
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Chapter No. 2
Experimental – Synthesis of Precursors
2.1

General introduction
During previous few decades, considerable research efforts have been dedicated

to design and synthesis of new molecular precursors for thin films and nanocrystals. Use
of molecular precursors, especially single source precursors (SSPs) is more advantageous
than conventional CVD process as it eliminates the need to use toxic, pyrophoric and
moisture sensitive gases i.e. H2Se, H2S, NH3, SiH4, etc. In this chapter, synthesis of
complexes with general formula [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] is described. A new
facile

and

reproducible

approach

for

room

temperature

synthesis

of

dialkyldiselenophosphinatometal complexes is presented. This chapter also includes
details of characterization of these complexes through various analytical techniques.

2.2

Experimental – materials and methods

2.2.1 Chemicals and instruments
Sodium

diisobutyldithiophosphinate

(50

%

aqueous

suspension),

diphenylphosphine (97%), elemental Se (~ 100 mesh) powder (99.5%), copper(II)
chloride (99.97%), copper(I) chloride (99.99%), zinc(II) sulphate (99.99%), tin(II)
chloride (99.9%), gallium(III) chloride (99.9%), indium(III) chloride (99.9%), lead(II)
nitrate

(99.9%),

ferric

chloride

(99.7%),

tetrahydrofuran

(THF),

toluene,

dichloromethane (99.7%), absolute ethanol, methanol (99.0%), hexadecylamine
(technical grade), tri-n-octylphosphine oxide (technical grade), trioctylphosphine (97%),
dodecanethiol technical grade), octadecence (technical grade) and oleylamine (technical
grade) were obtained from Sigma-Aldrich Chemical Company and used as received.
Methanol and toluene were re-distilled over calcium hydride and benzophenone/ sodium
metal, respectively for drying prior to use.
1

H-NMR spectra were acquired using a Bruker AV 400 FT-NMR spectrometer.

Waters QTOF Micro instrument was used for recording mass spectra. FTIR spectra were
recorded using Perkin Elmer Spectrum RX1 spectrometer with ATR assembly.
Microanalyses were performed using LECO CHNS-932 CHN Analyzer at the University
48

of Manchester microanalysis facility. Melting points of complexes were determined by
melting point apparatus (Stuart) and are uncorrected.
2.2.2

Synthesis of diisobutyldithiophosphinatometal complexes
Diisobutyldithiophosphinatometal

complexes

with

general

formula

[Mx(iBu2PS2)y] (where M = Cu, Ga, In, Sn, Zn, Pb, Fe) were prepared by metathesis
reaction between sodium salt of diisobutyldithiophosphinic acid and heavy metal salt
(chloride, nitrate or acetate). Kuchen and co-workers initially developed this strategy
[1,2]. The typical procedure involves drop-wise addition of dilute aqueous solution of
sodium diisobutldithiophosphinte (NaiBu2PS2) to the aqueous solution of metal salt with
vigorous stirring. Precipitates were instantly formed which were subsequently filtered
with suction and dried. Crystals of corresponding diisobutyldithiophosphinatometal
complexes were obtained through recrystallization from toluene/acetone or THF.
2.2.2.1 [In(iBu2PS2)3]
Sodium diisobutyldithiophosphinate (15 mmol, 3.825 g) as 100 mL aqueous
solution, was slowly added to 50 mL aqueous solution of indium(III) chloride (5 mmol,
1.106 g) in 250 mL round bottom flask with continuous stirring for an hour. This leads to
formation of a white precipitate which was collected through vacuum filtration after
completion of the reaction, washed thrice with ample volumes of distilled water and
subsequently dried. Recrystallization of the product from toluene yields colourless
crystals of [In(iBu2PS2)3] which were filtered and dried. Yield: 70.7%, m.p. 125 °C.
Elemental analysis (Observed: C, 40.16; H, 7.73. P, 12.35; S, 24.89, In, 15.20. Calculated:
C, 38.81; H, 7.33. P, 12.51; S, 25.90, In, 15.46.). 1H-NMR H (400 MHz; CDCl3; Me4Si):
1.08 (d, 36H (CH3), 3JH–H=6.8 Hz), 2.02 (dd, 12H (CH2), 3JH–H=10.78 Hz, 6.2 Hz), 2.37
(m, 6H (CH), 3JH–H=6.5 Hz). 13C-NMR (CDCl3, 125 MHz) δ (ppm): 24.75 (d, CH3, JP–
C=9.02

Hz), 24.88 (d, CH, JP–C=4.31 Hz), 47.41 (d, CH2, JP–C=44.65 Hz). FTIR bands and

probable assignments: 2959.13 cm−1, ν(–CH3); 2866.58 cm−1, ν(–CH2); 1382.94 cm−1, ν(–
CH(CH3)2); 743.78 cm−1, ν(P–C); 721.62 cm−1, ν(P=S); 603.43 cm−1, ν(S-In). Major mass
spectral fragments (m/z): M+ 742 [In(iBu2PS2)3], 209 [iBu2PS2] •, 87 [PCH2CH(CH3)2]•,
177 [iBu2PS]• , base peak 57 [CH2CH(CH3)2]•.
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2.2.2.2 [Ga(iBu2PS2)3]
The compound was prepared using sodium diisobutyldithiophosphinate and
gallium chloride (GaCl3). The white precipitate formed in aqueous solution gave
colourless crystals upon filtration under vacuum and recrystallization from toluene. Yield:
85%. Elemental analysis (Observed: C, 41.17; H, 7.69. P, 12.73; S, 28.29, Ga, 10.12.
Calculated: C, 41.32; H, 7.80. P, 13.32; S, 27.57, Ga, 9.9). 1H-NMR H (400 MHz; CDCl3;
Me4Si): 1.08 (d, 36H (CH3), 3JH–H=6.5 Hz), 2.03 (dd, 12H (CH2), 3JH–H=10.82 Hz, 6.2
Hz), 2.42 (m, 6H (CH), 3JH–H=6.7 Hz). 13C-NMR (125 MHz) δ (ppm), CDCl3: 24.69
(d, CH3,

JP–C=8.99), 24.81 (d, CH, JP–C=4.29,), 47.34 (d, CH2, JP–C=43.95). FTIR bands

and probable assignments: 2956.23 cm−1, ν(–CH3); 2871.43 cm−1, ν(–CH2); 1373.91
cm−1, ν(–CH(CH3)2); 752.22 cm−1, ν(P–C); 720.44 cm−1, ν(P=S); 615.20 cm−1, ν(S-In).
Major mass spectral fragments (m/z): M+ 697.7 [Ga(iBu2PS2)3], 279 [Ga(iBu2PS2)2]•, 177
[iBu2PS]•, 209 [iBu2PS2] •, base peak 57 {CH2CH(CH3)2}•.
2.2.2.3 [Sn(iBu2PS2)2]
The reaction was carried out as above but SnCl2 was used as metal chloride.
[Sn(iBu2PS2)2] was obtained initially as orange brown precipitate which could not be
recrystallized and remained as reddish brown gum like solid. Yield: 75.8%. Elemental
analysis (Observed: C, 36.13; H, 6.64. P, 10.87; S, 24.12, Sn, 22.24. Calc.: C, 35.76; H,
6.75. P, 11.53; S, 23.86, Sn, 22.09). 1H-NMR H (400 MHz; CDCl3; Me4Si): 1.06 (d, 24H
(CH3), 3JH–H=6.3 Hz), 2.02 (dd, 8H (CH2), 3JH–H=10.72 Hz, 5.9 Hz), 2.28 (m, 4H
(CH), 3JH–H=6.4 Hz). 13C-NMR (125 MHz) δ (ppm), CDCl3: 24.53 (d, CH3, JP–C=8.97),
24.91 (d, CH, JP–C=4.29), 46.74 (d, CH2, JP–C=44.59). FTIR bands and probable
assignments: 2948.74 cm−1, ν(–CH3); 2863.71 cm−1, ν(–CH2); 1373.91 cm−1, ν(–
CH(CH3)2); 756.91 cm−1, ν(P–C); 718.28 cm−1, ν(P=S); 605.72 cm−1, ν(S-Sn). Major
mass spectral fragments (m/z): M+ 537 [Sn(iBu2PS2)2], 328 [Sn(iBu2PS2)]•, base peak 209
[iBu2PS2]•, 177 [iBu2PS]•.
2.2.2.4 [Zn(iBu2PS2)2]
The reaction was carried out as above but ZnSO4 was used instead as metal salt.
[Zn(iBu2PS2)2] was initially formed as white precipitate which yielded colorless to white
plate like crystals upon recrystallization from toluene. Yield: 88.3%. Elemental analysis
(Observed: C, 38.88; H, 8.34. P, 12.38; S, 25.82, Zn, 12.95. Calculated: C, 38.70; H, 7.50.
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P, 12.80; S, 26.49, Zn, 13.51). 1H-NMR H (400 MHz; CDCl3; Me4Si): 1.05 (d, 24H,
(CH3), 3JH–H=6.8 Hz), 2.08 (dd, 8H, (CH2), 3JH–H=10.68 Hz, 5.9 Hz), 2.39 (m, 4H,
(CH), 3JH–H=6.4 Hz). 13C-NMR (125 MHz) δ (ppm), CDCl3: 24.44 (d, CH3, JP–C=8.99),
25.15 (d, CH, JP–C=4.28), 51.60 (d, CH2, JP–C=43.71). FTIR bands and probable
assignments: 2954.40 cm−1, ν(–CH3); 2867.63 cm−1, ν(–CH2); 1365.35 cm−1, ν(–
CH(CH3)2); 765.60 cm−1, ν(P–C); 711.60 cm−1, ν(P=S); 595.89 cm−1, ν(S-Zn). Major
mass spectral fragments (m/z): M+ 481 [Zn(iBu2PS2)2], 433 [ZnPS2(iBu2PS2)]•, 274
[Zn(iBu2PS2)]•, base peak 209 [iBu2PS2]•.
2.2.2.5 [Fe(iBu2PS2)2]
The reaction was carried out as above but FeCl3 was used instead as metal salt.
[Fe(iBu2PS2)2] was obtained as a brownish black precipitate which yielded dark a brown
powder upon recrystallization from toluene/THF. Yield: 78.5%. Elemental analysis
(Observed: C, 42.15; H, 7.26. P, 13.18; S, 26.67, Fe, 11.48. Calculated: 40.50; H, 7.65. P,
13.06; S, 27.03, Fe, 11.77). 1H-NMR H (400 MHz; CDCl3; Me4Si): 1.11 (d, 24H,
(CH3), 3JH–H=6.4 Hz), 2.01 (dd, 8H, (CH2), 3JH–H=10.82 Hz, 5.9 Hz), 2.40 (m, 4H,
(CH), 3JH–H=6.7 Hz, CH). 13C-NMR (125 MHz) δ (ppm), CDCl3: 23.44 (d, CH3, JP–
C=8.92),

25.43 (d, CH, JP–C=4.28), 50.92 (d, CH2, JP–C=44.51). FTIR bands and probable

assignments: 2955.46 cm−1, ν(–CH3); 2868.48 cm−1, ν(–CH2); 1387.41 cm−1, ν(–
CH(CH3)2); 765.56 cm−1, ν(P–C); 716.67 cm−1, ν(P=S); 594.77 cm−1, ν(S-Fe). Major mass
spectral fragments (m/z): M+ 475 [Fe(iBu2PS2)2], 265 [Fe(iBu2PS2)]•, base peak 209
[iBu2PS2]•, 177 [iBu2PS]•.
2.2.2.6 [Pb(iBu2PS2)2]
The reaction was carried out as above but Pb(NO3)2 was used instead as metal salt.
[Pb(iBu2PS2)2] was obtained as a yellow precipitate which gave yellowish crystals upon
recrystallization from toluene. Yield: 92.8%. Elemental analysis (Observed: C, 30.76; H,
6.23. P, 9.94; S, 20.49, Pb, 32.71. Calculated: 30.71; H, 5.80. P, 9.94; S, 20.49, Pb, 32.71).
1

H-NMR H (400 MHz; CDCl3; Me4Si): 1.06 (d, 24H, (CH3), 3JH–H=6.4 Hz), 1.93 (dd, 8H,

(CH2), 3JH–H=10.80 Hz, 5.9 Hz), 2.32 (m, 4H, (CH), 3JH–H=6.5 Hz). 13C-NMR (125
MHz) δ (ppm), CDCl3: 24.43 (d, CH3, JP–C=9.02), 25.13 (d, CH, JP–C=4.31), 51.51
(d, CH2, JP–C=44.65). FTIR bands and probable assignments: 2952.83 cm−1, ν(–CH3);
2866.11 cm−1, ν(–CH2); 1364.41 cm−1, ν(–CH(CH3)2); 764.32 cm−1, ν(P–C); 719.14
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cm−1, ν(P=S); 579.28 cm−1, ν(S-Zn). Major mass spectral fragments (m/z): M+ 626
[Pb(iBu2PS2)2], 417 [417(iBu2PS2)]•, base peak 209 [iBu2PS2]•, 177 [iBu2PS]•.
2.2.3 Synthesis of diphenyldiselenophosphinatometal complexes
The preparation of [Mx(Ph2PSe2)2] complexes involved a two steps strategy
developed by Gusarova et al. [3]. Initial step involved the preparation of potassium
diphenylphosphinodiselenoate through a facile, efficient and reproducible reaction
between diphenylphosphine and elemental selenium, in presence of potassium hydroxide.
Subsequently, this compound was used as ligand and its reaction with metal salts yielded
[Mx(Ph2PSe2)y] complexes.
2.2.3.1 [In(Ph2PSe2)3]
Solution of KOH in EtOH (1.5 mmol in 5mL) and Se metal (~ 100 mesh powder,
2.0 mmol) were reacted with Ph2PH (1.05 mmol dissolved in 6 mL EtOH) under an inert
atmosphere of nitrogen. The resulting suspension was vigorously stirred for about 5
minutes at room temperature to dissolve all of Se powder. Thus formed colourless solution
was filtered and solvent was removed using rotary evaporator. (Ph2PSe2)-K+ was obtained
as white powder when the residue was ground with Et2O (10 mL). This powder was
decanted and washed with another 10 mL of Et2O. Subsequently, InCl3 dissolved in
CH3OH (15 mL) was slowly added with stirring to 5 mmol of (Ph2PSe2)-K+ dissolved in
CH3OH (~100 mL). A pale yellow precipitate was instantly formed. Filtration and
washing of the precipitate with hot methanol gave [In(Ph2PSe2)3]. Yield (91.2%).
Elemental analysis: (Observed: C, 38.16; H, 2.52. P, 8.29; In, 10.47. Calculated: C, 37.79;
H, 2.64. P, 8.12; Se, 41.41, In, 10.04.). 1H-NMR H (400 MHz; CDCl3; Me4Si) 7.32 (m,
6H, J 7.5, p-Ph), 7.43 (m, 12H, J 15.4, o-Ph), 7.89 (m, 12H, J 7.5, 15.4 , m-Ph). 13C-NMR
(125 MHz) δ (ppm), CDCl3: 127 & 132 (-Ph); FTIR bands and probable assignments:
3049.32 cm−1, ν(Ar-CH); 1561.82, 1517.03, 1478.21 cm−1, ν(–C=C–); 1089.79 cm−1, ν(P–
C6H5); 541.56 cm−1, ν(P=Se). Major mass spectral fragments (m/z): M+ 1150
[In(Ph2PSe2)3], base peak 344 [Ph2PSe2]•, 265 [Ph2PSe)]•, 160 [Se2]•, 316 [Se4]•, 476
[Se6]•.
2.2.3.2 [Ga(Ph2PSe2)3]
This complex was synthesized following the process of making [In(Ph2PSe2)3] but
using GaCl3 as metal salt. [Ga(Ph2PSe2)3] was formed as white coloured powder. Yield
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(94.6%). m.p. 241°C. Elemental analysis: (Observed: C, 38.81; H, 2.69. P, 8.58; Ga, 6.71.
Calculated: C, 39.34; H, 2.75. P, 8.45; Se, 43.11, Ga, 6.34.). 1H-NMR H (400 MHz;
CDCl3; Me4Si) 7.33 (m, 18H, J 6.9, p-Ph and m-Ph), 7.76 (m, 12H, J 15.1 6 o-Ph).
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C-

NMR (125 MHz) δ (ppm), CDCl3: 128.4, 128.9 & 131.6 (-Ph); FTIR bands and probable
assignments: 3053.97 cm−1, ν(ArCH); 1572.65, 1509.62, 1491.58 cm−1, ν(–C=C–);
1083.50 cm−1, ν(P–C6H5); 533.42 cm−1, ν(P=Se). Mass spectrum (m/z): M+ 1101
[Ga(Ph2PSe2)3], base peak 343 [Ph2PSe2]•, 267 [PhPSe2)]•, 158 [Se2]•, 317 [Se4]•, 477
[Se6]•.
2.2.3.3 [Sn(Ph2PSe2)2]
This complex was synthesized following the process of making [In(Ph2PSe2)3] but
used SnCl2 as metal salt. [Sn(Ph2PSe2)2] was obtained as orange red powder. Yield
(87.2%). m.p. 241°C. Elemental analysis: (Observed: C, 34.84; H, 2.85. P, 7.70; Sn, 17.01.
Calculated: C, 35.81; H, 2.50. P, 7.70; Se, 39.24, Sn, 14.75.). 1H-NMR H (400 MHz;
CDCl3; Me4Si) 7.33 (m, 4H, p-Ph), 7.40 (m, 8H, o-Ph), 7.80 (m, 8H, m-Ph). 13C-NMR
(CDCl3, 125 MHz) δ (ppm): 128.5, 128.7 & 132.3 (-Ph); FTIR bands and probable
assignments: 3046.15 cm−1, ν(ArCH); 1561.93, 1503.91, 1479.94 cm−1, ν(–C=C–);
1089.52 cm−1, ν(P–C6H5); 535.62 cm−1, ν(P=Se). Major mass spectral fragments (m/z):
M+ 805 [not observed], base peak 343 [Ph2PSe2]•, 268 [Ph2PSe)]•, 265 [PhPSe2)]•, 160
[Se2]•, 315 [Se4]•, 477 [Se6]•.
2.2.3.4 [Zn(Ph2PSe2)2]
This complex was synthesized following the process of making [In(Ph2PSe2)3] but
used ZnCl2 as metal salt. [Zn(Ph2PSe2)2] was obtained as white powder. Yield (92.8%).
m.p. 302 °C. Elemental analysis: (Observed: C, 35.41; H, 2.44; P, 6.88; Zn, 8.95.
Calculated: C, 38.35; H, 2.68; P, 8.24; Se, 42.02, Zn, 8.95.). 1H-NMR H (400 MHz;
CDCl3; Me4Si) 7.44 (m, 4H, p-Ph), 7.44 (m, 8H, o-Ph), 7.87 (m, 8H, m-Ph). 13C-NMR
(125 MHz) δ (ppm), CDCl3: 127.5, 127.9 & 132.1 (-Ph); FTIR bands and probable
assignments: 3053.76 cm−1, ν(ArCH); 1567.82, 1522.73, 1464.79 cm−1, ν(–C=C–);
1099.83 cm−1, ν(P–C6H5); 541.97 cm−1, ν(P=Se). Major mass spectral fragments (m/z):
M+ 751 [not observed], base peak 345 [Ph2PSe2]•, 408 [Zn(Ph2PSe)]•, 268 [Ph2PSe)]•, 265
[PhPSe2)]•, 158 [Se2]•, 476 [Se6]•.
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2.2.3.5 [Fe(Ph2PSe2)2]
This complex was synthesized following the process of making [In(Ph2PSe2)3] but
used FeCl3 as a metal salt. [Fe(Ph2PSe2)2] was obtained as a reddish brown powder. Yield
(89.1%). m.p. 302 °C. Elemental analysis: (Observed: C, 38.27; H, 2.87; P, 7.98; Fe, 7.61.
Calculated: C, 38.85; H, 2.72; P, 8.35; Se, 42.56, Fe, 7.53.). 1H-NMR H (400 MHz;
CDCl3; Me4Si) 7.33 (m, 4H, p-Ph), 7.42 (m, 8H, o-Ph), 7.86 (m, 8H, m-Ph). 13C-NMR
(125 MHz) δ (ppm), CDCl3: 129.2 & 132.3 (-Ph); FTIR bands and probable assignments:
3044.73 cm−1, ν(ArCH); 1562.35, 1516.76, 1491.74 cm−1, ν(–C=C–); 1096.83 cm−1, ν(P–
C6H5); 534.66 cm−1, ν(P=Se). Major mass spectral fragments (m/z): M+ 742
[Fe(Ph2PSe2)2], base peak 344 [Ph2PSe2]•, 399 [FePh2PSe2]•, 267 [PhPSe2)]•, 160 [Se2]•,
316 [Se4]•, 477 [Se6]•.
2.2.3.6 [Pb(Ph2PSe2)2]
This complex was synthesized following the process of making [In(Ph2PSe2)3] but
used Pb(NO3)2 as the metal salt. [Pb(Ph2PSe2)2] was obtained as shiny yellow crystals.
Yield (93.7%). m.p. 235 °C. Elemental analysis: (Observed: C, 32.29; H, 2.47; P, 7.16;
Pb, 23.10. Calculated: C, 32.27; H, 2.26; P, 6.93; Se, 35.35, Pb, 23.19.). 1H-NMR H (400
MHz; CDCl3; Me4Si) 7.39 (m, 4H, p-Ph), 5.51 (m, 8H, o-Ph), 7.85 (m, 8H, m-Ph). 13CNMR (125 MHz) δ (ppm), CDCl3: 127.1 & 131.7 (-Ph); FTIR bands and probable
assignments: 3053.65 cm−1, ν(ArCH); 1578.21, 1536.96, 1472.51 cm−1, ν(–C=C–);
1086.72 cm−1, ν(P–C6H5); 531.84 cm−1, ν(P=Se). Major mass spectral fragments (m/z):
M+ 894 [not observed], base peak 344 [Ph2PSe2]•, 550 [PbPh2PSe2]•, 265 [Ph2PSe2)]•, 160
[Se2]•, 316 [Se4]•, 476 [Se6]•.
2.2.3.7 [Cu4(Ph2PSe2)4]
This complex was prepared by the same procedure but either CuCl or CuCl2 was
used as the metal salt to obtain a brown powder of [Cu4(Ph2PSe2)4]. Yield (88.5%).
Elemental analysis: Observed: C, 35.05; H, 2.56; P, 7.87; Cu, 15.69. Calculated: C, 35.44;
H, 2.48; P, 7.62; Se, 38.83; Cu, 15.63%). 1H-NMR H (400 MHz; CDCl3; Me4Si) 7.84 (m,
4H, m-Ph), 7.40 (m, 8H, p-Ph), 7.40 (m, 8H, 4o-Ph). 13C-NMR (125 MHz) δ (ppm),
CDCl3: 128.3, 128.8 & 131.9 (-Ph); FTIR bands and probable assignments: 3041.87
cm−1, ν(ArCH); 1569.52, 1512.86, 1489.74 cm−1, ν(–C=C–); 1094.06 cm−1, ν(P–C6H5);
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538.58 cm−1, ν(P=Se). Major mass spectral fragments (m/z): M+ 894 [not observed], base
peak 344 [Ph2PSe2]•, 550 [PbPh2PSe2]•, 265 [Ph2PSe2)]•, 160 [Se2]•, 316 [Se4]•, 476 [Se6]•.
2.2.4

Deposition of thin films by AACVD
Thin films were deposited on glass slides of (1 x 3 cm) used as substrates.

Rigorous cleaning of these substrates was carried out to eliminate contamination.
AACVD experiments were performed using an improvised AACVD kit, described
elsewhere [4]. In typical AACVD procedure, a toluene solution containing 0.3
mmol of precursor (or mixture of precursors in a desired molar ratio for ternary and
quaternary materials) was taken in 150 mL two-neck round-bottom flask. One neck
of the flask was attached with carrier gas (argon) inlet while the second neck was
linked through reinforced tubing to the reactor containing glass substrates. The flow
rate of carrier gas was regulated at 90-160 mL/min (as required) through a Platon
flow gauge. A round-bottom flask having precursor dissolved in solvent was placed
over piezoelectric transducer of a PIFCO ultrasonic humidifier in a water bath. This
resulted in the generation of aerosols which traverse with the carrier gas and reach
the reactor tube containing six substrates (preheated to the desired temperature in
Carbolite furnace). When the aerosols approach the hot surface of substrates,
thermal degradation of solvent and precursor molecules occurs and a thin film of
residual material is deposited onto the substrate surface, because of thermally
induced reactions. The deposition was carried out at 350, 400, 450 and 500 C for
about 1.5 h, while keeping the carrier gas flow constant throughout the AACVD
experiment.
2.2.5

Colloidal preparation of nanoparticles
The typical procedure for the growth of nanoparticles started with degassing of

oleylamine (OA) (15 mL) for about 30 minutes in 100 mL three-necked flask connected
with a thermometer, condenser and a septum. The system was purged three times with
nitrogen and then the temperature was raised and maintained to target growth temperature
(180-240 °C). Afterward, the precursor complex (or a mixture of precursors in the desired
molar ratio for ternary and quaternary materials) was suspended in ~ 5 mL
trioctylphosphine (TOP), and injected into preheated OA. The onset of reaction was often
indicated by an immediate change in colour of reaction contents, due to the formation of
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nanomaterial’s nuclei. The temperature initially dropped and was re-maintained to the
target growth temperature. Thus formed nanocrystals nuclei underwent growth for further
45 minutes before discontinuation of heating and cooling of the reaction contents to 60
°C. Anhydrous methanol (ca 25 mL) was added and thus formed precipitates were
collected by centrifugation. As-obtained material was washed thrice with 10 mL of
methanol and re-dispersed in hexane for characterization.
2.2.5

Characterization techniques for materials
XRD patterns were recorded on Bruker D8 AXE diffractometer by scanning

thin films from 20 to 80 degrees. Philips XL30 FEGSEM microscope was used to
examine the microstructure and morphology of thin films. Edwards E-306A coating
system was used for carbon coating of thin films prior to SEM imaging.
Stoichiometric composition of thin films was determined by EDX analyses carried
out on a DX4 instrument.
Similarly, diffraction patterns of the nanoparticles were also acquired using
Bruker D8 AXE diffractometer (Cu-Kα) by forming a thin film of material on the
glass substrate by the drop cast method. Hexane suspension of material was used to
record UV-Vis-NIR spectra on Perkin Elmer λ-1050 spectrophotometer. TEM
samples prepared by evaporating a very dilute suspension containing nanoparticles
were loaded onto carbon films on 200 mesh copper grids from Agar Scientific.
Philips CM 200 microscope working at an accelerating voltage of 200 KVA was
used for obtaining the TEM images. HR-TEM images were recorded on Tecnai F30
TEM microscope operated at 300 KVA. Raman spectra were recorded on Horiba
T64000 triple 0.64m Raman spectrometer system. Kratos Axis Ultra X-ray
Photoelectron Spectroscopy (XPS) system with Al Kα monochromated X-ray
source, (1486.6 eV) was used to record XPS Spectra.
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2.3

Results and discussion

2.3.1

Synthesis of diisobutyldithiophosphinatometal complexes
Diisobutyldithiophosphinatometal complexes [Mx((iBu2PS2)y], where M = Cu, Sn,

Zn, Fe, In, Ga and Pb) were synthesized by reacting an aqueous solution of sodium
diisobutyldithiophosphinate (iBu2PS−Na+) with the aqueous solution of chloride, acetate
or nitrate salts of metals. This reaction strategy was chosen because it provides a simple
and straightforward route to corresponding diisobutyldithiophosphinatometal complexes
in good yield. The ligand salt (iBu2PS−Na+) is readily available from commercial suppliers.
It has already demonstrated its excellent chelating ability with various metals in industrial
scale froth flotation of minerals. Precipitates formed as a result of instant reaction were
filtered under vacuum, washed with water and dried. The complexes, thus formed, have
good air and moisture stability; hence, no special storage conditions are required.
Subsequently, characterization of the complexes was done by using elemental analysis
and spectroscopic techniques like FTIR spectroscopy, NMR spectroscopy and mass
spectrometry. A brief summary of the preparation of diisobutyldithiophosphinato-metal
complexes is given in Table 2.1 whereas details of the elemental analysis for
[Mx((iBu2PS2)y] is given in Table 2.2.
Table 2.1: Summary of preparation of diisobutyldithiophosphinatometal complexes
Metal salt

Product / molecular formula

Product appearance

Yield (%)

CuCl

[Cu4(iBu 2PS2)4]

yellow crystals

76.4

InCl3

[In(iBu 2PS2)3]

Colorless crystals

70.7

GaCl3

[Ga(iBu 2PS2)3]

Colorless crystals

85.7

SnCl2

[Sn(iBu 2PS2)2]

Reddish Brown

75.8

ZnSO4

[Zn(iBu 2PS2)2]

Colorless crystals

88.3

FeCl3

[Fe(iBu 2PS2)2]

Dark brown powder

78.5

Pb(NO3)2

[Pb(iBu 2PS2)2]

Yellow crystals

92.8
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Table 2.2: Microanalysis results showing the stoichiometric composition of
diisobutyldithiophosphinatometal complexes.

Complexes

Elemental Analysis
Expected

Found

C

H

P

S

Metal

C

H

P

S/Se

Metal

[Cu(iBu2PS2)2]

66.27

6.07

11.65

8.04

7.97

65.82

6.19

12.04

8.11

7.83

[Ga(iBu2PS2)3]

41.32

7.80

13.32

27.57

9.99

41.17

7.69

12.73

28.29

10.12

[In(iBu2PS2)3]

38.81

7.33

12.51

25.90

15.46

40.16

7.73

12.35

24.89

15.20

[Sn(iBu2PS2)2]

35.76

6.75

11.53

23.86

22.09

36.13

6.64

10.87

24.12

22.24

[Zn(iBu2PS2)2]

38.70

7.50

12.80

26.49

13.51

38.88

8.34

12.38

25.82

12.95

[Fe(iBu2PS2)2]

40.50

7.65

13.06

27.03

11.77

42.15

7.36

13.18

26.67

11.48

[Pb(iBu2PS2)2]

30.71

5.80

9.89

20.48

33.11

30.76

6.23

9.94

20.49

32.71

A representative FT-IR spectrum of diisobutyldithiophosphinatometal complexes
is shown in Figure 2.1. Typical absorption bands appearing in the spectra include those
corresponding to – CH3 stretching, – CH2 – stretching, – C(CH3)2 stretching, P – C
stretching and P = S stretching vibrations. IR absorption peaks identified for these
vibrations in FT-IR spectra of diisobutyldithiophosphinatometal complexes are given in
Table 2.3. FT-IR absorption spectra demonstrate that the characteristic peak for – SNa,
reported in sodium diisobutyldithiophsphinate is diminished revealing the replacement of
Na with other metal ions.
The characterization of the complexes, with the help of proton (1H) and carbon
(13C) NMR spectroscopy has been carried out. Acquisition of the

31

P and

79

Se-NMR

spectra was also attempted; however, lower resolution and low signal to noise ratio of the
spectra

did

not

yield

any

conclusive

results.

1

H-NMR

spectra

of

diisobutyldithiophosphinatometal complexes demonstrate a similar set of NMR signals
for iBu- group in all complexes.
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Figure 2.1. FT-IR Spectrum of diisobutyldithiophosphinatozinc(II) complex
Table 2.3: Major IR absorption
diisobutyldithiophsphinatometal complexes

frequencies

in

FTIR

spectra

S– Metal

–CH3

–CH2–

–C(CH3)2

P–C

P=S

stretching

stretching

stretching

stretching

stretching

2955.5

2867.3

1396.2

772.5

705.5

580.0

[Ga( Bu2PS2)3]

2956.2

2871.4

1373.9

752.2

720.4

615.2

[In(iBu2PS2)3]

2959.1

2866.6

1382.9

743.8

721.6

603.4

[Sn(iBu2PS2)2]

2948.7

2863.7

1373.9

756.9

718.3

605.7

[Zn( Bu2PS2)2]

2954.4

2867.6

1365.4

765.6

711.6

595.9

[Fe(iBu2PS2)2]

2955.4

2868.5

1387.4

765.6

716.7

594.8

2952.8

2866.1

1364.4

764.3

719.1

579.3

Complex
[Cu(iBu2PS2)2]
i

i

i

[Pb( Bu2PS2)2]

Figure

2.2

shows

the

representative

1

H-NMR

spectrum

of

of

the

diisobutyldithiophosphinatometal complexes. It is evident that the spectrum displayed one
doublet (d) for methyl (–CH3) protons around 1.1 ppm, one doublet of doublet (dd) for
methylene (–CH2–) protons around 2.0 ppm and one multiplet (m) for methyn (–CH)
proton around 2.4 ppm. This is in good agreement with previous reports of the NMR
spectroscopy of diisobutyldithiophosphinatometal complexes [5,6]. A summary of
chemical shift values for 1H-NMR spectra is presented as Table 2.4.
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Figure 2.2. 1H-NMR spectrum of [iBu2In(S2P)3] complex
Table 2.4: Chemical shift values for 1H-NMR spectra of diisobutyldithiophsphinato-metal
complexes
Complex

1

H-NMR Shift Values (ppm)

-(CH3)

-(CH2)-

-(CH)

[Cu(iBu2PS2)2]

0.97, d, 3JH-H=6.8 Hz

1.91, dd, 3JH-H=10.87 Hz, 6.8 Hz

2.21, m, 3JH-H=6.8 Hz

[Ga(iBu2PS2)3]

1.08, d, 3JH-H=6.5 Hz

2.03, dd, 3JH-H=10.82 Hz, 6.2 Hz

2.42, m, 3JH-H=6.7 Hz

[In(iBu2PS2)3]

1.08, d, 3JH-H=6.8 Hz

2.02, dd, 3JH-H=10.78 Hz, 6.2 Hz

2.37, m, 3JH-H=6.5 Hz

[Sn(iBu2PS2)2]

1.06, d, 3JH-H=6.3 Hz

2.02, dd, 3JH-H=10.72 Hz, 5.9 Hz

2.28, m, 3JH-H=6.4 Hz

[Zn(iBu2PS2)2]

1.05, d, 3JH-H=6.8 Hz

2.08, dd, 3JH-H=10.68 Hz, 5.9 Hz

2.39, m, 3JH-H=6.4 Hz

[Fe(iBu2PS2)2]

1.11, d, 3JH-H=6.4 Hz

2.01, dd, 3JH-H=10.82 Hz,5.9 Hz

2.40, m, 3JH-H=6.7 Hz

[Pb(iBu2PS2)2]

1.06, d, 3JH-H=6.4 Hz

1.93, dd, 3JH-H=10.80 Hz, 5.9 Hz

2.32, m, 3JH-H=6.5 Hz

Figure 2.3. 13C-NMR spectrum of [Pb(iBu2PS2)2]
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13

C-NMR spectra of [Mx(iBu2PS2)y] complexes (Figure 2.3) show three peaks as

doublets which correspond to three different types of carbon nuclei present in
diisobutyldithiophosphinate moiety. These nuclei are of the carbon atoms in methyl
(-CH3), methylene (-CH2-), and methyn (-CH) groups. All three carbons interact with
dithiophosphinate phosphorus which means that splitting of these carbon signals into
doublets is induced by the spin active phosphorous atom. A previous report showed three
singlets in

13

C-NMR spectra of [In(iBu2PS2)3] and [Ga(iBu2PS2)3] complexes [7].

However, in present work, these complexes also gave doublets for three types of carbon
nuclei present in these molecules. The doublet appearing around 48–52 ppm corresponds
to the methyn (-CH) carbons which are nearest to the phosphorous. There appear other
two doublets at around 24 and 25 ppm. Integration of the peaks suggests that the stronger
signal around 24 ppm can be assigned to the carbons of the CH3 groups. This in turn
implies that the NMR signal at around 25 ppm corresponds to the carbons of the methylene
-CH2

groups.

Summary

of

the

13

C-NMR

shift

values

for

different

diisobutyldithiophosphinatometal complexes prepared in this work is presented as Table
2.5.
Table 2.5: Chemical shift values for

13

C-NMR spectra of diisobutyldithiophsphinato-

metal complexes
13

Complex
-(CH3)

C-NMR Shift Values (ppm)
-(CH2)-

-(CH)

[Cu(iBu2PS2)2]

24.64, d, JP-C=

25.06, d, JP-C=

49.54, d, JP-C=

[Ga(iBu2PS2)3]

24.69, d, JP-C=8.99 Hz

24.81, d, JP-C=4.29 Hz

47.34, d, JP-C=43.95 Hz

[In( Bu2PS2)3]

24.75, d, JP-C=9.02 Hz

24.88, d, JP-C=4.31 Hz

47.41, d, JP-C=44.65 Hz

[Sn(iBu2PS2)2]

24.53, d, JP-C=8.97 Hz

24.91, d, JP-C=4.29 Hz

46.74, d, JP-C=44.59 Hz

[Zn( Bu2PS2)2]

24.44, d, JP-C=8.99 Hz

25.15, d, JP-C=4.28 Hz

51.6, d, JP-C=43.71 Hz

[Fe(iBu2PS2)2]

23.44, d, JP-C=8.92 Hz

25.43, d, JP-C=4.28 Hz

50.92, d, JP-C=44.51 Hz

[Pb(iBu2PS2)2]

24.43, d, JP-C=9.02 Hz

25.13, d, JP-C=4.31 Hz

51.51, d, JP-C=44.65 Hz

i

i

Mass spectroscopic characterization of [Mx(iBu2PS2)y] complexes was carried out
by using atmospheric pressure chemical ionization (APCI). The complexes demonstrated
a simple fragmentation pattern. The base peak was observed for the ligand in all cases,
whereas the molecular ion peak (M+) can also be traced out for most of the complexes.
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Figure 2.4 shows the APCI-MS spectrum of [Zn(iBu2PS2)2] which demonstrated a
weak molecular ion peak at m/z 480; thus confirming the expected zinc complex. As
described earlier, the base peak was observed for C8H18PS2• (ligand fragment) at m/z 209.
Furthermore, another important peak was observed at m/z 274, which corresponds to
C8H18PS2Zn•.

Figure 2.4. APCI-MS spectrum of [Zn(iBu2PS2)2]
2.2.3

Synthesis of diphenyldiselenophosphinatometal complexes
Previously,

diisopropyldiselenophosphinatometal

complexes

have

been

synthesized through reaction of [HNET3][iPr2PSe2] ligand salt with the metal chlorides.
This ligand was prepared by the reaction of trimethylamine (HNEt3), triethylsilane
(HSiEt3) and chlordiisopropylphosphine (iPr2PCl) [8]. However, this reaction involved
>20 hours reflux under nitrogen and was not reproducible due to a competing side
reaction. In this study, preparation of diphenyldiselenophosphinatometal complexes
[Mx(Ph2PSe2)y] (where M = Cu, Sn, Zn, Fe, In, Ga and Pb) has been carried out by using
a

two-step

strategy.

Initial

step

involved

the

preparation

of

potassium

diphenylphosphinodiselenoate through a facile, efficient and reproducible reaction
between diphenylphosphine and elemental selenium, in presence of potassium hydroxide.
Subsequently, this compound was used as a ligand and its reaction with metal salts yielded
[Mx(Ph2PSe2)y] complexes. This method was chosen because it leads to the reproducible
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synthesis of diphenyldiselenophosphinato-metal complexes in high yields at moderate
reaction conditions. No reflux for longer periods is required as the reaction occurs at room
temperature and completes in 5 minutes. Moreover, this is a clean reaction without any
problematic side reactions affecting its yield. A summary of preparation of
diphenyldiselenophosphinatometal complexes is given in Table 2.6.

Table 2.6: Summary of preparation of diphenyldiselenophosphinatometal complexes
Metal salt

Product / molecular formula

Product appearance

Yield
(%)

CuCl

[Cu4(Ph 2PSe2)4]

Pale yellow powder

88.5

InCl3

[In(Ph 2PSe2)3]

Yellow powder

91.2

GaCl3

[Ga(Ph 2PSe2)3]

White powder

94.6

SnCl2

[Sn(Ph 2PSe2)2]

Orange Powder

87.2

ZnSO4

[Zn(Ph 2PSe2)2]

White powder

92.8

FeCl3

[Fe(Ph 2PSe2)2]

Reddish brown powder

89.1

Pb(NO3)2

[Pb(Ph 2PSe2)2]

Yellow crystals

93.7

Table 2.7. Microanalysis results for diphenyldiselenophosphinatometal complexes
Elemental Analysis
Complexes

Expected
C

H

P

Se

[Cu4(Ph2PSe2)4]

35.44

2.48

7.62

38.83

[In(Ph2PSe2)3]

37.79

2.64

8.12

[Ga(Ph2PSe2)3]

39.34

2.75

[Sn(Ph2PSe2)2]

35.81

[Zn(Ph2PSe2)2]

Found
Metal

C

H

P

Metal

15.63

35.05

2.56

7.87

15.69

41.41

10.04

38.16

2.52

8.29

10.47

8.45

43.11

6.34

38.81

2.69

8.58

6.71

2.50

7.70

39.24

14.75

34.84

2.85

7.70

17.01

38.35

2.68

8.24

42.02

8.70

35.41

2.44

6.88

8.95

[Fe(Ph2PSe2)2]

38.85

2.72

8.35

42.56

7.53

38.27

2.87

7.98

7.61

[Pb(Ph2PSe2)2]

32.27

2.26

6.93

35.35

23.19

32.29

2.47

7.16

23.10
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Characterization of the [Mx(Ph2PSe2)y] complexes was carried out by employing
elemental analyses, FTIR spectroscopy, NMR spectroscopy and mass spectrometry.
Elemental analyses results were consistent with the calculated stoichiometric ratios for
various elements in the complexes, in given error limits for the analyses. However, in
some cases, an excess percentage of the metal was recorded which might be due to an
incomplete chemical reaction but adsorption of metal on the complex due to surface
interactions. Detail of the microanalysis results for [Mx(Ph2PSe2)y] complexes is given in
Table 2.7.
FT-IR spectroscopy was used for characterization of the [Mx(Ph2PSe2)y]
complexes. The expected range for the metal-selenium (M–Se) oscillations is between
200–150 cm-1, which is beyond the measurement range of IR instruments. Therefore, the
FT-IR spectra of diphenyldiselenophosphinatometal complexes displayed IR group
frequency bands originating from the ligand oscillations. Plenty of literature on the
assignment of group frequency bands for thiophosphinato- compounds is available.
However, very scarce attention has been paid to the assignment of IR frequencies for
analogous diselenophosphinato- compounds. There are few common bands, which appear
in the IR spectra of diphenyldiselenophosphinatometal complexes and can be assigned to
various types of bonds for this class of complexes. These bands include 3070 – 3010 cm1

(for aromatic SP2 C-H stretching), three bands at around ~ 1570, 1513 and 1486 for

various stretching vibration modes of SP2 C=C, a weak band around 1130 – 1090 cm-1 for
P-C6H5. Moreover, two bands at 570 – 510 cm-1 and 520 – 445 cm-1 for symmetric and
asymmetric P=Se stretching have been reported by Kuchen and Hertell [9] as well as
Krishnan and Zingaro [10,11]. Typical FT-IR spectrum for diphenyldiselenophosphinatometal complexes (diphenyldiselenophosphinatolead(II) is shown in Figure 2.5. IR peaks
recorded for important vibration modes in FT-IR spectra of diphenyyldiselenophosphinatometal complexes are presented as Table 2.8.
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Figure 2.5. FT-IR Spectrum of diphenyldiselenophosphinatolead(II) complex

Table 2.8. Major IR absorption frequencies in FTIR spectra of diphenyldiselenophsphinatometal complexes
Complex

Ar-C–H

–C=C– stretching

stretching

P–C6H5

P=Se

stretching

stretching

[Cu4(Ph2PSe2)4]

3041.9

1569.5

1512.9

1489.7

1094.1

538.6

[In(Ph2PSe2)3]

3049.3

1561.8

1517.0

1478.2

1089.8

541.6

[Ga(Ph2PSe2)3]

3054.0

1572.7

1509.6

1491.6

1083.5

533.4

[Sn(Ph2PSe2)2]

3046.2

1561.9

1503.9

1479.9

1089.5

535.6

[Zn(Ph2PSe2)2]

3053.8

1567.8

1522.7

1464.8

1099.8

542.0

[Fe(Ph2PSe2)2]

3044.7

1562.4

1516.8

1491.7

1096.8

534.7

[Pb(Ph2PSe2)2]

3053.7

1578.2

1537.0

1472.5

1086.7

531.8
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Figure 2.6. 1H-NMR spectrum of [Sn(Ph2PSe2)2] complex

As observed for dithiophosphinato- complexes, only one set of NMR signals for
all diphenyldiselcophosphinato- complexes was obtained demonstrating symmetrical
configuration of all phenyl groups in a complex. NMR spectra of the [Mx(Ph2PSe2)y]
complexes did not have a good resolution and were generally of diffused nature. However,
one multiplex at about 7.8 ppm for meta phenyl proton, and multiplex at around 7.4 ppm
for para phenyl proton as well as ortho phenyl proton were easily traceable in the spectra.
In most of the spectra, the NMR signals for these latter two peaks overlapped to form a
single broad peak. NMR spectrum of diphenyldiselenophosphinatotin(II), as a
representative spectrum for the [Mx(Ph2PSe2)y] complexes is shown in Figure 2.6, whereas
a

summary

of

chemical

shift

values

for

1

H

NMR

spectra

of

diphenyldiselenophosphinatometal complexes, prepared in this work, is
presented as Table 2.9.
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Table 2.9. Chemical shift values for

1

H-NMR spectra of diphenyldiseleno-

phosphinatometal complexes
Complex

1

H-NMR Shift Values (ppm)

m-(C6H5)

p-(C6H5)

o-(C6H5)

[Cu4(Ph2PSe2)4]

7.84, m

7.40, m

7.40, m

[In(Ph2PSe2)3]

7.89, m

7.43, m

7.43, m

[Ga(Ph2PSe2)3]

7.76, m

7.33, m

7.33, m

[Sn(Ph2PSe2)2]

7.81, m

7.41, m

7.41, m

[Zn(Ph2PSe2)2]

7.87, m

7.44, m

7.44, m

[Fe(Ph2PSe2)2]

7.86, m

7.42, m

7.42, m

[Pb(Ph2PSe2)2]

7.85, m

7.39, m

5.51, m

Figure 2.7. 13C-NMR spectrum of [Zn(Ph2PSe2)2] complex
13

C-NMR spectra of diphenyldiselenophosphinato- complexes displayed a weak

signal around 128-133 ppm, as shown in Figure 2.7. This peak is the characteristic peak
for monosubstituted phenyl groups. This signal was generally suppressed by very strong
signal arising from the solvent CDCl3 which gives a triplet around 77-78 ppm. Further
processing of the signal at 128-133 revealed it to be a closely spaced triplet which reveals
three chemical environments for phenyl carbons at ortho, meta and para position. In case
of [Zn(Ph2PSe2)2] this signal comprised of three peaks at 128.5 ppm, 128.7 ppm and 132.3
ppm.
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Figure 2.8. APCI-MS spectrum of [Zn(Ph2PSe2)
The mass spectrum of diphenyldiselenophosphinatometal complexes
shows a base
2]

peak at m/z 344 which corresponds with the ligand Ph2PSe2•. The molecular ion M+ peak,
where observed, appeared as a weak peak which confirmed the formation of the complex
under investigation. Most of the mass spectra for diphenyldiselenophosphinatometal
complexes demonstrated fragments for selenium adducts at m/z values which are
multiples of 79 or 80. For example, in case of the mass spectrum of [Sn(Ph2PSe2)2]
displayed in Figure 2.8, the weak peaks at 160, 316 and 477 may be attributed to Se2, Se4
and Se6 adducts, respectively. Base peak is due to Ph2PSe2 • at 343 (Exact value = 344.08),
whereas two other important peaks arise at 265 and 268 for Ph2PSe• and PhPSe2•,
respectively.

2.4

Conclusion
A series of diisobutyldithiophosphinatometal complexes with general formula

[Mx(iBu2PS2)y], as well as diphenyldiselenophosphinatometal complexes with general
formula [Mx(Ph2PSe2)y], have been synthesized. Efficient and reproducible synthetic
routes employed for synthesis, provide a good yield of the target compounds. These
compounds are subsequently used as molecular precursors for deposition of various
binary, ternary and quaternary semiconductor materials. These complexes have been
characterized by microanalysis and spectroscopic techniques like FT-IR, NMR and Mass
spectrometry. Characterization results are in conformance with previously reported results
for these families of compounds and thus confirm the synthesis of target complexes.
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Chapter No. 3
Deposition of Binary Thin Films and
Nanoparticles
3.1

Introduction
This

chapter

presents

use

of

molecular

precursors

of

diisobutyldithiophosphinatometal [Mx(iBu2PS2)y] and diphenyldiselenophosphinatometal
[Mx(Ph2PSe2)y] families for deposition of metal chalcogenide M-E (where M=metal and
E=S,Se) thin films using AACVD technique. Similarly, thermal degradation of these
complexes in coordinating solvents has been studied to evaluate their potential as SSPs
for synthesis of M-E nanoparticles.
Metal sulfide thin films and nanoparticles have gained substantial research
interest because of their wide-ranging applications in catalysis, chemical sensors,
optoelectronic devices, solar cells, superconductors and also in ionic batteries.
Therefore, a wide variety of deposition techniques have been employed during
previous decades for growth of good quality films, with controlled composition and
properties. Similarly, a number of methods for growth of nanoparticles have also
been developed. Important methods developed for deposition of metal
chalcogenide films include spin coating, CBD, chemical spray pyrolysis, physical
vapor deposition (PVD), successive ion layer adsorption and reaction (SILAR),
modulated flux deposition, atomic layer deposition (ALD), electrodeposition and
MOCVD including AACVD. However, it is a general observation that the
deposition of thin films usually encounters the problems of undesired impurity
phases, varied level of crystallinity and varying optoelectronic features.
Particularly, control of crystallographic phase and composition of as deposited
metal chalcogenide films is a significant research challenge.
CVD provides excellent control on shape, crystallographic phase and
composition of deposited thin films. Moreover, CVD has already exhibited a
remarkable potential for up-scaling thin film deposition procedure. Accordingly, an
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excellent research attention has been devoted to exploration of CVD routes and
consequently scientific community has shown a growing interest in designing
suitable precursors for CVD. AACVD is different than conventional CVD as it
circumvents the stringent volatility and thermal stability requirements for CVD
precursors. Similarly, prudent design of CVD precursors and effective control of
deposition parameters including precursor concentration, flow rate of carrier gas
and deposition temperature may yield good quality films for high-tech applications.
Therefore, our research efforts are dedicated to explore metal-organic complexes
as precursors to metal sulfide and selenide nanocrystals and thin films.

3.2

Copper sulfide
Copper sulfide nanocrystals and thin films have gained considerable

attention owing to their widespread scientific and technological applications. They
find extensive use in modern optoelectronic devices e.g. solar cells [1], differential
radiation filter windows [2], nanoscale switches [3] and lithium rechargeable
batteries [4]. Copper sulfide thin films have also been employed in photo-catalysis
[5], microwave shielding [6], water splitting [7] and as solar control coatings [8].
Moreover, use of copper sulfide nanostructures in photo-thermal therapy [9], bioimaging [10] and thermoelectric applications [11] has been explored, as well. The
use of copper sulfide films, as solar absorber layer in CdS-CuxS solar cells, was
reported as early as in 1950 [12]. However, this material has got a great deal of
renewed research focus due to discovery of various crystallographic phases, as well
as stoichiometric compositions for Cu2-xS (where 1< x >2). Vaughan states that
only end members i.e. Cu2S and CuS were identified in this system until 1940 [13].
However, nine other phases of copper sulfide had been discovered by 1974 and
until 2006, fourteen distinct phases of copper sulfide have been identified [14].
Important phases include djurleite (Cu31S16 or Cu1.94S), chalcocite (Cu2S), digenite
(Cu9S5 or Cu1.8S), covellite (CuS), anilite (Cu7S4 or Cu1.75S) and villamaninite
(CuS2) [15]. At ambient temperatures, copper sulfide is known to exist either as
copper-rich or copper-poor phases. Djurleite (Cu1.94S), chalcocite (Cu2S), anilite
(Cu7S4) and digenite (Cu9S5 or Cu1.8S) are some of the copper-rich phases, whereas
covellite (CuS) is a copper poor phase. It shows a bulk band gap of 1.2 eV. Its
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lower toxicity than other semiconductors and composition based on earthabundant elements are also the key factors for its wide applicability in solar
PV.
Various techniques employed to deposit CuxS thin films include CBD [16],
vacuum evaporation [17], spray pyrolysis [18], photochemical deposition (PCD) [19], RF
and magnetron sputtering [20], SILAR method [21], and CVD [22]. Deposition of CuxS
films by AA-CVD using SSPs has also been studied [23]. O’Brien et al. have deposited
CuxS

thin

films

from

1,1,5,5-tetra-iso-propyl-2-thiobiuret

[Cu(SON(CNiPr2)2)2]

precursors by AACVD [24]. The same precursor yielded Cu7S4 nanocrystals upon
thermolytic degradation. In present work, deposition of Cu2-xS thin films has been carried
out

using

Ph3P

stabilized

diisobutyldithiophosphinatocopper(I)

complex

[Cu(iBu2PS2)(PPh3)2]. We have also used this complex as precursor for colloidal
preparation of copper sulfide nanoparticles.
3.2.1

Deposition of Cu2-xS thin films
The deposition of copper sulfide thin films onto glass substrates by AACVD

from [Cu(iBu2PS2)(PPh3)2] precursor has been studied at different temperatures
(350 to 500 ºC). AACVD at 350 °C yielded dull black thin films that contained a
greyish surface residue. This grey material was removed in scotch tape test while
black film underneath this material fairly adhered to glass substrate. Deposition at
400 ºC, 450 ºC and 500 ºC gave well-adhered bluish-black thin films that
successfully underwent the scotch tape test. Films deposited at all experimental
temperatures demonstrated a good uniform coverage of glass substrates. Figure 3.1
displays p-XRD patterns of films grown at different temperatures. Analysis of the
p-XRD patterns revealed that a biphasic mixture comprising rhombohedral digenite
phase Cu9S5 (ICDD pattern 00-047-1748) and cubic digenite phase Cu7.2S4 (ICDD
pattern 00-024-0061) was deposited at 350 C, 450 ºC and 500 ºC. However,
rhombohedral digenite Cu9S5 was deposited as monophasic thin film during
AACVD at 400 ºC.
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Figure 3.1. The p-XRD patterns of Cu2-xS thin films from [Cu(iBu2PS2)(PPh3)2] at
(a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C indexed with standard ICDD patterns
00-047-1748 (blue) for rhombohedral digenite and 00-024-0061 (red) for cubic digenite
Cu2-xS phases.
The microstructure of as deposited Cu2-xS thin films was studied with the
help of SEM imaging. Figure 3.2 shows representative images of Cu2-xS films
deposited at various deposition temperatures. SEM images clearly demonstrate that
thin films deposited at different temperatures have distinct morphologies. A thick
layer comprising loosely adsorbed grains over a thin sheet of small globular crystals
was observed in film deposited at 350 ºC. SEM image of film deposited at 400 ºC
displayed randomly oriented crystals having multiple facets. Deposition of similar
grains along with some loosely grey material was observed in thin film grown at
450 ºC. SEM image for film at 500 ºC demonstrated growth of larger rhombohedral
and triangular crystals having an approximate size of 1.0-1.2 µm. Crystallites
observed in films grown at 400 and 450 ºC had a submicron size. EDX analysis
revealed a slight deficiency of copper from expected 2:1 ratio for copper and sulfur.
Moreover, individual grains also displayed variations in stoichiometric composition
in EDX analyses.
Optical band gap of the thin films was calculated from Tauc plots (Appendix
1). Linear part of (αhυ)2 Vs hυ curve was extrapolated to hυ axis, where (αhυ)2
approached zero. Band gap value was calculated as ~ 1.82, 1.80 and 1.80 eV for the
thin films grown at 450 C. Band gap values ranging from 1.67 eV - 1.99 eV have
been reported for Cu2-xS films depending upon deposition procedure employed
[25].
73

Figure 3.2. SEM images of as deposited Cu2-xS thin films at temperatures (a) 350 °C
(b) 400 °C (c) 450 °C and (d) 500 °C.
3.2.2 Copper sulfide nanoparticles
Copper sulfide nanocrystals have been explored for many applications that broadly
include p-type semiconductor material for solar devices [26], nano-scale switches [27]
and cathode materials for lithium rechargeable batteries [28]. Various techniques have
been evolved for synthesis of copper sulfide nanoparticles. Hydrothermal method was
used for preparation of djurleite nanotubes and digenite nanowires by reacting CuCl and
thiourea [29]. Nanocrystalline Cu9S8, Cu7S4 and CuS were synthesized in autoclaves by
reaction of [Cu(NH3)4]2+ and thiourea [30]. Solvothermal reaction performed in toluene
using copper acetate and CS2 yielded CuS nano-platelets [31]. Korgel et al. synthesized
nanoplatelets, nanodisks and nanorods of Cu2S through solventless thermal degradation
of copper alkylthiolate molecular precursors [32]. Chen et al. prepared nanoplates of Cu2S
[33] and nanoflakes of CuS [34] by thermolysis of [Cu(acac)2] with elemental sulfur in
oleylamine (OA). Thermal decomposition of different precursors like [Cu(acac)2] or
CuCl2 and sulfur or dodecanethiol (DDT), produced hexagonal nanodisks of CuS [35],
Cu7S4 [36], and Cu2S. Nanocrystals of CuS [37], Cu7S4 [38], and Cu2S [39] were
synthesized by thermolysis of SSPs including alkyl mercaptobenzothiazole, xanthates,
thiobenzoates, dithiocarbamates and dithiolates in hot coordinating solvents [40].
In this study, copper sulfide nanoparticles have been grown by thermolysis of
[Cu(iBu2PS2)(PPh3)2] complex at 180, 210 and 240 °C. When this single source precursor
is injected into OA (preheated at desired reaction temperature), nucleation starts
immediately with colour of reaction contents transformed to dark brown. Further reaction
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Figure 3.3. The p-XRD patterns of Cu2-xS nanoparticles prepared by thermolysis of
[Cu(iBu2PS2)(PPh3)2] at (a) 180 °C (b) 210 °C and (c) 240 °C. Standard ICDD pattern
0-024-0061 for cubic digenite phase of Cu2-xS is shown as vertical lines
for 45 minutes resulted in growth and Ostwald’s ripening of the nanocrystals. Subsequent
work up of the reaction by cooling, repeated centrifugation and washing gave dark brown
nanocrystals, which were suspended in hexane for subsequent analysis and
characterization. Thus obtained nanocrystals were characterized through p-XRD, TEM,
EDX and UV-Vis spectroscopy.
Powder XRD patterns of nanoparticles grown at 180, 210 and 240 °C are displayed
in Figure 3.3. It was found that the XRD patterns comprised narrow and sharp peaks with
good resolution. Minor peaks that usually appear at higher 2 θ angles in case of bulk
material were also found in the p-XRD patterns. Such sharp peaks suggest that the
nanocrystals have larger mean diameter. Prominent peaks were observed at 27.72,
32.12, 46.05, 54.60, 58.12 and 67.17 2θ angles. These peaks may be assigned to
(111), (200), (220), (300), (311), (320) and (400) lattice planes of cubic digenite phase of
copper sulfide (ICDD 00-024-061) with Fm-3m space group. The diffraction peaks for
nanoparticles grown at higher temperature were relatively narrower and sharp suggesting
somewhat larger size of the nanoparticles obtained with increase in reaction temperature.
Mean diameters of the nanocrystals grown at different temperatures were calculated using
Scherrer equation. These calculations gave mean particle diameter of 31.97 nm, 43.16 nm,
and 62.31 nm for Cu2-xS nanoparticles grown at 180, 210 and 240 °C, respectively.
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TEM images were used to study microstructure of as grown copper sulfide
nanoparticles. Representative TEM images of nanocrystals grown at 180, 210 and 240 °C
are shown in Figure 3.4. It was observed that Cu2-xS nanoparticles prepared at different
reaction temperatures had distinct size and morphologies. It was also observed that the
nanoparticles were monodispersed with clear grain boundaries, though slight aggregation
was observed for nanocrystals grown at 180 °C. Nanocrystals grown at 180 °C exhibited
cubic and quasi-spherical morphology, whereas those prepared at 210 °C had a tetragonal
morphology. Relatively larger size variation was observed in nanoparticles prepared at
180 °C than nanocrystals grown at 210 and 240 °C. Mean diameter of nanocrystals
obtained at 180, 210 and 240 °C was found to be 33.2 ± 4.7 nm, 45.2 ± 7.9 nm and 65.4
± 10.8 nm, respectively. These values are consistent with those obtained from Scherrer
equation, except in case of nanoparticles grown at 180 °C. HR-TEM images showed
lattice fringes for whom an inter-planer spacing of 0.32 nm was calculated. This value
conforms to the d-spacing for (111) lattice plane of Cu2-xS. TEM EDX analyses confirmed
roughly 2:1 ratio of Cu and S atoms in as obtained nanocrystals.

Figure 3.4. (a-c) TEM and (e-f) HR-TEM images of Cu2-xS nanoparticles grown by
thermolysis of [Cu(iBu2PS2)(PPh3)2] at 180 °C, 210 °C and 240 °C.
UV-Vis-NIR spectra of the nanocrystals showed a broad shoulder with a tail
towards long wavelength. UV-Vis-NIR data was used to draw the Tauc plots (Appendix
1) by employing the Tauc formula. Optical band gaps were measured through
extrapolation of straight line portion of (αhυ)2 versus curve to the hυ (eV) axis. Band gap
values were calculated as 1.85, 1.84 and 1.82 eV, respectively for nanocrystals prepared
at 180, 210 and 240 °C.
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3.3

Copper selenide
Copper selenide is an important binary compound semiconductor of I–VI family

of compound semiconductors. It exists as AI2-xBVI, having diverse crystallographic forms
that include tetragonal, cubic, monoclinic or orthorhombic forms [41]. Formation of a
particular crystallographic phase is linked with the method used for preparation. At room
temperature, CuSe exists as hexagonal phase but at 48 ◦C, it is converted to orthorhombic
form and reverts to hexagonal form at 120 ◦C [42]. A variety of compositions like Cu2Se,
CuSe, Cu3Se2, CuSe2, Cu7Se4, Cu5Se4 etc. and non-stoichiometric compositions, generally
represented as Cu2-xSe, have been reported for copper selenide [43]. During past two
decades, Cu2-xSe has been a focus of investigation because of its unique properties and
potential use in electro-optical [44], thermoelectric [45] and solar PV devices [46]. It
typically demonstrates a p-type semiconductor behaviour and a bandgap ranging from 1.1
to 1.29 eV. Hence, it finds application in solar energy conversion and has also been used
as semi-transparent coating in high-speed photo-detectors [47]. Cu2-xSe films have been
deposited through a wide variety of techniques. Some important techniques include the
vacuum evaporation [48], electrodeposition [49], solution phase growth [50], chemical
bath deposition [51], D.C. magnetron sputtering [52] and chemical vapor deposition [53].
Lokhande et al. have employed solution phase growth to deposit Cu2-xSe thin
films onto glass substrates [54]. These films exhibited monoclinic crystallography and
comprised of needle like particles. O’Brien group have utilized AACVD and LP-MOCVD
for growth of highly oriented copper selenide and copper sulfide thin films, using
asymmetric carbamato- complex with formula Cu[E2CNMenHex]2 (where E=S, Se) [55].
In their study, AACVD proved problematic and did not yield finer thin films of Cu 2-xSe.
However, LP-MOCVD experiments resulted in deposition of good quality thin films.
Synthesis of chalcogen bridged copper cluster [Cu4{Se2P(OiPr)2}4] was reported by Liu
et al. and they utilized this compound for obtaining non-stoichiometric Cu2-xSe nanowires,
on fused silica substrates by CVD in a hot-wall tubular quartz reactor [56]. Sharma and
his co-workers have reported the room temperature deposition of Cu2-xSe films on glass
substrates by solution growth technique employing CuCl, Se powder, Na2SO3 and NH3
[57]. SEM and AFM analyses demonstrated the deposition of uniform thin films having
2.03 eV band gap and mean surface roughness of 13.1 nm. Previously, [Cu4(iPr2PSe2)4]
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complex has been employed as SSP for deposition of Cu2-xSe thin films through AACVD.
In this work, [Cu4(Ph2PSe2)4] has been employed as SSP for copper selenide thin films.
The deposition experiments were performed at 350 ×C to 500 oC, using glass substrates
under an argon flow rate of 160 sccm for 90 minutes.
3.3.1

Deposition of copper selenide films
Copper

selenide

films

have

been

deposited

by

AACVD

using

[Cu4(Ph2PSe2)4] precursor at temperatures from 350 to 500 ºC. Shiny, bluish black
films with uniform deposition onto substrate surface were obtained at all
temperatures. Figure 3.5 displays the p-XRD patterns of films obtained through
AACVD at 350 C, 400 ºC, 450 ºC and 500 ºC. It was revealed by analysis of
diffraction patterns that the material deposited at all temperature was berzelianite
phase of Cu2-xSe (ICDD pattern 00-006-680). Peaks originating from other Cu2-xSe
phases were not found in the diffraction patterns. The diffraction peaks were fairly
narrow and sharp, especially for AACVD at 450 ºC and 500 ºC. This suggests
relatively better crystallinity and larger crystallite size of Cu2-xSe films grown at
higher deposition temperatures.

Figure 3.5. Powder XRD patterns of Cu2-xSe films from [Cu4(Ph2PSe2)4] at
(a) 350 C (b) 400 C (c) 450 C and (d) 500 C indexed with ICDD pattern
00-006-680 for berzelianite phase of Cu2-xSe
Figure 3.6 demonstrates representative SEM images of the films obtained at
various temperatures. It was observed that size and morphology of deposited thin
films significantly varied with deposition temperature. Randomly distributed grains
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of predominantly cubic morphology were observed at 350 ºC. Size of the individual
grains varied from 120 nm to 190 nm. Deposition at 400 ºC and 450 ºC yielded thin
films which comprised two distinct sizes of grains. Larger grains (~ 1 micron) of
triangular morphology and demonstrating triangular faceting could be observed
which were growing onto smaller granules of 100 – 200 nm size. The thin film
deposited at 500 ºC showed similar layers of large and small grains with more
pronounced growth of larger particles. EDX analysis indicated that all films had
lesser copper than expected for stoichiometric ratio of 2:1 (for copper and selenium,
respectively). In general, the material deposited at 350 ºC and 400 ºC was relatively
less Cu deficient (Cu:Se ratio being 1.90:1) than material deposited at 450 ºC and
500 ºC (1.86:1 ratio for Cu:Se).

Figure 3.6. Representative SEM images of Cu2-xSe thin films deposited at (a) 350 °C
(b) 400 °C and (c) 450 °C and (d) 500 °C.
3.3.2 Colloidal preparation of Cu2-xSe nanoparticles
Fewer reports of preparing size and shape controlled copper selenide nanocrystals
have also appeared in the literature. Some of the techniques used for producing
nanocrystals include gamma irradiation [58], mechanical alloying [59], sonochemical
method [60], microwave assisted heating [61], hydrothermal method [62], solid-state
chemical reaction [63], electrodeposition [64], and solution-phase chemical reaction [65].
In this work, we have used thermolytic degradation of single source precursor in
oleylamine/TOP at varied temperatures to investigate colloidal growth of Cu2-xSe
nanoparticles.

79

Figure 3.7. p-XRD patterns of cubic Cu2-xSe (ICDD 00-06-0680) nanoparticles
synthesized by thermolysis of [Cu4(Ph2PSe2)4] in OA at (a) 180 (b) 210 and (c) 240 °C.
Thermolysis of precursor complex [Cu4(Ph2PSe2)4] in OA, at 180, 210 and 240 °C
resulted in the formation of dark brown Cu2-xSe nanoparticles. Reactions were also
attempted at temperatures below 180 °C but only partial decomposition of the complex
occurred at lower temperatures. Figure 3.7 displays p-XRD patterns of OA capped
nanocrystals synthesized at 180, 210 and 240 °C. Phase analysis revealed that the
diffraction patterns corresponded to the ICDD pattern 00-006-0680 for cubic Cu2-xSe
phase. Major peaks appeared at 26.75°, 31.03°, 44.60°, 52.92°, 64.98° and 71.59° 2θ,
which could be indexed as the (111), (200), (220), (311), (400) and (331) planes. No
peaks from other Cu2-xSe phases were noticed in the p-XRD pattern. Scherrer equation
was employed for calculating mean diameter of nanoparticles. For this purpose,
diffraction data of three main peaks i.e. (111), (220) and (311) peaks was exploited to
compute the average size of nanocrystals. The mean diameter of nanocrystals grown at
180, 210 and 240 °C was found to be 14.4 nm, 26.1 nm and 43.2 nm. A few experiments
performed to investigate the effect of concentration of precursor used and reaction
temperature revealed that high precursor concentration as well as elevated reaction
temperature lead to increased size of the nanocrystals. Similar findings have been reported
previously by O’Brien et al. for growth of copper selenide nanoparticles by reaction of
Cu(II) acetylactonate and TOPSe [66].
Representative TEM images of OA capped Cu2-xSe nanocrystals grown by
thermolysis of [Cu4(Ph2PSe2)4] at 180, 210 and 240 °C are shown in Figure 3.8. Welldefined copper selenide nanoparticles were found in images recorded for experiments at
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all three temperatures. Average diameter of nanoparticles was calculated as 13.8 ± 2.3 nm,
27.2 ± 5.5 nm and 43.6 ± 7.2 nm. These values are consistent with values of mean diameter
calculated from Scherrer equation. HR-TEM images displayed lattice fringes with interplaner spacing of 0.33 nm. This value corresponded with the value for inter-planer spacing
of (111) crystallographic plane for cubic phase of Cu2-xSe nanoparticles. TEM EDX
analyses revealed a deficiency of copper than normal 2:1 molar ratio for copper and
selenium, respectively in nanocrystals prepared at all experimental temperatures.

Figure 3.8. (a-c) TEM and (d-f) HR-TEM images for OA capped Cu2-xSe nanocrystals
prepared from [Cu4(Ph2PSe2)4] at 180, 210 and 240 °C

3.4

Indium sulfide
Group III-VI semiconductors may be considered as derivatives of II-VI family of

semiconductors in which the divalent cation has been replaced with a trivalent cation [67].
This results in formation of a defect structure. Group III-VI semiconductors have attained
less research attention than the II-VI semiconductors because of their polytypism and
varying stoichiometries; however, indium sulfide as a III-VI material is presently the
subject of extensive investigation due to its use in different potential applications. In2S3
has been explored because of its promising characteristics suitable for the development of
photovoltaics and optoelectronic devices. These characteristics include its stability,
optical transparency, lower toxicity and photosensitivity [68]. It is an n-type
semiconducting material having 2.0–2.8 eV band gap and non-toxic nature. Indium sulfide
exists in different stable forms like InS, In6S7 and In2S3 [69]. InS exists in orthorhombic
and In6S7 exists in monoclinic form. Similarly, In2S3 has three different crystallographic
forms which include a defect cubic form (α-In2S3), cubic or tetragonal defect form
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(β-In2S3) and a layered structure (γ-In2S3) [70]. β-In2S3 remains stable with a good
ordering of vacancies till temperatures up to 420 °C [71]. Above this temperature, there is
random distribution of the In atoms; resulting in formation of α-In2S3. At temperatures
higher than 754 °C, the layered γ-In2S3 phase becomes the most stable form. The β-In2S3
has been utilized in production of red or green phosphors for use in colour televisions [72].
It has also been employed as a buffer coating in thin film solar devices to replace
the toxic CdS [73]. Solar devices based on β-In2S3 have already shown 16.4% PCE. This
efficiency is virtually analogous to that for CdS based solar cells. Hence, efforts are
underway to use the indium sulfide as a substitute material for toxic CdS [74]. It is also
used as electrode material in lithium rechargeable batteries [75]. Various synthetic
methods have been employed for preparing indium sulfide nanostructures. Important
deposition techniques used to deposit In2S3 films include CVD [76], physical vacuum
deposition (PVD) [77], atomic layer epitaxy [78], SILAR method [79], CBD [80], spray
pyrolysis [81] and Modulated flux deposition (MFD) [82]. Striking differences in
chemical, optical, electrical and electronic properties of In2S3 films have been reported
due to structural variations depending on the conditions for thin film deposition [83].
Indium sulfide thin films and nanocrystals have also been prepared from SSPs. Nomura
et al. have described the synthesis of volatile alkylindium alkylthiolates [84]. These
compounds are in liquid state at ambient temperature and may be vacuum distilled at low
pressure (> 10-3 Torr). During experiments, dialkylindium monothiolates gave InS,
whereas β-In2S3 was given by monoalkylindium dithiolates at 300 C. They have used
[nBu2In(SiPr)] for deposition of highly orientated β-In2S3 films with a preferred (103)
orientation onto quartz or Si(111) substrates at 300-400 C [85]. Deposition using
[Bu2In(SiPr)] as a precursor resulted in growth of orthorhombic InS films [86]. Similarly,
dimeric indium thiolate complex [tBuIn(μ-StBu)]2 has been used for deposition of
polycrystalline, tetragonal form of β-In2S3 [87]. Deposition of In2S3 films from indium
diethyldithiocarbamates ([R2InS2CNEt2] (R = Et, Me) on GaAs (100) substrate has been
reported. However, these precursors are air-sensitive compounds [88]. [In(S2CNMeR)3]
complexes with R = nbutyl or nhexyl have been employed to deposit In2S3 films onto InP,
GaAs or glass substrates by MOCVD at 450 - 500 C [89]. [Et2InS2CNMenBu] precursor
has been used to grow In2S3 nanorods on glass substrates by AACVD, without using any
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catalyst or a template [90]. The nanorods had 20 nm diameter and 400-500 nm length.
Thin films of cubic α-In2S3 have also been deposited at a lower temperature of 210 C on
glass substrate using volatile [In(S2COiPr)3 precursor. Thin films of In2S3 were deposited
onto glass using [In(SOCNiPr2)3] [91] and [In(SOCNEt2)3] [92] precursors by LPMOCVD.
3.4.1

Deposition of indium sulfide thin films
In present work, In2S3 thin films have been deposited onto glass substrates

from [In(iBu2PS2)3] precursor through AACVD from 350 °C to 500 °C. Brown red
films were obtained at all experimental temperatures. As deposited films
successfully undergone scotch tape test demonstrating good adherence to the
substrate. Diffraction patterns of films obtained at various temperatures are shown
in Figure 3.9. These patterns clearly show that phase pure In2S3 was deposited at all
AACVD temperatures. The patterns were assignable to cubic In2S3 phase (ICDD
pattern 01-084-1385) with Fd-3m space group.

Figure 3.9. Diffraction patterns of thin films deposited by AACVD of
[In( Bu2PS2)3] at (a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C indexed with
ICDD pattern 01-084-1385 for In2S3.
i

SEM imaging was employed to examine the morphology as well as
microstructure of thus deposited In2S3 films. Representative SEM images (Figure
3.10) suggest uniform deposition at all AACVD temperatures. However, significant
variations in microstructure of material deposited at different temperatures were
revealed.

Thin films grown at 350 and 400 °C showed small crystallites of
83

indefinite shape without any clear grain boundaries. Cubic as well as rectangular
crystals probably formed from smaller grains were found on films deposited at 450
°C. Similarly, crystalline grains with cubic morphology and clear grain boundaries
are deposited during AACVD at 500 °C. No significant variation in elemental
composition was observed during EDX analysis for material deposited during
AACVD at various experimental temperatures. Moreover, EDX analysis did not
suggest any striking variation in stoichiometry of individual grains.

Figure 3.10. SEM images showing In2S3 films deposited by AACVD at (a) 350 °C
(b) 400 °C (c) 450 °C and (d) 500 °C
Band gap energy for the In2S3 film obtained at 400, 450 and 500 C,
respectively was measured as 2.20, 2.15 and 2.09 eV (Appendix 1). Band gap
values of 2.0 - 2.8 eV have been given for indium sulfide thin films in various literature
reports based on applied synthesis approach and composition of deposited material
[93].
3.4.2 Colloidal growth of indium sulfide nanoparticles
Indium sulfide nanoparticles have also been prepared using a variety of synthetic
approaches. These include solvothermal [94], hydrothermal [95], sonochemical [96],
arrested precipitation [97], and thermal decomposition in hot coordinating solvent [98].
Single source precursor approach can provide a number of advantages for controlled
growth of indium sulfide films and nanoparticles. However, there are only few literature
reports for deposition of indium sulfide thin films and nanomaterials from SSPs. This may
be attributed to difficulty in preparation of suitable precursors. O’Brien et al. [99] have
carried out synthesis and use of SSPs for indium sulfide thin films and nanoparticles.
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Some important examples of SSPs used for preparation of indium sulfide nanocrystals
include [In(S2CNEt2)3] and [MeIn(SCH2CH2S)]n (a polymeric complex) which yielded
InS and In2S3 nanostructures, respectively [100].
In the present study, indium sulfide nanocrystals were prepared by thermal
degradation of [In(iBu2PS2)3] at 180, 210 and 240 °C. Upon injection of a TOP suspension
containing precursor in preheated OA, the reaction contents turned orange red. Nucleation
and subsequent growth during further reaction for 45 minutes yielded nanocrystals that
were isolated by cooling, repeated centrifugation and washing.

Thus obtained

nanoparticles were characterized by UV-Vis spectroscopy, p-XRD TEM and EDX
analysis.

Figure 3.11. XRD patterns of In2S3 (ICDD 00-032-0456) nanoparticles synthesized by
thermolysis of [In(iBu2PS2)3] in OA at (a) 180 (b) 210 and (c) 240 °C.
Diffraction patterns of nanocrystals prepared at 180, 210 and 240 °C are shown in
Figure 3.11. It is evident that the p-XRD patterns for indium sulfide nanocrystals grown
at all experimental temperatures do not have good resolution and are diffused in nature.
They demonstrate broader and less sharp peaks. The p-XRD patterns do not show the
minor peaks appearing at higher 2θ angles (in case of bulk material). Broader peaks
indicate formation of very small nanocrystals. Prominent peaks were observed at 20.43°,
27.52°, 33.40°, 43.78°, 47.91°, 53.99°, 56.15° 2θ angles. These peaks may be assigned to
(211), (311), (400), (511), (440), (620) and (533) lattice planes of cubic In2S3 (ICDD 00032-0456).
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TEM images were used to study microstructure of as grown indium sulfide
nanoparticles. Representative TEM images of nanocrystals grown at 180, 210 and 240 °C
are shown in Figure 3.12. It was observed that In2S3 nanoparticles prepared at different
reaction temperatures had a similar layered structure. Grain boundaries of the
nanoparticles were not distinguishable due to layered morphology and aggregation. As
expected from p-XRD patterns, the nanocrystals obtained at all reaction temperature had
a smaller size and presumably lower crystallinity. Mean size of the nanoparticles grown
at 180, 210 and 240 °C was found to be 4.2 ± 0.7 nm, 6.2 ± 1.4 nm and 7.1 ± 1.5 nm,
respectively. Lattice fringes were not observed in HR-TEM images. TEM EDX analyses
gave elemental composition of 2:3, for In and S atoms confirming the formation of In2S3
nanocrystals.

Figure 3.12. TEM images of In2S3 nanoparticles grown by thermolysis of [In(iBu2PS2)3]
at (a) 180 °C (b) 210 °C and (c) 240 °C.
UV-Vis data was employed for drawing the Tauc plots and calculation of band
gaps. Band gap values were measured as 2.42 eV, 2.36 eV and 2.32 eV for nanocrystals
synthesized at 180, 210 and 240 °C. Different groups have reported varied band gaps for
In2S3 from 2.0 to 2.4 eV [101].

3.5

Indium selenide
Indium selenide is an important III-VI semiconducting material which contains

loosely bound Se – In – In – Se sheets held together through feeble van der Waal forces.
These sheets are further arranged in two dimensions to give a hexagonal structure. Due to
this layered arrangement, indium selenide shows unique anisotropic opto-electronic
features because atoms or molecules may possibly intercalate without distorting the
primary structure [102]. At room temperature, InSe demonstrates a bang gap value of
~1.24 eV, This value is fairly close the theoretical band gap value for achieving maximum
86

efficiency in solar PV devices. Moreover, indium selenide possesses a suitable minority
carrier diffusion length (10 µm) for an efficient current collection [103]. Hence, owing to
these desired features, indium selenide is considered a suitable material for solar PV
applications [104]. InSe is also a suitable material for electrochemical applications like
use in solid solution electrodes [105]. Indium selenide (In2Se3) exhibits five distinct
phases which include α, β, γ, k and δ- phases. Moreover, α and β phases may also adopt
rhombohedral or hexagonal structure [106]. Different phases of indium selenide have
quite different electronic properties; so, this phase structure makes In2Se3 a programmable
material for phase change random access memory (PRAM) applications [107].
Many thin film deposition approaches have been employed to grow In2Se3 thin
films. Few important techniques include elemental evaporation [108], MBE [109], sol-gel
synthesis [110], RF sputtering [111], electrodeposition [112] and MOCVD including
AACVD as well as LP-CVD [113,114]. However, deposition of In2Se3 films either
encounter the dilemma of having multiple phases as mixture or deposited material has
unsuitable orientation and stoichiometry, unless the material is deposited by expansive
deposition techniques like MBE. Single source precursors based deposition has been
successfully employed for deposition of good quality indium selenide thin films. Overall
quality of the material is determined by number of parameters like the deposition
temperature, decomposition pathway of the precursor, solvent and the choice of precursor.
Therefore, molecular nature of precursor has a significant effect on deposition mechanism
and so defines the quality of deposited thin films. Phase control in deposition of indium
and gallium chalcogenides by optimal design of CVD precursors has been investigated by
Bochmann and co-workers [115]. Barron et al. have carried out synthesis of many
alkylindium selenides and dialkylindium selenolates and used these compounds as
precursors to grow indium selenide films by LP-MOCVD [116].
Gysling et al. have also prepared indium selenide films using [In(SePh)3] and
[(Me)2In(SePh)] precursors in spray-assisted MOCVD process [117]. Deposition of
polycrystalline InSe films by thermal degradation of [Me2In(SeMe)]2 precursors at 270310 °C has been described by Choi et al. and Cho et al. [118.119]. O’Brien et al. have
deposited cubic In2Se3 thin films onto glass substrates using diselenocarbamate
[In{Se2CN(Me)Hex}3] complex as CVD precursor at 450 °C [120]. In[(SePiPr2)2N]2Cl
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was prepared and employed as precursor to deposit indium selenide films on glass, Si
(100) and GaAs by AACVD at 375 - 425 and by LP-CVD at 475 - 525 °C [121].
Moreover, O’Brien et al. have also reported the synthesis of SSPs from the ligand
[NH(SePiPr2)2] and used them for deposition of hexagonal γ-In2Se3 and cubic Ga2Se3 thin
films by LP-CVD and AACVD techniques [122]. Polycrystalline films of In2Se3 have also
been grown by Huang and co-workers on Si (111) by MOCVD at >500 °C. In this study,
[In(Ph2PSe2)3] was used as SSP to deposit In2Se3 thin films and nanoparticles. The
deposition studies were carried out on glass substrate at 350, 400, 450 and 500 oC under
argon for 90 minutes.
3.5.1

Indium selenide thin films
The complex [In(Ph2PSe2)3] has been utilized as SSP for growth of indium

selenide thin films by AACVD at 350 °C to 500 °C. Reddish orange material was
deposited onto glass substrates during AACVD at all experimental temperatures.
Smooth and uniform coverage of the substrate was achieved in all experiments.
Moreover, the films demonstrated good adherence to the substrate and passed
scotch tape test. XRD was used to determine phase of thin films deposited at various
temperatures and p-XRD patterns are displayed in Figure 3.13. Phase analysis
revealed that In2Se3 (-phase) (ICDD pattern 00-040-1407) was deposited during
all AACVD experiments. A preferential orientation of the material along (110)
plane was also observed. Quite sharp diffraction peaks indicate that the material
had good crystallinity. XRD peaks from other phases of indium selenide were not
evident; thus suggesting a monophasic nature of the deposited material.
Microstructure and morphology of In2Se3 films was evaluated from SEM images.
SEM images of thin films deposited at different temperature (350, 400, 450 and 500 °C)
are given in Figure 3.14. A good coverage of the substrates by fairly crystalline material
having distinct grain boundaries was demonstrated by SEM images. It was also observed
that material obtained at various temperatures had distinct morphologies. The AACVD at
350°C formed globular grains of submicron size. Deposition experiment at 400 °C
resulted into formation of sub-micron sized grains with preferentially cubic morphology.
Similarly, thin films obtained at 450 °C chiefly comprised cylindrical grains of varying
size. Even more pronounced growth of these cylindrical grains can be seen in film grown
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at 500 °C. A slightly Se rich stoichiometric composition was suggested by EDX analysis
for films obtained at all temperatures. This may be attributed to inherent excess of Se in
precursor molecules e.g the film grown at 500 °C had 1.97:3.35 atomic ratio for indium
and selenium, respectively. The film also displayed a uniform morphology across the
substrate with no noticeable difference in stoichiometry of different grains. Band gap of
In2Se3 film deposited by AACVD at 450 C was determined as ~ 1.82 eV.

Figure 3.13. Diffraction patterns of thin films deposited by AACVD of
[In(Ph2PSe2)3] at (a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C indexed with
ICDD pattern 00-040-1407 for λ-In2Se3 phase

.Figure 3.14. SEM images of as deposited In2Se3 thin films at (a) 350 °C (b) 400
°C (c) 450 °C and (d) 500 °C
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3.5.2 Indium selenide nanoparticles
There are comparatively lesser reports of the preparation of indium selenide
nanocrystals than their corresponding thin films. Dimitrijevic and Kamat have reported
the synthesis of poly(vinyl alcohol) (PVA) and sodium metaphosphate stabilized In2Se3
colloids. Average diameter of the nanocrystals was measured as 2-3 nm and 30 nm,
respectively [123]. Tris(diethyldiselenocarbamato)indium(III) has been used as SSP for
synthesis of 4-ethylpyridine and TOPO capped InSe quantum dots [124]. Kelly et al. have
carried out preparation of InSe nanocrystals by reacting trimethylindium In(CH3)3 with
trioctylphosphine selenium (TOPSe) in TOPO/TOP at high temperature [125]. Similarly,
Kelly and his co-workers have synthesized core/shell GaSe/InSe nanoparticles through
pyrolytic degradation of organometallic precursors [126].
Amorphous In2Se3 nanocrystals of 40-80 nm diameter were synthesized by
Rabchynski and co-workers [127]. Their approach was based on photoelectrochemical
reduction of selenium electrode in indium nitrate solution. O’Brien et al. have reported
the colloidal growth of indium chalcogenides of InE and In2E3 phases (where E = S, Se or
Te) through chemical reaction between indium acetate and elemental chalcogen (S, Se or
Te) in HDA at 300 oC. Synthesis of one dimensional β-In2Se3 nanowires by gold catalyzed
thermal evaporation has been reported by Meyyappan and co-workers [128]. Hybrid
inorganic-organic In2Se3-ethylenediamine hollow spheres with mean diameter 20 nm
were prepared by hydrothermal approach. The as-obtained spheres were formed by
nanoparticles with average size of ~ 20 nm [129]. Wei and co-workers have reported the
synthesis of λ-In2Se3, by hydrothermal and calcination method. These porous
nanostructures exhibited excellent water splitting photocatalytic activity [130].
In the present study, thermolysis of precursor complex [In(Ph2PSe2)3] in OA/TOP
was used to grow indium selenide nanoparticles at 180, 210, 240 and 270 °C. At 180 °C,
the precursor complex underwent incomplete degradation. Resultantly, the material
obtained had so poor crystallinity that no p-XRD pattern could be obtained for
characterization by XRD. However, reactions at >200 °C for 60 minutes yielded wellformed nanocrystals.
Figure 3.15 shows XRD patterns of OA capped nanoparticles grown at 210, 240
and 270 °C. Broad diffraction peaks were observed in p-XRD pattern that indicate the
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formation of very small nanocrystals. The p-XRD patterns for nanoparticles prepared at
all three temperatures could be indexed to ICDD pattern 00-012-0117 for hexagonal phase
of In2Se3. Major peaks appeared at 10.13°, 19.37°, 27.12°, 43.83° and 53.24° 2θ angles
which could be indexed as the (002), (004), (101), (110) and (201) planes for hexagonal
In2Se3 lattice. Average diameter of nanocrystals was calculated through Scherrer formula.
For this purpose, data from three peaks along (004), (101) and (110) planes was utilized
and mean diameter was computed as 4.9 nm, 7.2 nm and 8.3 nm for nanoparticles grown
at 210, 240 and 270 °C, respectively.

Figure 3.15. The p-XRD patterns of In2Se3 nanoparticles prepared by thermolysis of
[In(Ph2PSe2)3 ] at (a) 210 °C, (b) 240 °C and (c) 270 °C.
Representative TEM images of nanocrystals synthesized at 210, 240 and 270 °C
are shown in Figure 3.16. These TEM images reveal that the nanoparticles obtained in all
three experiments have a quasi-spherical morphology. Size of the nanocrystals varied with
the growth temperature. Mean diameter of nanocrystals grown at 210, 240 and 270 °C
was found to be 4.4 ± 0.7 nm, 7.1 ± 1.4 nm and 8.6 ± 1.8 nm, respectively. There were no
indications of agglomeration and the nanoparticles were fairly monodispersed. TEM EDX
measurements confirmed 2:3 atomic ratio for In and Se atoms, respectively. SAED pattern
showed polycrystalline nature of as grown nanocrystals because it comprised distinct
concentric rings. Tauc plots obtained by using UV-Vis absorption data gave a band gap
value of 1.40 eV, 1.38 eV and 1.37 eV for nanocrystals grown at different temperatures.
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Figure 3.16. (a-c) TEM and (d-f) HR-TEM images of In2Se3 nanoparticles
prepared by thermolysis of [In(Ph2PSe2)3 ] at 210, 240 and 270 °C

3.6

Zinc sulfide
Zinc sulfide (ZnS) is a prominent member of II-VI family of semiconductors.

Investigations of the properties as well as applications of zinc sulfide thin ﬁlms and
nanoparticles have been an active area of research since last few decades [131]. ZnS has
a myriad of exciting properties that make it potential candidate material for technological
applications. It is an optically transparent semiconductor having wide band gap. It has a
small Bohr radius of 2.5 nm. Moreover, it is non-toxic and earth abundant [132]. Owing
to its wider band gap and occurrence of multiple point defects in band gap, ZnS is amongst
the most sought after material for optoelectronic industry [133]. ZnS is used for fabrication
of blue to ultraviolet spectral region light emitting diodes (LEDs) due its wide band gap
[134]. Owing to its high refractive index and high transmittance, it also finds application
as reflector as well as dielectric filter [135]. Other application areas of ZnS include solar
panels [136], electroluminescence and photoluminescence [137], optoelectronic
modulators, window material in solar cells [138] etc. ZnS is also utilized as shelling
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material for synthesis of CdSe/ZnS core/shell nanoparticles which find applications in
biomedical imaging and sensors [139].
Bulk ZnS exists in cubic zinc blend phase at room temperature and at elevated
temperatures, hexagonal phase (wurtzite) is more prevalent. For bulk ZnS, a phase
transformation from zincblend to wurtzite phase occurs at around 1020 °C. However, the
hexagonal phase can be stable at much lower temperatures in case of nanocrystals [140].
Both the phases of ZnS demonstrate distinctive optoelectronic characteristics. Therefore,
development of synthetic protocols offering precise control over target characteristics of
material is necessary.
3.6.1

Deposition of ZnS films
ZnS ﬁlms have been deposited by several approaches including sputtering [141],

MBE [142], SILAR [143], CBD [144] and MOCVD [145]. Similarly, ZnS nanostructures
have been widely explored, primarily due to non-linear optical characteristics and
tunability of band gap by altering the size of nanoparticles. In the present study, ZnS thin
films have been deposited from [Zn(iBu2PS2)2] precursor through AACVD process.
Deposition was carried out by using 0.3 g of [Zn(iBu2PS2)2] precursor dissolved in 15 mL
toluene. Deposition experiments were performed at 350 to 500 ºC. The deposition at all
experimental temperatures yielded pale white films that successfully passed scotch tape
test.

Figure 3.17. Powder XRD patterns of ZnS thin films deposited by AACVD at (a) 350
°C (b) 400 °C (c) 450 °C and (d) 500 °C using [Zn(iBu2PS2)2] precursor
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Crystallographic phase structure of the as deposited thin films was evaluated
by recording the p-XRD patterns which are shown in Figure 3.17. Phase analysis
revealed the deposition of hexagonal wurtzite phase of ZnS (ICDD pattern 00-0120688) with P63mc space group, at 350 and 400 °C deposition temperatures.
Prominent peaks appeared at 27.33°, 28.59°, 30.48°, 47.73°, 51.04° and 56.55° 2θ
angles. These peaks could be indexed as the (102), (0010), (105), (110), (1015) and
(1110) lattice planes. Similarly, deposition at 450 and 500 °C resulted in deposition
of cubic sphalerite phase of ZnS. Prominent peaks in this case appeared at 28.59°,
47.57° and 56.40° 2θ angles. These peaks correspond to (111), (220) and (311)
crystallographic planes. This XRD pattern corresponded with ICDD pattern 00003-0570 for sphalerite (cubic) ZnS having F-43m space group. The diffraction
peaks were quite narrow and sharp, particularly at higher deposition temperatures,
indicating fair crystallinity of deposited films.
Figure 3.18 shows the representative SEM images for thin films deposited
at 350, 400, 450 and 500 °C. Very good coverage of the films with well adhered
material was obtained at all the temperatures. AACVD at 350 °C yielded pale white
film consisting of globular grains of somewhat uniform size and orientation, evenly
distributed onto the substrate surface. Average size of the grains was calculated as
150 ± 24 nm. Thin film deposited at 400 °C displayed two distinct morphologies.
Most of the grains were cubic having sub-micron size whereas few cylindrical
structures were apparent on the surface. Thin film deposited at 450 °C exhibited a
dense array of globular grains having sub-micron size whereas thin films deposited
at 500 °C consisted of distorted hexagonal plate like grains with a mean size of 190
± 34 nm. In all film, a large variation in grain size was evident. EDX analysis was
performed to find composition of films. It was observed that films deposited at all
temperatures had a roughly1:1 ratio for Zn and S atoms, respectively.
Optical band gap of films deposited at 350, 400, 450 and 500 C was found
to be 3.43, 3.42, 3.38 and 3.60 eV, respectively. The reported value for band gap of
ZnS is 3.5 eV-3.76 eV [146].
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Figure 3.18. SEM images showing In2S3 films deposited by AACVD at (a) 350 °C
(b) 400 °C (c) 450 °C and (d) 500 °C
3.6.2 Colloidal growth of ZnS nanoparticles
Several techniques for synthesis of ZnS nanocrystals have been evolved. El-Shall
et al. have reported the room temperature synthesis ZnS nanocrystals through reaction of
ZnCl2 (anhydrous), elemental sulfur and KBH4 [147]. Uniform sized ZnS nanoparticles
with spherical morphology have also been prepared by the reaction of sulfur and ZnCl2 in
OLA/TOPO [148]. Hyeon and co-workers have prepared ZnS nanoparticles having
tetrahedral morphology by thermal degradation of zinc-oleate in dodecanethiol (DDT)
[149]. They have also reported the synthesis of ZnS nanostructures, especially nanorods,
through oriented assembly of spherical nanoparticles [150]. Their method was based on
aging the reaction mixtures containing sulfur and diethylzinc in HDA. ZnS nanowires
have been prepared by reacting Zn-OA with S in DDT [151]. ZnS nanodots have been
prepared at 150 °C using thiourea, anhydrous ZnCl2 and ethylene glycol [152]. ZnS
nanorods [153] as well as other morphologies [154] have been prepared by hydrothermal
reaction at low temperatures. Similarly, solvothermal method has also been used for the
phase controlled synthesis of ZnS nanocrystals [155]. Single source precursor approach
has also been used for obtaining ZnS nanostructures. Thermolysis of alkylxanthate [156]
and dithiocarbamate [157] precursors has been used for the synthesis of nanodots,
nanorods and nanowires.
In the present study, ZnS nanoparticles were grown by thermolysis of
[Zn(iBu2PS2)2] complex in oleylamine at 180, 210 and 240 °C. A rapid burst of nucleation
starts soon after the injection of TOP suspension, containing precursor, into degassed and
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preheated OA. Reaction for further 45 minutes allowed growth and Ostwald’s ripening of
the nanocrystals. Afterwards, heating was discontinued and nanoparticles were isolated
through repeated centrifugation and washing.

Figure 3.19. The p-XRD patterns of ZnS nanoparticles prepared by thermolysis of
[Zn(iBu2PS2)2] precursor at (a) 180 °C, (b) 210 °C and (c) 240 °C indexed with ICDD
pattern 00-003-0570 for cubic ZnS.
Powder XRD patterns of nanocrystals obtained at different temperatures are
displayed in Figure 3.19. Major peaks appeared at 28.59°, 47.57°, 56.40°, 69.58° and
79.07° 2θ angles. These peaks coincide with those reported for (111), (200), (220), (311),
(400) and (331) lattice planes of cubic sphalerite ZnS (ICDD 00-003-0570). Lattice
parameters were calculated as a=b=c=5.41 Å which are consistent with the reported values
for cubic ZnS. The diffraction peaks for nanoparticles grown at all temperatures were
typically broad as envisaged for p-XRD peaks of materials in nano-size domain.
Calculations using Scherrer equation gave a mean particle size of 3.97 nm, 7.76 nm and
10.17 nm for ZnS nanoparticles grown at 180, 210 and 240 °C, respectively.
TEM images were utilized to examine morphology as well as microstructure of
as-grown ZnS nanoparticles. Representative TEM images of ZnS nanocrystals grown at
180, 210 and 240 °C are shown in Figure 3.20. It was evident that the ZnS nanoparticles
prepared at all experimental temperatures had a distorted triangular morphology. Grain
boundaries of the nanocrystals were clearly visible demonstrating that the nanoparticles
are monodispersed without any aggregation. Nanocrystals grown at 180 °C and 240 °C
exhibited a nearly uniform size of individual nanoparticles whereas those prepared at 210
had more variation in size. Average lateral dimensions of the nanocrystals obtained at 180,
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210 and 240 °C were found to be 4.0 ± 0.5 nm, 8.3 ± 1.2 nm and 10.7 ± 1.8 nm,
respectively. TEM EDX analyses confirmed 1:1 atomic ratio for Zn and S in nanocrystals.

Figure 3.20. TEM images of ZnS nanoparticles grown by thermolysis of [Zn(iBu2PS2)2]
at (a) 180 (b) 210 and (c) 240 °C.
Optical band gaps were calculated as 4.22, 4.06 and 3.78 eV for nanocrystals
grown at 180, 210 and 240 °C. In general, there is an evident trend of shifting of the band
gap of ZnS to a higher value with decreasing size. This may be attributed to quantum size
effects, commonly observed for this material.

3.7

Zinc selenide

3.7.1

Deposition of zinc selenide thin films
In this study, [Zn(Ph2PSe2)2] was used as SSP to deposit ZnSe films and

nanoparticles. The deposition studies were carried out on glass substrate at 350, 400, 450
and 500 oC. Pale white material was deposited on glass substrates during AACVD at all
experimental temperatures The films were well adhered to the substrates. XRD was
employed to evaluate crystallographic phase of films deposited at various temperatures.
XRD patterns are displayed in Figure 3.21. Phase analysis showed the deposition of cubic
stilleite phase of ZnSe (ICDD pattern 01-088-2345) during all AACVD experiments.
Quite sharp peaks in diffraction pattern suggested indicate that the material had a good
crystallinity.

97

Figure 3.21. Powder XRD patterns of ZnSe thin films deposited by AACVD at (a) 350
°C (b) 400 °C (c) 450 °C and (d) 500 °C using [Zn(Ph2PSe2)2] precursor

Figure 3.22. SEM images of ZnSe thin films deposited at (a) 350 °C (b) 400 °C (c) 450
°C (d) 500 °C
Microstructure and morphology of as deposited films was evaluated from
SEM images. SEM images of films obtained at different temperature (350, 400, 450
and 500 °C) are given in Figure 3.22. SEM images showed that material deposited
at various temperatures had distinct morphologies. The AACVD at 350 °C gave
films which comprised layered two-dimensional grains of sub-micron size. These
grains assembled in a random manner to form complex rosette like structures which
still had a sub-micron size. Film obtained at 400 °C comprised irregular shaped
grains of ~ 600 to 900 nm size. Somewhat spherical grains with slightly larger size
and having a diameter of about 1.5 µm were evident in film grown at 450 °C. ZnSe
film deposited at 500 °C displayed dense grains of random shape and size. EDX
analyses suggested a slightly Se rich stoichiometric composition for all AACVD
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films. This is presumably due to inherent excess of Se in precursor molecules.
Optical band gap of ZnSe films deposited at 350, 400, 450 and 500 C was
determined from Tauc plots as 2.81, 2.72, 2.71 and 2.68 eV, respectively. Reported
bang gap value of ZnSe is 2.7 eV [158].
3.7.2 Zinc selenide nanoparticles
Thermolysis of precursor complex [Zn(Ph2PSe2)2] in OA/TOP was used to grow
zinc selenide nanoparticles at 180, 210 and 240 °C. Figure 3.23 shows diffraction patterns
of OA capped ZnSe nanoparticles grown at 210, 240 and 270 °C. Broad diffraction peaks
(especially (111) peak) with significant amorphous scattering were observed in the p-XRD
pattern. This type of p-XRD pattern with some broad but essentially crystalline peaks and
amorphous scattering indicate the formation of material with nanowires like morphology.
The p-XRD patterns for nanoparticles prepared at all three temperatures corresponded to
the cubic phase of ZnSe (ICDD pattern 00-012-0117). The nanoparticles also showed a
preferred orientation along (111) plane.

Figure 3.23. p-XRD patterns of cubic ZnSe nanoparticles synthesized by thermolysis of
[Zn(Ph2PSe2)2] in OA at (a) 180 (b) 210 and (c) 240 °C.
Representative TEM images of ZnSe nanomaterial synthesized at 180, 210 and
240 °C are shown in Figure 3.24. These TEM images reveal the formation of different
morphologies at different temperatures. Nanoparticles grown at 180 °C predominantly
comprised nanorods 3-5 nm length. Some spherical nanoparticles with 4-6 nm diameter
were also observed. Thermolysis at 210 °C resulted in formation of very fine nanowires
of 10 nm length and < 1 nanometer diameter. Much longer nanowires with still < 1 nm
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diameter were observed for experiment at 240 °C. These images are in good conformity
with the findings of p-XRD studies. TEM EDX measurements roughly gave 1:1 elemental
ratio for Zn and Se, respectively.

Figure 3.24. TEM images of ZnSe nanostructures grown at (a) 180 (b) 210 and
(c) 240 °C

3.8

Lead sulfide
Lead chalcogenides i.e. PbS, PbSe and PbTe are a unique family of semiconductor

materials, owing to their narrow direct band-gap and size-dependent properties. In contrast
to other metal sulfide semiconductor materials, lead chalcogenides possess fairly large
exciton Bohr radii (18-46 nm). Therefore, they are placed in “strong confinement” regime
where quantum confinement results in significant changes in optoelectronic properties of
the material compared to their bulk counterparts [159,160]. Moreover, lead chalcogenides
may act as either p-type or n-type semiconductor, depending on the lattice structure of
material. This occurs as the conductivity of PbE (E=S, Se or Te) materials is determined
by the interstitial sites and vacancies, originating because of the excess of lead or
chalcogen atoms. An excess of Pb2+ leads to n-type conductivity whereas excess of
chalcogen atoms results in p-type conductivity. Resultantly, such materials find enormous
applications in optoelectronic systems including photometers [161], gas sensors [162],
non-linear optics [163,164], medical diagnostic devices [165], electroluminescent arrays
[166], thermoelectric devices [167] and optical window coatings. In conventional PV
devices, excess energy of photon (more than the band gap) is immediately dissipated as
phonons; thus not contributing to production of electricity. However, multiple excitons
generation (MEG) in NCs based solar devices, may in principle harness this excess energy
to produce further free charge carriers; thus leading to quantum yields greater than 100 %
[168]. This phenomenon may potentially lead to harvest more amount of electrical energy
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from a single photon. Discovery of MEG in lead chalcogenide QDs has experimentally
demonstrated their potential to cause a prime and entirely new paradigm shift in
development of low cost and high efficiency solar PV devices [169].
The lattice structure of lead chalcogenides may be viewed as a face centered cubic
(fcc) array of chalcogen anions E2- (where E = S, Se or Te) whereas all the octahedral
holes are occupied by bulky Pb2+ cations. In an analogous manner, this structure may also
be considered as an fcc arrangement of Pb2+cations with chalcogen anions occupying all
the octahedral holes. Each type of ion in the lattice has a coordination number of 6, so the
resulting structure is said to demonstrate (6, 6)-coordination. The nature of Pb–E bond has
been extensively investigated. Some reports suggest this bonding to be ionic, other treat it
as covalent while still other reports suggest that it possesses both ionic and covalent
character. This notwithstanding, ionic bonding in Pb – E system is viewed as more
significant; however ionic character of the bond decreases with increase in atomic radius
of the chalcogenide species.
Lead sulfide (PbS), also known as galena, is well known semiconducting material
of IV-VI family. It possesses a narrow direct band gap of 0.41 eV [170] and a large exciton
Bohr radius (18 nm) which allow strong quantum confinement effects even for relatively
larger nanoparticles [171]. It has attracted considerable research focus because of unique
properties and a wide array of applications. PbS thin films have been utilized in production
of gas and temperature sensors, Pb2+ ion selective sensors [172], infra-red photodetectors
[173], photoresistors [174], PV devices [175] and as photocatalysts [176].
The optoelectronic features of PbS films are considerably affected by a number of
factors including, e.g. particle size, crystallinity, surface properties and film thickness. A
wide variety of techniques can be employed for deposition of PbS films. These techniques
include CBD [177], atomic layer epitaxy [178], sonochemical approach [179],
supercritical fluid deposition [180], electrodeposition [181], CVD [182], SILAR method
[183], pulsed laser deposition (PLD) [184], spray pyrolysis [185], vacuum evaporation
[186] etc. Single source precursors approach has also been employed for preparation of
PbS nanostructures by MOCVD including AACVD and LP-CVD. Solvent-less thermal
degradation and colloidal growth of nanoparticles using SSPs like dithiocarbamates [187]
and xanthates precursors has also been reported [188].
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3.8.1

Deposition of PbS thin films
In this work, PbS films were deposited by AACVD from [Pb(iBu2PS2)2] precursor.

Deposition was carried out by using 0.3 g of [Pb(iBu2PS2)2] precursor dissolved in 15 mL
toluene. Deposition experiments were performed at 350 to 500 ºC. The AACVD at all
experimental temperatures yielded well adhered, dull and black films.
Powder XRD patterns of as deposited films are displayed as Figure 3.25.
Phase analysis suggested deposition of cubic PbS phase at all deposition
temperatures. Prominent peaks appeared at 25.50°, 29.76°, 41.38°, 50.37°, 52.88°,
62.26°, 68.42°, 70.78° and 79.07° 2θ angles. These peaks corresponded to (111),
(200), (220), (311), (222), (400), (331), (420) and (422) crystallographic planes and
the XRD pattern were in good conformance with ICDD pattern 00-003-0614 for
PbS.

Figure 3.25. The p-XRD patterns of PbS thin films from AACVD at (a) 350 °C (b) 400
°C (c) 450 °C and (d) 500 °C using [Pb(iBu2PS2)2] indexed with standard ICDD pattern
00-003-0614 for PbS.
Figure 3.26 shows the representative SEM images for thin films deposited
at 350, 400, 450 and 500 °C. Very good coverage of the films was obtained at all
the temperatures. AACVD at 350 °C yielded dark black film consisting of dense
cubic grains of random size and orientation. Similar cubic morphology with slightly
bigger grains was observed at 400 °C. However, some of the grains were
agglomerating to form complex arrays of cubic grains. Some thin rectangular sheets
were also witnessed in the film. Film obtained at 450 °C exhibited two distinct types
of grains. It consisted of an underneath dense layer of larger grains with cubic
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morphology covered with smaller cubic grains and disks. The film deposited at
500 °C displayed closed packed rock salt structure whereas some fused lumps were
also observed as prominent structures on the film surface. In all film, a large
variation of grain size was evident. EDX analysis was performed to study
composition of PbS films. It was observed that the thin films deposited at all
temperatures roughly had a 1:1 ratio for Pb and S atoms, respectively. The optical
band gap of the films deposited at 400, 450 and 500 C was found to be 1.02, 0.81
and 0.62 eV whereas the reported band gap of bulk PbS is 0.41 eV [189].

Figure 3.26. SEM images of PbS thin films deposited at (a) 350 (b) 400 (c) 450 and
(d) 500 °C
3.8.2 PbS nanoparticles
Lead sulfide nanoparticles can be grown with size-tunable band gaps covering a
wide range of near and short wavelength IR region for various applications like lightemitting diodes (LEDs) [190], gas sensors [191], photodetectors [192], PV devices [193]
and up/down conversion of infrared photons [194]. PbS nanoparticles exist in wide range
of morphologies like cubes, spheres, hollow cubes, ribbons, nano-rods, octapods, nanotubes, nano-wires, dendrites, truncated octahedrons, stars and flower-shaped crystals
[195]. Physicochemical properties of the PbS material strongly depend on size and shape
of the nanocrystals. Hence, considerable research efforts have been dedicated to the
preparation of PbS nanoparticles with controlled size and morphology. This provides a
significant opportunity to explore the strong-confinement in PbS nanocrystals and allows
tailoring of optoelectronic properties. This has in turn enabled application for PbS
nanoparticles in diverse technologies ranging from diagnosis and treatment of diseases,
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capturing the solar energy and to detect potential environmental and safety threats.
Biological labeling is another important area where PbS QDs can be beneficially
employed as known organic dyes suffer from the problem of photostability for biological
applications in the NIR region.
In present study, PbS nanoparticles were grown by thermolysis of [Pb(iBu2PS2)2]
complex in oleylamine at 180, 210 and 240 °C. XRD patterns of nanocrystals prepared at
different temperatures are displayed in Figure 3.27. Major peaks were observed at 25.50°,
29.76°, 41.38°, 50.37°, 52.88°, 62.26°, 68.42°, 70.78° and 79.07° 2θ angles. These peaks
fairly coincide with those reported for (111), (200), (220), (311), (222), (400), (331), (420)
and (422) lattice planes of cubic PbS (ICDD 03-065-7027). Lattice parameters were
calculated as a=b=c=5.96 Å which conform to the reported values for cubic PbS. The
diffraction peaks for nanoparticles grown at 180 °C were relatively narrow and sharp
suggesting somewhat larger size of the nanoparticles obtained with increase in reaction
temperature. Calculations using Scherrer equation gave a mean crystallite size of 8.97 nm,
21.16 nm and 44.31 nm for PbS nanoparticles grown at 180, 210 and 240 °C, respectively.

Figure 3.27. The p-XRD patterns of PbS nanoparticles prepared by thermolysis of
[Pb(iBu2PS2)2] at (a) 180 °C (b) 210 °C and (c) 240 °C, indexed with standard ICDD
pattern 03-065-7027 for PbS.
TEM images were utilized for studying the morphology of as grown PbS
nanoparticles. Representative TEM images of PbS nanocrystals grown at 180, 210 and
240 °C are shown in Figure 3.28. It was evident that the PbS nanoparticles prepared at all
experimental temperatures had a cubic morphology. Grain boundaries of the nanocrystals
were clearly visible demonstrating that the nanoparticles are monodispersed without any
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aggregation. Nanocrystals grown at 180 °C exhibited a significant variation in size of
individual nanoparticles whereas those prepared at 210 and 240 °C had a roughly uniform
size. Average lateral dimensions of the nanocrystals obtained at 180, 210 and 240 °C were
found to be 9.2 ± 1.7 nm, 23.2 ± 4.9 nm and 41.4 ± 6.8 nm, respectively. TEM EDX
analyses confirmed 1:1 atomic ratio for Pb and S in nanocrystals.

Figure 3.28. TEM images of PbS nanocrystals grown by thermolysis of [Pb(iBu2PS2)2]
at (a) 180 (b) 210 and (c) 240 °C.
UV-Vis-NIR data was used to draw the Tauc plots (Appendix 1) by employing the
Tauc formula for direct band gap semiconductors and band gaps were determined. Band
gap values were found to be 0.51 eV, 0.47 eV and 0.43 eV for nanocrystals grown at 180,
210 and 240 °C.
3.9

Lead selenide
Lead selenide (PbSe) is a member of IV–VI family of compound semiconductors.

It possesses rock salt like cubic crystallographic structure and exists as either p-type or
n-type semiconductor, dependent upon the stoichiometric imbalance. It is a narrow bandgap (0.26 eV) material considered suitable for a number of technological applications like
photodetectors, IR photoemitters, photoresistors, laser diodes and solar control coatings.
Thin films of lead selenide have been grown by different techniques like MBE [196], CBD
[197], atomic layer epitaxy (ALE) [198], vacuum deposition [199] and electrodeposition
[200]. While there are plenty of reports regarding PbS thin films, growth of PbSe films by
SSPs has been rarely reported, presumably due to difficulty in synthesis of suitable
precursors.
3.9.1

PbSe thin films
In this study, [Pb(Ph2PSe2)2] was employed as precursor to deposit PbSe films and

nanocrystals. The deposition studies were carried out on glass substrate at 350 0C, 400 0C,
450 0C and 500 0C under an argon flow of 160 sccm for 90 minutes. The deposition
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experiments at all experimental temperatures yielded uniform, black and shiny films
which demonstrated good adherence to the substrate.
Crystallographic phase of as deposited films was evaluated by recording pXRD patterns and carrying out phase analysis through comparison with standard
ICDD data. Figure 3.29 displays p-XRD patterns of films obtained at different
temperatures. Phase analysis revealed that cubic PbSe phase (Standard ICDD
pattern 03-065-1074) was deposited in all AACVD experiments. Prominent peaks
were found at 25.07°, 29.12°, 41.18°, 44.21°, 51.83°, 60.27° and 76.08° 2θ angles.
These peaks correspond to (111), (200), (220), (311), (222), (400), (331), (420) and
(422) crystallographic planes of the cubic PbSe. The diffraction peaks were quite
narrow and sharp suggesting the deposited material to be fairly crystalline.

Figure 3.29. p-XRD patterns of as deposited PbSe thin films from [Pb(Ph2PSe2)2]
precursor at temperatures (a) 350 (b) 400 (c) 450 and (d) 500 °C indexed with standard
ICDD pattern 03-065-1074.
Figure 3.30 displays the representative SEM images for thin films deposited
at 350, 400, 450 and 500 °C. Very good coverage of the films was obtained at all
experimental temperatures. PbSe thin film deposited at 350 °C comprised a random
array of grains with predominantly cubic morphology. Similar grains with
considerably larger size were visible in film obtained by AACVD at 400 °C. Grains
had sizes ranging from 0.4 to 0.9 µm. Relatively less coverage of substrate was
observed in case of films deposited by AACVD at 450 and 500 °C. This may
happen due to sublimation of volatile material at higher deposition temperature.
Besides cubic grains, some grains with triangular morphology were also observed.
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EDX analysis was performed to find composition of the PbSe films which
confirmed 1:1 atomic ratio for Pb and Se elements, respectively.

Figure 3.30. SEM images of PbSe thin films deposited at (a) 350 °C, (b) 400 °C, (c) 450
°C (d) 500 °C
The optical band gap of the films deposited at 450 C was found to be ~ 0.93
e V. Optical band gap of bulk PbSe is 0.28 eV [201]. However, larger band gap
shifts have been reported for PbSe which are primarily attributed to its large exciton
Bohr radius [202].

3.10 Conclusion
This chapter presents the use of different complexes, having general
formulae [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y], as single source precursors for
deposition of binary metal sulfide and metal selenide thin films, respectively. Thin
films were deposited by AACVD at 350 -500 C. p-XRD analysis revealed
deposition of monophasic materials in almost all experiments . Microstructural
investigations using SEM imaging indicated that materials deposited at different
AACVD temperatures had distinct morphologies and grain sizes. Similarly, binary
metal sulfide and metal selenide nanoparticles have been grown by colloidal
method using these precursors . Thermolytic degradation of precursors in OA at
180, 210 and 240 C yielded monodispersed and phase pure nanoparticles of target
material. The work presented herein thus demonstrates remarkable potential of
[Mx(iBu 2PS 2)y] and [M x(Ph 2PSe 2)y], as single source precursors for deposition
of binary metal sulfide and metal selenide thin films and nanoparticles.
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Chapter No. 4
Deposition of Ternary Thin Films and
Nanoparticles
4.1

Introduction
This chapter describes the deposition of thin films as well as synthesis of

nanoparticles of ternary I-III-VI2 and I-IV-VI2 semiconductor materials having diverse
technical applications. Number of diisobutyldithiophosphinatometal [Mx(iBu2PS2)y] and
diphenyldiseleno-phosphinatometal [Mx(Ph2PSe2)y] complexes were employed as
molecular precursors for thin films deposited through AACVD. Similarly, these molecular
precursors have also been used for colloidal preparation of semiconductor nanocrystals of
ternary I-III-VI2 and I-IV-VI2 materials.

4.2

I-III-VI2 Semiconductor materials
CuInSe2 and analogous chalcopyrite I-III-VI2 semiconductors have

demonstrated significant potential as photoabsorber materials for thin film solar
PV. These materials have excellent optoelectronic properties, high absorption
coefficients and good photo-irradiation stability; thus demonstrate long term
operational life. Many materials of I-III-VI2 have been explored for potential
applications, especially in optoelectronics and solar PV. Important materials of this
family include CuInS2, CuInSe2, CuGaS2, CuGaSe2, CuFeS2, CuFeSe2, AgInS2 and
AgInSe2. Number of techniques have been employed to deposit thin films as well
as nanoparticles of CuInSe2 and related materials. However, many of these
techniques have their inherent limitations as they encounter the problem of
formation of binary structures or additional impurity phases. Thus, it is still a
significant research challenge to precisely control the phase structure, morphology,
orientation and stoichiometry of deposited thin films and nanoparticles. Most of the
film deposition processes traditionally use high vacuum which results in significant
material losses. Moreover, it is not feasible to scale up the process. Manufacturing
costs for PV module can be decreased by employing processes that do not require
122

high vacuum, elevated temperatures, time-consuming processing and high-priced
substrates and precursors. Consequently, an ideal approach would involve solutionbased processes, low reaction temperatures, lesser production time, flexible
substrates and low-cost precursors that allow roll to roll’ manufacturing and thus
have potential for scale up [1].
Consequently, research efforts have been devoted for development of
solution-phase approaches and substantial headway has already been made in
colloidal preparation of CuInSe2 and related materials.
morphology,

particle

size,

micro-structure,

A good control over

crystallographic

phase

and

stoichiometry of nanoparticles can be achieved by colloidal approach, pioneered by
Murray and co-workers [2]. Therefore, deposition of semiconductor thin films by
AACVD and colloidal growth of nanoparticles has been explored in this work,
using dialkyldichalcogenophosphinatometal complexes as molecular precursors to
semiconductor materials.
4.3

Copper indium disulfide (CuInS2)
CuInS2 is a promising member of I-III-VI2 family of semiconductors. It

demonstrates 1.5 eV direct band gap which is compatible with solar spectrum. Moreover,
CuInS2 demonstrates outstanding photo-irradiation stability and high (>105) solar
absorption coefficient. Therefore, this semiconductor was once viewed as an excellent
material for thin film solar photovoltaics [3]. CuInS2 is considered as a safer or greener
alternative to II-VI materials like CdTe or PbS because of its relatively lower toxicity.
This stems from the fact that Cu is much less toxic than Cd or Pb metals. Solar devices
based on CuInxGa1-xSe2, a quaternary Se analogue of CuInS2, have shown PCE of above
22 % [4]. PCE values of 27-32% have been suggested for CuInS2 solar devices by
theoretical calculations [5]. However, a maximum PCE of 13% could only be achieved
due to recombination losses in the space charge region [6]. CuInS2 nanostructures also
find applications in water splitting [7], bio-imaging [8], LEDs [9] and as electrode material
for DSSCs [10].
Bulk CuInS2 possesses a chalcopyrite structure; however its nanocrystals exist in
chalcopyrite, wurtzite or zincblend structure. In chalcopyrite structure, every S atom is
bonded with two In and two Cu atoms. A deviation from close-packed configuration
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results due to dissimilar bond lengths which causes anions to be displaced. Resultantly,
the crystal lattice assumes a tetragonal arrangement. The zincblend structure has similar
lattice parameters as the chalcopyrite, but it is a cation disordered configuration. This
means that there is an easy exchange of cations for one another, resulting in formation of
stoichiometric compositions like Cu3InS3.1 to CuIn2.2S3.8 [11]. This adjustable cationic
ratio in zincblend can offer advantage of tuning the optical band gap. However, it is
difficult to isolate CuInS2 in pure zincblend structure because of co-formation of other
phases [12]. The wurtzite structure may be described as the hexagonal equivalent of
zincblend structure and it has a cation ordered arrangement [13].
CuInS2 films have been deposited by a myriad of dry and wet techniques. These
techniques include CBD [14], PVD [15], chemical spray pyrolysis [16], spin coating [17],
SILAR method [18], modulated flux deposition [19], electrodeposition [20] and MOCVD
[21] including AACVD [22]. However, achievement of good control on crystallographic
phase architecture, crystallinity, and stoichiometric composition of the deposited films is
still challenging. These factors have a direct impact on optical and electronic
characteristics of the material which in turn impacts the overall performance of devices
based on these materials. Keeping in view the remarkable potential of CVD, in deposition
of good quality thin films, the present work demonstrates the deposition of CuInS 2 thin
films by AACVD using dialkyldithiophospinate complexes [Cu(iBu2PS2)(PPh3)2] and
[In(iBu2PS2)3], as molecular precursors.
4.3.1

CuInS2 thin films
CuInS2 films have been deposited by AACVD using equimolar mixture of

[Cu(iBu2PS2)(PPh3)2] and [In(iBu2PS2)3]. Poor coverage of substrate was achieved
during AACVD at 350 C. However, uniform deposition of greyish black material
occurred onto substrates in AACVD experiments at 400 C to 500 C. p-XRD was
used to determine phase of the film material. Figure 4.1 shows diffraction patterns
of films deposited at 350 C to 500 C. Phase analysis of p-XRD patterns revealed
the deposition of tetragonal CuInS2 (ICDD pattern 00-027-0159) at all experimental
temperatures. Moreover, preferred orientation of material along (112) plane was
observed as usually found in ternary chalcopyrite compounds of copper obtained
through CVD. Relatively broader peaks were observed for CuInS2 thin film
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deposited at 350 C which may be due to poor crystallinity of deposited films.
Comparatively sharp diffraction peaks were obtained for films deposited from 400
- 500 C. Diffraction peaks corresponding to binary copper sulfide or indium sulfide
phases were not found in p-XRD pattern.

Figure 4.1. XRD patterns of CuInS2 films deposited by AACVD using
[Cu( Bu2PS2)(PPh3)2] and [In(iBu2PS2)3 at (a) 350 (b) 400 (c) 450 and (d) 500 °C
with ICDD pattern 00-027-0159 (Red vertical lines).
i

Figure 4.2 displays SEM images of films obtained at different AACVD
temperatures. It was clear that remarkable differences exist in microstructure of
films deposited at various temperatures. Thin films at 350 °C comprised small
grains which were covered by a loose material of indefinite shape. AACVD at 400
C yielded small flakes which coalesce to form flower-like arrays. Similarly, a
uniform coverage of substrate with flakes of random orientation was observed at
450 C. These flakes had about 10 µm length and ~ 0.8 µm diameter. Thin film
deposited at 500 C showed further growth of flake like grains having 25-35 µm
length. EDX analysis (Table 4.1) revealed that material deposited at all
temperatures roughly had 1:1:2 atomic for Cu, In and S, respectively. SEM
elemental maps (Figure 4.2e) show homogenous distribution of all constituent
elements across the whole film. Moreover, no appreciable variations were found in
composition of individual grains. CuInS2 thin film deposited at 500 C had an
optical band gap of 1.54 eV (Appendix 1), as determined from the Tauc plot drawn
from UV-Vis absorption data.
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Figure 4.2. Representative SEM images of CuInS2 thin films at (a) 350 (b) 400 (c) 450
and (d) 500 °C (e) SEM EDX maps displaying even distribution of constituent elements
in film deposited at 350 °C.
4.3.2 Growth of CuInS2 nanoparticles
Thermolysis of [Cu(iBu2PS2)(PPh3)2] and [In(iBu2PS2)3] precursors (in 1:1 molar
ratio, respectively) in OA yielded monodispersed nanoparticles with predominantly quasispherical morphology. The p-XRD patterns of the nanoparticles grown at 180, 210 and
240 °C are given in Figure 4.3 which shows main diffraction peaks appearing at 2θ values
27.89, 46.34, 55.12, 67.83 and 74.57. Position of the peaks and their relative
intensities correspond with those reported for tetragonal CuInS2 (ICDD 00-27-0159).
Relatively broader diffraction peaks were observed for nanoparticles grown at all
temperatures, as expected for materials in nano-size domain. The Scherrer formula was
employed for calculating the mean diameter of as prepared nanocrystals and it gave a
mean diameter value of 3.9 nm, 10.7 nm and 18.4 nm, for nanoparticles grown at 180, 210
and 240 °C, respectively.
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In case of ternary or quaternary materials, often p-XRD alone cannot provide
precise identification of the crystallographic phase of the material due to similar
position of diffraction peaks originating from corresponding binary or ternary
phases. Hence, it is usually necessary to validate the phase analysis results with
some complimentary technique like Raman spectroscopy. Raman spectrum of
CuInS2 nanoparticles grown at 240 °C is shown in Figure 4.4. Major peak appeared
at 296 cm-1 which represents the characteristic A1 Raman absorption peak reported
for tetragonal CuInS2. No significant peaks were traceable at 474 cm-1 or 244, 266,
306, 326 or 366 cm-1 excluding the possibility of formation of binary copper sulfide
and indium sulfide phases, respectively.

Figure 4.3. p-XRD pattern of CuInS2 nanoparticles prepared at (a) 180 (b) 210 and (c)
240 °C by thermolysis of [In(iBu2PS2)3] and [Cu(iBu2PS2)(PPh3)2] in oleyalamine

Figure 4.4. Raman spectrum of CuInS2 nanoparticles grown at 240 °C
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Figure 4.5. (a–c) TEM Images and (d–f) HR-TEM images of CuInS2 nanoparticles
prepared at 180, 210 and 240 °C. Figures in inset show the SAED patterns
TEM images of as grown CuInS2 nanoparticles are given in Figure 4.5. Well
passivated and fairly dispersed nanoparticles with narrow size distribution were observed
in TEM images. Nanocrystals prepared at 180 °C had a predominantly triangular
morphology whereas the nanocrystals grown at 210 and 240 °C had a quasi-spherical
morphology. Size of the nanoparticles was found to be 4.2 ± 0.8 nm, 11.5 ± 3.4 nm and
18.0 ± 4.4 nm which conforms with the values obtained from Scherer formula. Lattice
fringes were clearly visible in HR-TEM images. Inter-planer spacing was determined as
0.32 nm that matches with reported d-spacing value for (112) plane of CuInS2
nanoparticles. SAED patterns (inset of Figure 4.5) obtained for the nanoparticles showed
concentric rings, thus suggesting polycrystalline nature of the as grown nanoparticles.
Stoichiometric composition determined by EDX analyses was found to be Cu1.94In1.08S2.12,
Cu1.91In1.02S2.16, and Cu1.98In1.04S2.07, Furthermore, homogenous distribution of the
constituent elements in CuInS2 lattice was indicated by TEM EDX elemental mapping
shown in Figure 4.6.
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Figure 4.6. TEM EDX Elemental mapping demonstrating uniform distribution of
constituent elements in CuInS2 nanoparticles grown at 240 °C.
Band gap of CuInS2 nanocrystals was measured using UV-Vis-NIR data recorded
for hexane suspension of the nanocrystals. Tauc plots obtained for nanoparticles
synthesized at 180, 210 and 240 °C demonstrate band gap values of 1.61 eV, 1.54 eV and
1.50 eV, respectively (Appendix 1). These values are consistent with the band gap value
(1.5 eV) for CuInS2.
Table 4.1: Summary of EDX analysis results for CuInS2 thin films and nanoparticles
Material

CuInS2 thin
films

CuInS2
nanoparticles

4.4

Temperature

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

EDX Analysis
(Atomic percentage)
Cu
In
S
23.7
24.4
51.9
22.9
24.7
52.4
23.1
25.7
51.2
21.8
27.2
51.0
22.8
25.6
51.6
25.3
25.8
48.9
23.6
24.4
52.0

Composition

Cu0.95In0.98S2.08
Cu0.92In0.99S2.09
Cu0.92In1.03S2.05
Cu0.91In0.65S2.11
Cu0.87In1.09S2.04
Cu0.91In1.02S2.06
Cu0.94In0.97S2.08

Copper indium diselenide (CuInSe2)
CuInSe2 and analogous copper chalcopyrite semiconductors have been explored

as the most promising photoabsorbers for thin film solar PV devices. These materials have
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suitable direct band gap and high absorption coefficients (> 105 cm-1). Other important
characteristics include non-toxic composition and excellent photo-irradiation stability
[23]. Band gap of CuInSe2 is 1.04 eV which is somewhat smaller than ideal band gap
value for terrestrial solar PV applications. Copper gallium diselenide (CuGaSe2), a
gallium analogue of CuInSe2, has 1.68 eV band gap [24]. Copper indium gallium
diselenide (CIGS) is viewed as pseudobinary alloy of CuGaSe2 and CuInSe2 materials,
formed by gradual replacement of In atoms in CuInSe2 lattice with the Ga atoms. CIGS is
usually represented with general formula CuIn1-xGaxSe2 and provides feasibility of band
gap tuning from 1.04 eV to 1.68 eV by gradually substituting Ga for In atoms. Jackson et
al. have reported 22.6 % PCE for CIGS thin-film solar cells [4].
Co-evaporation process has been the most successful technique for
deposition of photoabsorber layer CIGS cells demonstrating record efficiencies
[25]. Many other processes have also been developed to deposit chalcopyrite
CuInSe2 and related materials. These techniques include MBE [26], CVD [27],
CBD [28], sputtering [29], SILAR method [30], spray deposition [31],
electrodeposition [32], microwave irradiation [33] and pulsed laser deposition [34].
However, deposition of metal selenide thin films often yields polyphasic mixtures
or materials with undesirable stoichiometry and poor orientation, if carried out
without costly techniques like MBE. Precisely controlling crystallite size,
morphology, phase structure and composition of deposited film is still challenging,
especially while considering upscaling of the process. CVD has shown prospective
for scaling up the deposition process as already shown in manufacture of selfcleaning TiO2 coatings onto glass substrates [35]. However, conventional process
of CVD suffers from the problems of finding good precursors having requisite
volatility. AACVD avoids this problem and provides good control over
composition of materials. Marchand et al. have reviewed diverse applications and
advantages of the AACVD process in materials fabrication [36]. O’Brien et al. have
described the deposition of CuInSe2, CuInS2 and CuGaS2 films by LP-CVD and
AACVD using copper and indium methyl-n-hexyl-diselenocarbamates [37].
Similarly, they have employed iminobis(diisopropylphosphineselenide) complexes
of copper and indium for AACVD of CuInSe2 [38]. They have also evolved an easy
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and reproducible method for preparation of [HNEt3][R2PSe2] ligands and
corresponding complexes with various metals [39].
4.4.1 Deposition of CuInSe2 thin films
In the present study, deposition of CuInSe2 thin films was performed through
AACVD employing 1:4 molar ratios of [Cu4(Ph2PSe2)4] and [In(Ph2PSe2)3] precursors,
respectively in 15 mL toluene. Deposition was carried out at temperatures ranging from
300 to 500 ºC. Thin films with very poor coverage of the substrates were obtained at 300
C. AACVD at 350 and 400 C gave dark brown and weakly adhered films. However,
greyish black, well-adhered and shiny thin films were deposited at 450 and 500 C that
successfully passed scotch tape test.
Phase structure of as-obtained thin films was investigated by recording the
XRD patterns which are shown in Figure 4.7. Phase analysis revealed the deposition
of tetragonal CuInSe2 at all deposition temperatures. Prominent peaks appeared at
26.64, 44.17, 52.41, 64.39 and 70.84 2θ. This pattern corresponds with the
ICDD pattern 03-065-7027 for tetragonal CuInSe2 with I-42d space group. For
experiments at all temperatures, a preferred orientation of material along (112)
lattice plane was evident. The diffraction peaks were quite sharp, particularly at
higher deposition temperatures, presumably due to better crystallinity of material.
Similarly, there was no traceable contribution from likely binary phases of indium
selenide and /or copper selenide.

Figure 4.7. Diffraction patterns of CuInSe2 films from AACVD using 1:4 molar
equivalents of copper and indium precursor at (a) 350 (b) 400 (c) 450 and (d) 500 °C
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SEM was employed to study microstructure of as deposited thin films.
Figure 4.8 shows the representative SEM images for films deposited at 350, 400,
450 and 500 °C. Very good coverage of the films was obtained at all the
temperatures. AACVD at 350 °C yielded a dark brown film consisting of dense
grain like structures evenly distributed onto the substrate surface. Similar
morphology with slightly bigger but still having sub-micron size grains was
observed at 400 °C. Some of the grains also displayed triangular faceting on their
surface. Thin film deposited at 450 °C exhibited relatively poor coverage and
comprised of material with somewhat rice like morphology. Size of the grains was
uniform (~ 1.2 µm) and grains exhibited distinct grain boundaries. At 500 °C, well
formed tetragonal grains of submicron size were deposited. EDX analysis was
performed to find composition of films and it revealed roughly 1:1:2 atomic ratio
for Cu, In and Se.
AFM analysis was performed to determine surface profile of as deposited
CuInSe2 films. Figure 4.9 shows the AFM images of CuInSe 2 film obtained by
AACVD at 500 C. The AFM images demonstrate that film comprised of uniform
grains. These grains have an even distribution on substrates surface. Root mean
square (RMS) roughness of film surface was measured through acquisition of
multiple scans from different regions of film. RMS roughness was found to be 83.8
nm.

Figure 4.8. Representative SEM images of CuInSe2 thin films deposited by
AACVD at (a) 350 (b) 400 (c) 450 and (d) 500 °C
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Figure 4.9. (a) 2D and (b) 3D AFM images of CuInSe2 thin film deposited by

AACVD at 500 C
Optical band gap of the films were determined from Tauc plots (Appendix
1) drawn using UV-Vis absorption spectra. Films deposited at 450 C had band gap
value of

~ 1.13 eV. Literature reports describe band gap of 1.01 eV- 1.2 eV for

CuInSe2 thin films [40].
4.4.2 Growth of CuInSe2 nanoparticles

CuInSe2 nanoparticles were synthesized by thermolysis of [Cu4(Ph2PSe2)4] and
[In(Ph2PSe2)3] complexes (1:4 molar ratios) in oleylamine at 180, 210 and 240 °C. A rapid
burst of nucleation starts soon after the injection of TOP suspension, containing
precursors, into OA preheated at desired reaction temperature. This was indicated by
sudden change of reaction contents which turned dark brown in colour. Further reaction
for 45 minutes results in growth and Ostwald’s ripening of the nanocrystals. Afterwards,
heating was discontinued and nanoparticles were obtained by repeated centrifugation and
washing. Nanoparticles, thus obtained were subsequently suspended in hexane. As
synthesized nanoparticles were characterized by p-XRD, TEM, Raman spectroscopy and
UV-Vis-NIR spectroscopy.
The p-XRD patterns of the nanoparticles obtained at different temperatures are
given in Figure 4.10. Diffraction peaks are typically broad as usually observed for
materials in nano-size domain. Due to diffused nature of p-XRD patterns for small
nanoparticles, minor peaks usually appearing at higher 2θ angles in case of bulk material
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were not observed. Prominent peaks were observed at 26.61, 44.26, 52.43, 64.44 and
70.81 2θ angles. These peaks fairly coincide with those reported for (112), (220)/(204),
(312)/(116), (400) and (316) planes for tetragonal CuInSe2 (ICDD 03-065-7027) with I42d space group. Lattice parameters were determined to be a=b=5.783 Å and c=11.611 Å
which conform to the values for tetragonal CuInSe2. No additional peaks originating from
corresponding binary phases i.e. InSe, In2Se3 or Cu2-xSe were found in the diffraction
patterns; thus suggesting a phase pure nature of the material. Calculations using Scherrer
equation gave a mean crystallite size of 6.12 nm, 11.18 nm, and 14.48 nm for CuInSe2
nanoparticles grown at 180, 210 and 240 °C, respectively.
Figure 4.11 shows Raman spectrum of CuInSe2 nanoparticles grown at 210
°C. Major peak appeared at 173 cm-1 which represents the characteristic A1 Raman
absorption peak reported for tetragonal chalcopyrite CuInSe2. No peaks were found
at 255-260 cm-1 or 115 cm-1. This indicates the absence of possible binary phases
i.e Cu2-xSe, In2Se3 etc.

Figure 4.10. p-XRD patterns of CuInSe2 nanoparticles prepared by thermolysis of
[Cu4(Ph2PSe2)4] and [In(Ph2PSe2)3] complexes at (a) 180 (b) 210 and (c) 240 °C along
with ICDD pattern 03-065-7027.
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Figure 4.11. Raman spectrum of CuInSe2 nanoparticles grown at 210 °C
Representative TEM images of CuInSe2 nanocrystals grown at 180, 210 and 240
°C are shown in Figure 4.12. It was evident that CuInSe2 nanoparticles prepared at
different reaction temperatures had distinct morphologies. It was also observed that the
nanoparticles were monodispersed without any aggregation. Nanocrystals grown at 180
°C exhibited a quasi-spherical morphology, whereas those prepared at 210 °C were fairly
spherical. Similarly, CuInSe2 nanoparticles grown at 240 °C displayed a distinct triangular
shape along with some particles having spherical morphology. Relatively larger size
variation was observed in nanoparticles prepared at 240 °C than those prepared at 180 and
210 °C. Mean diameter of nanocrystals obtained at 180, 210 and 240 °C was found to be
6.7 ± 1.2 nm, 11.6 ± 2.9 nm and 15.8 ± 3.8 nm, respectively. These values coincide with
those calculated using Scherrer equation, except in case of nanoparticles grown at 240 °C.
This may be attributed to mixed (triangular and spherical) morphology of the
nanoparticles. HR-TEM images showed lattice fringes with an inter-planer spacing of 0.33
nm. This value is in fair agreement with d-spacing value for (112) lattice plane of CuInSe2.
SAED patterns for nanoparticles are shown in inset of Figure 4.12. These patterns
displayed concentric rings for (112), (220)/(204) and (312) lattice planes; thus suggesting
polycrystalline nature of the nanocrystals grown at all temperatures. Figure 4.13 shows
TEM EDX elemental maps for CuInSe2 nanoparticles grown at 210 °C which demonstrate
a uniform distribution of Cu, In and Se in nanocrystals.
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Figure 4.12. (a–c) TEM Images and (d–f) HR – TEM images of OA capped CuInSe2
nanoparticles grown at 180 °C, 210 °C and 240 °C, respectively. Figures in inset show
the SAED patterns
Tauc plots (Appendix 1) obtained from UV-Vis-NIR spectra of as grown CuInSe2
nanocrystals showed band gap values of 1.24 eV, 1.21 eV and 1.17 eV for nanocrystals
grown at 180, 210 and 240 °C. Different groups have reported varied band gap energies
for CuInSe2 ranging from 1.01 to 1.20 eV [41]. In general, there is an evident trend of
shifting of CuInSe2 band gap to higher side from bulk material to nanocrystals. This may
be attributed to quantum size effects as this material has a larger Exciton Bohr radius of
10.6 nm [42].

Figure 4.13. TEM EDX Elemental mapping demonstrating uniform distribution of
constituent elements in CuInSe2 nanoparticles grown at 240 °C.
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Table 4.2: Summary of EDX analysis results for CuInSe2 thin films and nanoparticles
Material

Temperature

CuInSe2 thin
films

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

CuInSe2
nanoparticles

4.5

EDX Analysis
(Atomic percentage)
Cu
In
Se
25.4
24.8
49.8
24.3
24.9
50.8
23.5
26.9
48.6
23.3
28.2
48.5
21.9
26.8
51.3
25.9
25.7
48.4
23.7
26.9
49.4

Composition

Cu1.02In0.99Se1.99
Cu0.97In1.00Se2.03
Cu0.94In1.08Se1.04
Cu0.93In1.13Se1.94
Cu0.88In1.07Se2.05
Cu1.04In1.03Se1.94
Cu0.95In1.08Se2.00

Copper gallium disulfide (CuGaS2)
CuGaSe2 is an attractive photoabsorber material for thin film PV, owing to its

appropriate direct band gap of 1.67 eV and high optical absorption coefficient. CuGaSe2
based thin film PV devices have not attained large-scale commercial deployment because
of prevalent limitations like difficult and less cost effective fabrication approaches. Use
of suitable precursors might yield thin films and nanoparticles with accurate control on
size, morphology and composition.
4.5.1

Copper gallium disulfide (CuGaS2) thin films
AACVD experiments to deposit CuGaS2 films were performed at 350, 400, 450

and 500 ºC using a mixture of [Cu(iBu2PS2)(PPh3)2] and [Ga(iBu2PS2)3] precursors, in 1:1
molar ratio, respectively. Precursor mixture was dissolved in 15 mL toluene. No
deposition occurred in case of AACVD experiment at 350 C. Moreover, only meager
coverage of substrate was achieved for AACVD at 400 and 450 C. However, AACVD
at 500 C yielded good coverage of the substrate and the deposited material was well
adhered to the substrate.
Phase of material deposited on films was found by powder X-ray diffraction.
The recorded patterns were compared with ICDD patterns for CuGaS2. Phase
analysis (Figure 4.14) showed the deposition of CuGaS2 at all experimental
temperatures. Major diffraction peaks arise at 29.04, 47.96, 48.53, 57.05,
58.05, 70.18 and 78.53 2θ angles that correspond to (112), (220), (204), (312),
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(116), (400) and (316) lattice planes of the standard ICDD pattern 01-085-1574 for
tetragonal CuGaS2. The diffraction peaks for material obtained at 400 and 450 C
were relatively broader and less sharp. No diffraction peaks from possible binary
phases of GaS, Ga2S3 or Cu2-xS were found in the diffraction patterns.

Figure 4.14. p-XRD patterns of CuGaS2 films obtained by AACVD from
[Cu(iBu2PS2)(PPh3)2] and [Ga(iBu2PS2)3] at (a) 350 (b) 400 (c) 450 and (d) 500 °C
SEM

images

(Figure

4.15)

demonstrated

marked

differences

in

microstructure of CuGaS2 films obtained at various deposition temperature.
Randomly oriented globular grains of sub-micron size (0.3 µm) were formed at 400
°C. Coverage of the film was not uniform and some areas of the substrate showed
very thin deposition. At 450 °C, very thin sheet like layered structures were
deposited onto the substrate. In some areas of the film, stacking of these two
dimensional layers resulting into formation of relatively thicker sheets could be
noticed. Similarly, thin film obtained at 500 °C displayed good coverage of film
with layered flake like structures. Individual grains had distinct grain boundaries
and size of the grains was more or less uniform. EDX analyses were performed to
find elemental composition of films. It was found that Cu:Ga:S ratio was close to
1:1:2. This, in conjunction with p-XRD studies, confirmed deposition of CuGaS2 at
all three AACVD temperatures. No appreciable variation in composition of
individual grains could be found in EDX analyses.
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Figure 4.15. Representative SEM images of CuGaS2 films deposited by AACVD at
(a) 400 (b) 450 and (c) 500 °C
AFM analyses were performed to evaluate surface profile of CuGaS2 thin
films. AFM image of CuGaS2 film obtained by AACVD at 400 C are shown in
Figure 4.16. The AFM images demonstrate that the thin film comprised globular
grains, randomly distributed on the substrate surface. RMS roughness of film surface
was measured through acquisition of multiple scans from different regions of film.
RMS roughness was found to be 130.8 nm. Band gap of films deposited in AACVD

at 400, 450 and 500 C, respectively was found to be 2.45, 2.43 and 2.40 eV
whereas the reported band gap of CuGaS2 is 2.43 eV [43].

Figure 4.16. 2D and 3D AFM images of CuGaS2 thin film deposited by AACVD at
400 °C
4.5.2 Growth of CuGaS2 Nanoparticles

Copper gallium disulfide (CuGaS2) nanocrystals were prepared by thermal
degradation of [Cu(iBu2PS2)(PPh3)2] and [Ga(iBu2PS2)3] precursors (1:1 molar ratios ) in
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OA at 180, 210 and 240 °C. The onset of reaction was indicated by a sudden change in
color of reaction contents as rapid nucleation starts after injection of precursor’s mixture
suspended in 5 mL TOP. These small nanocrystals underwent growth and Ostwald’s
ripening for further 45 minutes. Afterwards, the heating was discontinued, reaction
contents were allowed to cool and nanocrystals were obtained by successive
centrifugation and washing. These nanoparticles were subsequently suspended in hexane
and characterized using p-XRD, TEM, HR-TEM and UV-Vis spectroscopy.
Figure 4.17 displays XRD patterns for nanoparticles synthesized at 180, 210 and
240 °C. As typically observed for materials in nano-sized domain, p-XRD patterns
demonstrated broader diffraction peaks. In contrast to the p-XRD pattern of corresponding
bulk material, only few major peaks could be observed at 29.04, 48.53, 58.05 and
70.18 2θ angles which can be indexed to (112), (220)/(204), (312)/(116) and (400) planes
of the standard ICDD pattern 01-085-1574 for tetragonal CuGaS2. Minor peaks could not
be traced in diffused broader diffraction patterns. Lattice parameters were found as a=b=
5.35 Å and c=10.47 Å. These values fairly conform with lattice parameters for tetragonal
CuGaS2. No additional peaks for corresponding binary phases i.e. GaS, Ga2S3 or Cu2-xS
were observed. Calculations using Scherrer equation gave mean crystallite size of the
nanocrystals as 3.06 nm, 7.16 nm, and 10.31 nm for CuGaS2 nanoparticles grown at 180,
210 and 240 °C, respectively.

Figure 4.17. XRD patterns of CuGaS2 nanocrystals synthesized at (a) 180 (b) 210 and
(c) 240 °C by thermolysis of [Cu(iBu2PS2)(PPh3)2] and [Ga(iBu2PS2)3]
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Figure 4.18. (a-c) TEM and (d-f) HR-TEM images of CuGaS2 nanoparticles
TEM and HR-TEM images were used to study the morphology and microstructure
of as grown CuGaS2 nanoparticles. Figure 4.18 shows representative images of CuGaS2
nanoparticles grown at 180, 210 and 240 °C. It was found that CuGaS2 nanoparticles
prepared at all reaction temperatures had different size but similar quasi-spherical
morphology. The images also show that the nanoparticles are monodispersed as no
aggregation was observed. Mean diameter of nanocrystals obtained at 180, 210 and 240
°C was found to be 3.2 ± 0.6 nm, 7.3 ± 1.9 nm and 11.4 ± 2.7 nm, respectively. These
values coincide with those calculated using Scherrer equation. HR-TEM images showed
lattice fringes with d-spacing of 0.32 nm which conforms with d-spacing value for (112)
lattice plane of CuGaS2. SAED pattern (shown in inset of Figure 4.18 c) displayed
concentric rings for (112), (220)/(204) and (312) lattice planes. This implies that the
nanocrystals have a polycrystalline nature. Figure 4.19 shows TEM EDX elemental maps
for CuGaS2 nanoparticles grown at 240 °C which confirm homogenous distribution of Cu,
Ga and S in nanocrystals. Optical band gap of the nanoparticles grown at 180, 210 and
141

240 °C was found to be 2.7, 2.64 and 2.51 eV (Appendix 1). These values are a little
higher than the bulk band gap value of CuGaS2.

Figure 4.19. TEM EDX elemental maps recorded for CuGaS2 nanoparticles grown at
240 °C.
Table 4.3: Summary of EDX analysis results for CuGaS2 thin films and nanoparticles
Material

Temperature

CuGaS2 thin
films

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

CuGaS2
nanoparticles

4.6.1

EDX Analysis
(Atomic percentage)
Cu
Ga
S
22.4
23.8
53.8
22.6
21.9
55.5
22.9
23.4
53.7
26.3
24.2
49.5
26.7
21.8
51.5
25.7
24.9
49.4
27.7
23.6
48.7

Composition

Cu0.90Ga0.95S2.15
Cu0.91Ga0.88S2.22
Cu0.92Ga0.94S2.14
Cu1.05Ga0.97S1.98
Cu1.07Ga0.87S2.06
Cu1.03Ga1.00S1.98
Cu1.19Ga0.94S1.95

Deposition of CuGaSe2 thin films
CuGaSe2 thin films were grown by AACVD at 350 to 500 ºC using a mixture of

1:4 molar ratio of [Cu4(Ph2PSe2)4] and [Ga(Ph2PSe2)3] precursor complexes, respectively
in 15 mL toluene. A good coverage of the film was obtained at all temperatures. Films
obtained at 350 and 400 C, though adhered to substrate, left brownish soot like material
during scotch tape test. Contrastingly, the deposition experiments at 450 and 500 C
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yielded dark brown, shiny and well-adhered thin films which successfully underwent
scotch tape test.
The XRD patterns (shown in Figure 4.20) of as deposited thin films were recorded to
determine the crystallographic phase of the material. Phase analysis was performed by
matching the recorded pattern with standard ICDD pattern using DIFFRACT Plus EVA
software package which confirmed the deposition of CuGaSe2 at all deposition temperatures.
Notable peaks appeared at 27.77, 45.62, 46.11, 54.23, 55.01, 66.60 and 74.20 2θ angles
which could be indexed as the (112), (220), (204), (312), (116), (400) and (316) lattice planes
for tetragonal CuGaSe2 (ICDD pattern 00-035-1100) with I-42d space group. The diffraction
peaks obtained at 350 and 400 C were relatively broader; however quite sharp and narrow
peaks were observed at 450 and 500 C. In general, the diffraction patterns were clean and
did not display any peaks expected from corresponding binary phases of copper selenide and
gallium selenide. It is worth mentioning that in case of CuGaSe2, gallium selenide phases

have different peak positions and a shift of diffraction peaks to higher 2θ angles (compared
to Cu2-xSe) by incorporation of Ga was evident. Consequently, it was easy to ascertain
absence of the corresponding binary phases as impurities by p-XRD alone.

Figure 4.20. XRD patterns of CuGaSe2 films deposited by AACVD using
[Cu4(Ph2PSe2)4] and [Ga(Ph2PSe2)3] at (a) 350 (b) 400 (c) 450 and (d) 500 °C indexed
with ICDD pattern 00-035-1100 for tetragonal CuGaSe2.
Representative SEM images (Figure 4.21) show the deposition of CuGaSe2 with
different morphologies at varying deposition temperatures. The AACVD at 350 °C
yielded thin films that comprised densely packed small grains of indefinite shape and size.
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Some of these grains also displayed triangular faceting on their surface. Films deposited
at 400 °C contained layered leaf like grains having 2-3 µm size. Thin film deposited at
450 °C exhibited dense coverage onto glass substrates with flake shaped grains of random
orientation and sub-micron size. Similar flake like grains with relatively larger size were
seen in film grown at 500 °C. Stoichiometric composition of films was studied by EDX
analyses which showed that films had a 1:1:2 ratio for Cu, Ga and Se atoms, respectively
for experiments at all temperatures. EDX elemental maps (Figure 4.22) were also recorded
which demonstrate a uniform distribution of constituent elements for CuGaSe2 across the
film.

Figure 4.21. Representative SEM images of CuGaSe2 films deposited by AACVD at
(a) 350 (b) 400 (c) 450 and (d) 500 °C

Figure 4.22. EDX maps demonstrating homogenous distribution of constituent elements
(Cu, Ga and Se) in CuGaSe2 films.
144

Band gap of CuGaSe2 film deposited at 450 °C was determined using UV-VisNIR absorption spectra. Tauc plots (Appendix 1) obtained from this data demonstrate a
band gap value of ~ 1.70 eV. This value conforms to the reported band gap value (1.68
eV) for CuGaSe2.
4.6.2

Growth of CuGaSe2 nanoparticles
CuGaSe2 nanocrystals were prepared by thermal degradation of 1:4 molar

equivalents of [Cu4(Ph2PSe2)4] and [Ga(Ph2PSe2)3] precursor complexes, respectively in
OA maintained at 180, 210 and 240 °C. A rapid burst of nucleation starts soon after the
injection of TOP suspension, containing precursors, into OA preheated at desired reaction
temperature. This was indicated by sudden change in colour of reaction contents. Reaction
was continued for 45 minutes which resulted in further growth of the nanocrystals.
Afterwards, heating was discontinued and nanoparticles were obtained by repeated
centrifugation and washing. Nanoparticles, thus obtained were subsequently suspended in
hexane for characterization.

Figure 4.23. XRD patterns of CuGaSe2 nanoparticles synthesized at (a)180 (b) 210 and
(c) 240 °C by thermolysis of [Cu4(Ph2PSe2)4] and [Ga(Ph2PSe2)3] precursors in OA
The p-XRD peaks (Figure 4.23) are typically broad. Prominent peaks were
observed at 26.6, 44.2, 52.4, 64.4 and 70.8 2θ angles. These peaks fairly coincide
with those reported for (112), (220)/(204), (312)/(116), (400) and (316) planes of
tetragonal CuGaSe2 (ICDD 01-081-0903) with I-42d space group. No additional peaks
originating from corresponding binary phases i.e. GaSe, Ga2Se3 or Cu2-xSe were found in
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the diffraction patterns; thus suggesting a phase pure nature of the material. The diffraction
peaks for nanoparticles grown at higher temperature were relatively narrow and sharp
suggesting somewhat larger diameter of the nanoparticles obtained at high growth
temperature. Calculations using Scherrer equation gave an average diameter of 5.97 nm,
7.76 nm, and 14.31 nm for CuGaSe2 nanoparticles grown at 180, 210 and 240 °C,
respectively.

Figure 4.24. Raman spectrum of CuGaSe2 nanoparticles grown at 240 °C
In case of thin films, CuGaSe2 has fairly distinct peaks than its corresponding
binary phases. However, due to broader peaks in case of nanoparticles, it might be possible
that closely spaced peaks of Cu2-xSe might be overlapped by diffraction peaks of CuGaSe2.
Hence, validation of phase structure by a complementary technique is necessary. Raman
spectroscopy is a useful technique which is also used for determining the phases of ternary
or multinary semiconductor materials. Raman spectrum of CuGaSe2 nanocrystals grown
at 240 °C is shown in Figure 4.24. Major peak appeared at 183 cm-1 which represents the
characteristic A1 Raman absorption peak reported for tetragonal CuGaSe2 [44]. No
significant peaks were traceable at 255-260 cm-1 or 155, 264 and 300 cm-1; .thus excluding
the possibility of formation of binary copper selenide and Ga2Se3 phases, respectively
[45].
TEM and HR-TEM images were used to study the morphology and microstructure
of as prepared CuGaSe2 nanoparticles. Figure 4.25 displays the representative TEM
images of CuGaSe2 nanocrystals grown at 180, 210 and 240 °C. It was found that CuGaSe2
nanoparticles prepared at different reaction temperatures had different particle size and
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morphology. Nanocrystals grown at 180 and 210 °C exhibited a quasi-spherical
morphology, whereas those prepared at 240 °C were somewhat oval in shape. Average
diameter of nanocrystals was 6.2 ± 0.7 nm, 8.2 ± 0.9 nm and 14.4 ± 0.8 nm for nanocrystals
grown at 180, 210 and 240 °C, respectively. HR-TEM images showed lattice fringes with
inter-planer spacing of 0.31 nm which matches with d-spacing value for (112) lattice plane
of tetragonal CuGaSe2. SAED patterns exhibited distinct rings for (112), (220)/(204) and
(312) lattice planes. So, it may be construed that nanoparticles grown at all temperatures
have polycrystalline nature. Figure 4.26 shows TEM EDX elemental maps for CuGaSe2
nanoparticles grown at 210 °C which show a uniform distribution of Cu, Ga and Se in
nanocrystals.

Figure 4.25. (a) Representative TEM and (b) HR-TEM images recorded for CuGaSe2
nanocrystals grown by thermolysis of [Cu4(Ph2PSe2)4] and [Ga(Ph2PSe2)3] precursor
complexes at 210 °C. Figure in inset shows the SAED pattern of CuGaSe2 nanoparticles
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Figure 4.26. TEM EDX elemental maps for CuGaSe2 nanoparticles grown at 210 °C.
UV-Vis-NIR absorption data was employed for drawing the Tauc plots (Appendix
1) by applying the Tauc formula. Band gaps were found as 1.71 eV, 1.69 eV and 1.66 eV
for nanocrystals grown at 180, 210 and 240 °C.
Table 4.4: Summary of EDX analysis results for CuGaSe2 thin films and nanoparticles
Material

CuGaSe2
thin films

CuGaSe2
nanoparticles

4.7

Temperature

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

EDX Analysis
(Atomic percentage)
Cu
Ga
Se
22.4
21.8
55.8
23.2
22.7
54.1
24.7
23.3
52.0
27.1
24.7
48.2
27.5
21.3
51.2
26.9
23.6
49.5
25.8
23.9
50.3

Composition

Cu0.90Ga0.87Se2.23
Cu0.93Ga0.91Se2.16
Cu0.99Ga0.93Se2.08
Cu1.08Ga0.99Se1.93
Cu1.10Ga0.85Se2.05
Cu1.08Ga0.94Se1.98
Cu1.03Ga0.96Se2.01

Copper iron sulfide (Chalcopyrite, CuFeS2)
Chalcopyrite, CuFeS2 is a low bandgap, earth abundant and environment friendly

representative of the I-III-VI2 semiconductors. This material has long been known as a
natural mineral having a gold like luster. CuFeS2 crystallizes as a typical tetragonal
chalcopyrite structure with I-42d space group having lattice constants a = 5.289 Å and c
= 10.423 Å. It has recently been recognized as a candidate material for thermoelectric
[46], solar photovoltaics [47] and spintronics applications [48]. Bulk chalcopyrite has a
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bandgap of 0.56 eV; however the CuFeS2 nanostructures are shown to possess larger
bandgap up to 1.2 eV offering tuneability by size [49].
CuFeS2 exhibits unique material properties than related ternary compounds of
copper due to fractional (+II) oxidation state nature of the copper centers. Moreover, by
virtue of its beneficial band gap, CuFeS2 offers other distinct phenomena like
thermoelectricity [50] and ferroelectricity [51]. Synthesis of CuFeS2 nanostructures (thin
films, nanoparticles, nanotubes and nanorods) has been carried out by using a variety of
techniques like sulfurization of Cu-Fe alloy precursor [52], hydrothermal method [53],
solvothermal method [54], mechanical alloying [55], microwave assisted synthesis [56]
and solution based techniques [57]. However, a controllable synthesis of CuFeS2 with
desired morphology, size and stoichiometric composition is still challenging.
4.7.1

Growth of CuFeS2 nanoparticles
CuFeS2 nanocrystals were prepared by thermal degradation of 1:1 molar ratio of

[Fe(iBu2PS2)2] and [Cu(acac)2] precursors in oleylamine at 210 and 240 °C. Oleylamine
acts as solvent as well as surface ligand in the reaction. Furthermore, it significantly
reduces the temperature required for thermal decomposition of molecular precursors, thus
facilitating the formation of CuFeS2 nanoparticles at low temperature. Rapid injection of
suspension containing precursors results in the formation of CuFeS2 nuclei which
subsequently grow to form CuFeS2 nanoparticles. It was found that mean diameter and
morphology of as prepared nanoparticles was strongly influenced by reaction temperature.
XRD was used to find the crystallographic phase of as-synthesized nanocrystals. Figure
4.27 displays the p-XRD patterns of nanoparticles prepared at 210 and 240 °C. Phase
analysis of the as synthesized nanoparticles revealed that the peak positions and relative
intensities of the peaks coincide well with those reported for the chalcopyrite phase of
CuFeS2 (ICDD pattern 01-083-0984) having tetragonal structure and I-42d space group.
Due to broad unsymmetrical nature of the peaks, no splitting of the 220/204 and 312/116
peaks could be observed in the experimental pattern. Absence of any significant peak
assignable to binary impurity phases e.g. Cu2-xS, FeS etc. indicates pure, monophasic
nature of the materials. Average crystallite size of the nanocrystals was calculated by using
Debye-Scherrer equation. Data for (112) peak appearing at around 29.4° was utilized for
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this purpose and the estimated average particle size for CuFeS2 nanocrystals grown at 210
and 240 °C was found to be 35.1 and 76.5 nm, respectively.

Figure 4.27. XRD patterns of oleylamine capped CuFeS2 nanocrystals prepared at (a)
210 and (b) 240 °C, by thermolysis of 1 : 1 molar ratio of [Fe(iBu2PS2)3] and
[Cu(acac)2] precursors. Vertical lines below show the ICDD pattern 01-083-0984 for
chalcopyrite CuFeS2.

Figure 4.28. (a) Representative TEM image (b) HR-TEM image and (c) SAED pattern
of CuFeS2 nanoparticles grown at 210 °C and (d) TEM image (e) HR-TEM image and
(f) SAED pattern of CuFeS2 nanoparticles grown at 240 °C.
TEM was used to study the mean diameter and morphology of the as prepared
nanocrystals. As displayed in Figure 4.28, the CuFeS2 nanocrystals grown at 210 °C
(Figure 4.28a) predominantly have a triangular pyramidal morphology and ranged in size
from 30 nm to 45 nm (size defined as the length of one side of the pyramid). The similar
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pyramidal morphology of CuFeS2 nanocrystals has also been reported by Gupta et al.
using iron diethyldithiocarbamate and copper acetylacetonate [58]. A few particles having
roughly spherical morphology and smaller than 10 nm diameter were also evident in
images. Lattice fringes were observed in HR-TEM image (Figure 4.28b) which displayed
inter-planer spacing value as 0.3 nm. This corresponds with the d-spacing for (112)
crystallographic plane of CuFeS2. SAED pattern (Figure 4.28c) showed concentric rings
for (112), (204) and (312) planes of tetragonal CuFeS2 phase suggesting polycrystalline
nature of the nanocrystals. TEM image of the CuFeS2 nanocrystals prepared at 240 °C is
given in Figure 4.28d. It can be seen that the CuFeS2 nanocrystals prepared at 240 °C
begin to display somewhat hexagonal morphology in addition to pyramidal morphology.
Average size of the pyramidal and hexagonal nanocrystals was determined, using Image
J software, as 76 ± 10 nm which is slightly larger than that calculated from Scherrer
formula. A d-spacing value of 0.3 nm was calculated from HR-TEM images (Figure
4.28e). SAED pattern showed partial rings corresponding to (112), (204) and (312) lattice
plans of CuFeS2, confirming that the nanocrystals are tetragonal CuFeS2 in polycrystalline
form having some tendency towards single crystalline nature.
EDX analyses showed an excess of sulfur in nanoparticles grown at both the
temperatures i.e. 210 and 240 °C, as expected from higher mole equivalents of sulfur
present in precursor complex. Excess sulfur in nanoparticles is generally desired to
compensate the loss of sulfur in post processing operations like annealing. TEM-EDX
elemental mapping (Figure 4.29) showed a roughly even distribution of Cu, Fe and S for
nanocrystals grown at 210 and 240 °C.

Figure 4.29. TEM – EDX elemental maps of CuFeS2 nanocrystals grown at (a) 210 and
(b) 240 °C.
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Band gap of CuFeS2 nanoparticles synthesized at both the temperatures (210 and
240 °C) was measured (Appendix 1) from the UV-Vis-NIR data of the dilute toluene
suspension of as prepared nanoparticles. Nanoparticles grown at 210 °C displayed 0.65
eV band gap which is marginally higher as compared to reported band gap value (0.6 eV)
for CuFeS2 [59]. The band gap of CuFeS2 nanoparticles prepared at 240 °C was measured
as ~ 0.58 eV.
4.8

Copper iron selenide (CuFeSe2)
CuFeSe2 is another low band gap ternary semiconductor material of I-III-VI2

family having diverse potential applications, especially as thermoelectric material [60].
Instead of having chalcopyrite lattice arrangement, CuFeSe2 has tetragonal phase structure
having a space group with P42c symmetry whereas lattice constants have been calculated
as a = 5.53 Å and c = 11.05 Å [61]. One study has shown a thermoelectric power of the
order of 1300 mV/K at approximately 300 K whereas thermal conductivity was found to
be ~ 8.8 W/m K for CuFeSe2 thin film deposited onto a Si substrate [62]. Furthermore,
majority carriers in CuFeSe2 can be tailored to be of p-type or n-type by manipulating the
Cu/Fe ratio [63]. However, there are very scarce reports dealing with the preparation of
CuFeSe2 nanostructures probably due to complexity in synthesis of these materials. Chen
et al. described the preparation of cuboid CuFeSe2 nanoparticles by a wet chemical route
[64]. Yang et al. have carried out hot injection based growth of CuFeSe2 nanoparticles
with quasi-cubic morphology using metal acetylacetonates and diphenyl diselenide [65].
Colloidal growth of nanoparticles by thermolysis of precursors offers a good control over
dimensions, morphology and composition of nanoparticles. Therefore, this technique has
been extensively utilized for the synthesis of a variety of nanocrystals. Final
characteristics of the as grown nanocrystals are strongly affected by the choice of
particular precursors.
4.8.1

Growth of CuFeSe2 nanoparticles
Copper iron diselenide (CuFeSe2) nanocrystals were prepared by thermal

decomposition of 1:1 molar equivalents of [Fe(Ph2PSe2)2] and [Cu(acac)2] complexes in
OA preheated at 210 °C and 240 °C. Right upon injection of suspension of precursors into
oleylamine, reaction mixture became deep brown demonstrating development of small
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CuFeSe2 nuclei which undergo further growth for 45 minutes to form nanocrystals.
Characterization of the nanocrystals obtained after work up of both the reactions revealed
that the shape and dimensions of the nanocrystals were remarkably affected by reaction
temperature.
Figure 4.30 shows the p-XRD patterns of CuFeSe2 nanocrystals grown at synthesis
temperatures of 210 °C and 240 °C. As shown in the figure, the p-XRD patterns of
nanocrystals grown at both the temperatures can be indexed to standard ICDD pattern 00041-1464 for Eskebornite phase of tetragonal CuFeSe2 having P-42/mmc space group. As
expected, the diffraction patterns comprised broader peaks which are characteristics of the
crystals in nano size domain. As the preparation of CuFeSe2 involved reaction of two
different precursors, binary phases like CuSe and FeSe could be formed. However, no
additional peaks could be traced in experimental p-XRD pattern that suggests the absence
of possible binary phases. It may be assumed that any binary phases formed by
thermolysis of individual precursor molecules undergo further reaction to form ternary
CuFeSe2 nanocrystals. Hsu et al. have previously reported the formation of binary phases
at growth temperatures of 120 and 160 °C, however, only ternary CuFeSe2 was formed at
temperatures of 200 °C or above [64]. Average size of nanoparticles synthesized at 210
°C was calculated by using Scherrer equation and found to be 8.56 nm.

Figure 4.30. p-XRD pattern of oleylamine capped CuFeSe2 nanoparticles prepared by
thermolysis of 1 : 1 molar ratio of [Fe(Ph2PSe2)2] and [Cu(acac)2] precursors at (a) 210
and (b) 240 °C with the standard ICDD pattern 00-041-1464 for Eskebornite phase of
tetragonal CuFeSe2.
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The size and morphologies of the as-synthesized nanocrystals were analyzed by
TEM images. Figure 4.31a shows the formation of monodispersed quasi-spherical
nanocrystals at a reaction temperature of 210 °C. Mean size of the nanoparticles prepared
at 210 °C was found to be 7.8 nm ± 2.0 nm that is in fair agreement with the average size
calculated by Scherrer equation. HR-TEM image (Figure 4.31b) showed lattice fringes
with inter-planer spacing of 0.553 nm and 0.320 nm which can be attributed to (100) and
(111) lattice planes of CuFeSe2, respectively whereas SAED pattern (Figure 4.31c)
presented weak discontinuous diffraction rings originating from (112), (104), (204) and
(312) planes of CuFeSe2 suggesting polycrystalline nature of as synthesized nanocrystals.
At a reaction temperature of 240 °C, larger particles with rectangular sheet like
morphology were formed as indicated by TEM images (Figure 4.31d). Grain boundaries
of the particles were clearly distinguishable in most of the cases; however, in some areas
of grid a tendency towards aggregation was also evident along with some residual capping
ligand. Average lateral dimensions of the rectangular sheet like nanocrystals were found
to be approximately 130 nm x 105 nm. An inter-planer spacing of 0.553 nm consistent
with d-spacing value of (100) plane of CuFeSe2 was shown by HR-TEM image (Figure
4.31e). SAED pattern (Figure 4.31f) presented discontinuous electron diffraction rings
suggesting the polycrystalline nature of nanocrystals.

Figure 4.31. (a) Representative TEM images (b) HR-TEM images and (c) SAED pattern
of CuFeSe2 nanoparticles grown at 210 °C and (d) TEM images (e) HR-TEM images
and (f) SAED pattern of CuFeSe2 nanoparticles grown at 240 °C.
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The d-spacing values of (100), (112) and (210) lattice planes, measured from the
SAED pattern fairly agreed with those reported for tetragonal CuFeSe2. EDX analyses
confirmed the presence of Cu, Fe, and Se elements in the as-prepared nanocrystals.
Stoichiometric composition of CuFeSe2 nanocrystals grown at 210 °C and 240 °C showed
slightly Se deficient composition at both the temperatures. Roughly, even distribution of
constituent elements was indicated in EDX elemental maps (Figure 4.32) recorded for
CuFeSe2 nanoparticles grown at 210 and 240 °C.

Figure 4.32. TEM EDX elemental maps recorded for CuFeSe2 nanocrystals grown at (a)
210 °C and (b) 240 °C.
Band gap of toluene suspension of the CuFeSe2 nanoparticles measured from Tauc
plot (Appendix 1) was found to be 0.205 eV for the nanoparticles grown at 210 °C. This
higher value of band gap than the reported band gap value for bulk CuFeSe2 (0.16 eV)
may be attributed to size of the CuFeSe2 crystals in nano-size domain. Band gap value of
the CuFeSe2nanoparticles grown at 240 °C was found to be ~ 0.166 eV.
Table 4.5: Summary of EDX analysis results for CuFeS2 and CuFeSe2 nanoparticles

4.9

Material

Growth
Temperature
210 °C

EDX Analyses Results
Atomic percentage (%)
Cu
Fe
S
Se
22.4 21.3
56.3
-

CuFeS2

Composition

Cu0.90Fe0.85S2.25

nanoparticles

240 °C

21.5

23.1

55.4

-

Cu0.86Fe0.92S2.22

CuFeSe2

210 °C

27.2

31.3

-

41.4

Cu1.09Fe1.25Se1.65

nanoparticles

240 °C

26.4

29.8

-

43.7

Cu1.06Fe1.19Se1.75

Copper tin sulfide (Cu2SnS3)
Cu2SnS3 belongs to I-IV-VI family of ternary sulfide semiconductors. It is an

emerging photoabsorber layer material for thin solar PV devices. It is also being
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considered as a replacement for CuInS2 by virtue of its optimal energy band gap (~1 eV),
fairly high absorption coefficient (>104 cm-1), non-toxic, and earth abundant composition
[66]. Furthermore, Cu2SnS3 nanostructures having inter-layer spaces and tunneling
structure in its crystal lattice might be a potentially ideal electrode material for lithiumion batteries [67]. However, practical utility of this material is limited by co-formation of
other stoichiometric analogues like Cu3SnS4 and Cu4SnS7 as well as different
crystallographic phases of the same stoichiometry e.g tetragonal, cubic and monoclinic
phases for Cu2SnS3. There are very few reports on phase controllable preparation of
Cu2SnS3 nanoparticles [68]. Lokhande et al. have reviewed various chemical synthesis
procedures employed for preparation of Cu2SnS3 nanoparticles [69].
Cu2SnS3 exists in dimorphic or polymorphic crystallographic phases and the phase
transition temperature is 780 °C. Above this temperature, Cu2SnS3 exists in cubic
structure, which is an isomorph of sphalerite structure [70]. Similarly, tetragonal,
monoclinic and triclinic phases of the Cu2SnS3 are reported to exist on low temperature
[71]. Various techniques used for deposition of Cu2SnS3 thin films include spray pyrolysis
[72], liquid coating [73], spin coating [74], SILAR method [75] and sulfurization of
stacked metal precursors. This material finds important applications in solar PV, anode
material for sodium ion batteries [76] and IR photodetectors [77].
4.9.1

Growth of Cu2SnS3 nanoparticles
Copper tin sulfide nanoparticles were grown by using 2:1 molar ratios of

[Cu(acac)2] and [Sn(iBu2PS2)2] metal-organic precursors, respectively in OA at
temperatures of 180, 210 and 240 °C. Formation of nanomaterial’s nuclei was indicated
as the reaction contents turned dark brown upon injection of the TOP based precursors
suspension into preheated OA. These nuclei underwent further reactions and growth for
45 minutes. Work up of the reaction by centrifugation and washings gave brownish black
nanoparticles which were suspended in hexane for further characterization. Nanocrystals
formed at 180 °C gave a relatively lighter brown suspension whereas those grown at 210
and 240 °C gave dark brown suspension in hexane.
X-ray diffraction patterns of as grown nanocrystals at different temperatures are
shown in Figure 4.33. Phase analysis revealed that the major peaks appear at 2θ values of
28.6, 47.3 and 56.3 which may either be indexed to (112), (220) and (312) lattice planes
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of tetragonal Cu2SnS3 (ICDD 01-089-4714) or to (111), (220) and (311) planes of cubic
Cu2SnS3 (ICDD 01-089-2877). Lattice parameters were found to be a=b=5.41 Å and
c=10.82 Å which correspond with the tetragonal phase of Cu2SnS3 with I-42m space
group. No peaks corresponding with the binary phases i.e. SnS, SnS2 or Cu2-xS could be
traced in the diffraction patterns. Scherrer equation gave an average diameter of 5.97 nm,
11.16 nm, and 14.31 nm for Cu2SnS3 nanoparticles grown at 180, 210 and 240 °C,
respectively. XRD analysis thus ruled out the formation of other stoichiometric phases of
copper tin sulfide. However, p-XRD studies were insufficient to ascertain that whether the
Cu2SnS3 nanoparticles have a tetragonal or cubic crystallographic phase. Therefore,
further investigation by means of some complimentary technique was necessary to
determine the crystallographic phase of as grown nanocrystals.

Figure 4.33. XRD patterns of Cu2SnS3 nanocrystals prepared at (a) 180 (b) 210 and (c)
240 °C, by thermolysis of [Cu(acac)2] and [Sn(iBu2PS2)2] precursors indexed with ICDD
pattern 01-089-4714 for tetragonal Cu2SnS3.
Raman spectrum of Cu2SnS3 nanocrystals grown at 240 is shown in Figure 4.34.
Major peak appeared at 336 cm-1 with a smaller shoulder at 351 cm-1. These peaks
represent the characteristic Raman absorption peaks reported for tetragonal Cu2SnS3 [78].
No significant peaks were traceable at 303 cm-1 and 355 cm-1 (for cubic Cu2SnS3 phase)
and at 295 cm-1, 318 cm-1 or 348 cm-1 (for orthorhombic Cu3SnS4 phase). Similarly, no
peak was observed at 476 cm-1 thus excluding the possibility of formation of binary copper
sulfide phase [79].
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Figure 4.34. Raman spectrum recorded for Cu2SnS3 nanoparticles prepared by
thermolytic degradation of [Cu(acac)2] and [Sn(iBu2PS2)2] precursors in oleylamine at
240 °C. Dotted lines show the respective positions of Raman absorption peaks for
related binary and ternary phases

Figure 4.35. (a–c) TEM Images and (d–f) HR – TEM images of Cu2SnS3 nanocrystals
synthesized at 180, 210 and 240 °C. Figures in inset show the SAED patterns
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Morphological structure of the as grown Cu2SnS3 nanocrystals was determined by
TEM. Representative TEM images of OA capped nanocrystals are shown in Figure 4.35.
It was found that Cu2SnS3 nanocrystals grown at all temperatures had a somewhat
spherical morphology. Slight aggregation of nanocrystals was seen in case of Cu2SnS3
nanoparticles grown at 240 °C; however, monodispersed nanoparticles were given by
growth experiments at 180 and 210 °C. Average size of nanoparticles synthesized at 180,
210 and 240 °C was measured as 6.2 ± 0.7 nm, 11.2 ± 0.9 nm and 14.4 ± 1.3 nm,
respectively which conforms with values determined from Scherrer equation. Lattice
fringes having 0.31 nm inter-planer spacing were clearly evident in HR-TEM images. This
coincides with the d-spacing value for (112) lattice plane of Cu2SnS3. SAED patterns
(shown in inset of Figure 4.35) demonstrated distinct rings for (112), (220) as well as
(312) lattice planes and suggest polycrystalline nature of as grown nanocrystals. A roughly
uniform distribution of constituent elements was shown by TEM EDX Elemental maps
(Figure 4.36) recorded for Cu2SnS3 nanoparticles grown at 240 °C.

Figure 4.36. TEM EDX Elemental maps demonstrating homogenous dispersion of Cu,
Sn and S in Cu2SnS3 nanoparticles grown at 240 °C.
UV-Vis-NIR absorption spectra of the nanocrystals were used to draw the Tauc
plots (Appendix 1) by employing the Tauc formula for direct band gap semiconductors.
Optical band gaps were determined by extrapolating the straight line part of the (αhυ)2
versus hυ curve to the photon energy (eV) axis. Band gap values were found to be 1.24
eV, 1.18 eV and 1.12 eV for nanocrystals grown at 180, 210 and 240 °C. Different groups
have reported varied band gap energies for Cu2SnS3 nanoparticles ranging from 0.9 to 1.80
eV [80]. In general, there is an evident trend of shifting of the band gap of Cu2SnS3 to a
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higher value from bulk material to nanocrystals. This may be attributed to quantum size
effects [81].
4.10

Copper tin selenide (Cu2SnSe3)
Ternary Cu2SnSe3 phase is usually formed as an impurity during deposition of the

Cu2ZnSnSe4. There are few reports on the independent growth of Cu2SnSe3 thin films or
synthesis of their nanocrystals [82,83]. However, in recent past, these materials have
gained significant research attention due to their large optical absorption, relatively simple
phase diagram, earth abundant as well as non-toxic nature and suitable band gaps for
harvesting the solar energy. Cu2SnSe3 has been investigated as an excellent solar absorber
[84] and thermoelectric material [85]. It also finds applications in acousto-optic [86] and
biomedical applications. It demonstrates band gap in the range of 0.8 – 1.7 eV. Thin films
of Cu2SnSe3 have been deposited by solid state reaction [87], co-evaporation [88], flash
evaporation [89], DC magnetron sputtering [90] and AA-CVD [91] whereas its
nanocrystals have been grown chiefly by solution based colloidal methods [92]. Other
methods employed for synthesis of Cu2SnSe3 nanoparticles include solvothermal process
[93], microwave assisted polyol method [94] and flash evaporation method.
4.10.1 Growth of Cu2SnSe3 nanoparticles
Colloidal approach involving thermolysis of molecular precursors was used for
growth of Cu2SnSe3 (CTSe) nanoparticles prepared in this work. Oleylamine (OA) was
chosen as the reaction medium as well as the capping agent because it significantly
reduces the decomposition temperature of the metal-organic

precursors. A

trioctylphosphine (TOP) suspension containing desired ratio of the precursors was rapidly
injected into OA preheated at specific reaction temperature, whereby thermolysis of
precursors occurs forming small nuclei of binary phases. These nuclei subsequently
undergo further reactions and phase transformations to yield desired ternary phase.
Growth of the nuclei then continues until the capping ligands passivate surface prohibiting
more growth. Conditions like growth temperature, reaction time and capping ligand were
optimized to achieve desired growth and phase formation during thermolytic reactions.
Figure 4.37 displays XRD patterns of nanocrystals prepared at 180, 210 and 240
°C. It was found that the powder XRD patterns for nanocrystals synthesized at all reaction
temperatures corresponded to the ICDD pattern 03-065-4145 for cubic Cu2SnSe3 with
F43m space group. No peaks for binary phases like SnSe, Cu2-xSe etc. were found. The
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diffraction peaks were typically broad as expected for the nanoparticles; however, gradual
narrowing of the peaks for nanoparticles grown at higher temperatures was observed.
Scherrer formula gave crystallite size of nanocrystals as 4.8 nm, 8.7 nm and 11.8 nm for
nanoparticles grown at 180, 210 and 240 °C, respectively.

Figure 4.37. p-XRD patterns of Cu2SnSe3 nanoparticles prepared by thermolysis of
[Cu(acac)2] and [Sn(Ph2PS2)2] precursors at (a) 180 (b) 210 and (c) 240 °C indexed with
ICDD pattern 03-065-4145 for cubic phase of Cu2SnSe3.
Raman spectrum of the Cu2SnSe3 nanoparticles grown at 240 °C is presented in
Figure 4.38. Prominent peaks appear at 180.3 cm-1 and 232.2 cm-1. These values conform
to the previously reported values of 179.9 and 231.6 cm-1 for A1 and A2 symmetry modes
of Cu2SnSe3. No peaks were observed at expected Raman shift values of CuSe and SnSe
i.e. 150 and 260 cm-1, respectively (areas highlighted by dotted lines). Though the area for
SnSe2 Raman shift is overlapped by A1 Raman peak for Cu2SnSe3, absence of SnSe2 can
be easily ascertained from p-XRD data. This indicates that no possible binary phases are
present in the as prepared nanocrystals.
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Figure 4.38. Raman spectrum of the Cu2SnSe3 nanoparticles grown by thermolysis of
[Cu(acac)2] and [Sn(Ph2PS2)2] precursors at 240 °C.

Figure 4.39. (a–c) Representative TEM Images (d–f) HR – TEM images and (g–i)
SAED patterns of Cu2SnSe3 nanoparticles grown at 180, 210 and 240 °C, respectively.
TEM images (Figure 4.39 a-c) demonstrate that the as grown Cu2SnSe3
nanoparticles have a quasi-spherical to oval morphology. Predominantly well-dispersed
nanoparticles were evident from the TEM images. However, slight aggregation was also
found for nanocrystals prepared at 210 °C. Diameter of the nanocrystals was found to be
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4.9 ± 0.4 nm, 8.9 ± 0.9 nm and 12.1 ± 1.4 nm, respectively for experiments carried out at
180, 210 and 240 °C, respectively. These values are fairly close to those calculated by
applying the Scherrer formula. Cabot and co-workers have previously carried out colloidal
synthesis of cubic Cu2SnSe3 nanocrystals with polyhedral morphology at a growth
temperature of 285 °C [95]. Wang et al. have described synthesis of colloidal Cu2SnSe3
nanoparticles at 240 °C having similar morphology but wurtzite phase [96]. The authors
were of view that the choice of precursors as well as nucleation and growth temperatures
govern the growth protocols and consequently the morphology and phase structure in thus
prepared nanoparticles. Brutchey and co-workers have prepared nanocrystals with 15.1 ±
2.9 nm size and having either cubic or wurtzite phase structure depending on the
combination of capping ligand and selenium source [97]. HR-TEM images (Figure 4.39
d-f) show lattice fringes with an inter-planer spacing of 0.33 nm which is in good
conformance with the d-spacing value reported for (112) plane of tetragonal Cu2SnSe3
(3.28 Å). SAED patterns (Figure 4.39 g-i) clearly demonstrated polycrystalline nature of
the as grown nanocrystals as distinct ring corresponding to (111), (220) and (311) lattice
planes were evident.

Table 4.6: EDX analyses results for Cu2SnS3 and Cu2SnSe3 nanoparticles grown at
different temperatures
Material

Cu2SnS3

Cu2SnSe3

Growth

EDX Analyses Results

Temperature

Atomic percentage (%)

Composition

Cu

Sn

S

Se

180 °C

31.57

15.84

52.59

-

Cu1.89Sn0.95S3.15

210 °C

33.48

15.87

50.65

-

Cu2.01Sn0.95S3.04

240 °C

32.55

17.73

49.72

-

Cu1.95Sn1.06S2.98

180 °C

33.12

16.32

-

50.56

Cu1.99Sn0.98Se3.03

210 °C

32.85

16.52

-

50.63

Cu1.97Sn0.99Se3.03

240 °C

33.10

17.19

-

49.71

Cu1.98Sn1.03Se2.99
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UV-Vis absorption spectra recorded for hexane suspension of the as grown
nanocrystals were used to determine band gap of the nanocrystals grown at various
temperatures. Tauc plots (Appendix 1) obtained from UV-Vis data gave a band gap value
of 1.62, 1.51 and 1.49 eV for the nanoparticles grown at 180, 210 and 240 °C, respectively.
The values calculated for the nanoparticles grown at 210 and 240 °C are in fair agreement
with the previously reported band gap values (~ 1.5 eV) for Cu2SnSe3 nanoparticles. Band
gap broadening, as observed in case of nanoparticles prepared at 180 °C, may however be
attributed to very small size of the Cu2SnSe3 nanocrystals grown at this temperature.

4.11 Parametric studies
Parametric studies were carried out to investigate the effects of different
parameters on deposition of thin films and growth of nanoparticles. CuInS2 was chosen as
a representative material for these parametric studies because of its large Bohr exciton
radius and exciting size dependant properties.
4.11.1 Effect of growth parameters on synthesis of nanoparticles
CuInS2 nanoparticles were prepared by thermolysis of the copper and indium
precursors (in desired ratio) and growth experiments were performed under varying
conditions chosen for study of the effect of a selected parameter. In one group of
experiments, three different mole equivalents of the precursors were used to study the
effect of precursor concentration on size and morphology of the nanoparticles. Second
group of experiments involved thermolysis of precursor mixture in three different
coordinating solvents while all other experimental conditions were kept same. Another set
of thermolysis experiments was carried out to determine the effect of reaction duration
(after injection) on growth of nanoparticles.
4.11.1.1 Effect of growth temperature
Effect of growth temperature on size, morphology and phase structure of
nanoparticles has been thoroughly studied in present work. It has been observed that with
the increase in growth temperature, nanoparticles with larger size are obtained. This
general trend continues and at even higher temperatures, bulk materials were obtained
which were not dispersible in common organic solvents. In case of CuInS2, nanocrystals
grown in OA demonstrated a mean diameter of 4.2 ± 0.8 nm, 11.5 ± 3.4 nm and 18.0 ±
4.4 nm at growth temperatures of 180, 210 and 240 °C, respectively. A predominantly
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triangular morphology with some spherical nanoparticles was observed for nanocrystals
prepared at 180 °C whereas the nanocrystals grown at 210 and 240 °C had a quasispherical morphology, as demonstrated by TEM images. Both the p-XRD, Raman and
HR-TEM results revealed the growth of chalcopyrite nanocrystals at all reaction
temperatures. Band gap values of 1.61 eV, 1.54 eV and 1.50 eV, respectively were
determined for nanoparticles grown at 180, 210 and 240 °C.
4.12.1.2 Effect of coordinating solvents
Thermolysis of corresponding precursors for I-III-VI2 materials generally results
in formation of materials with chalcopyrite phase. However, it has also been reported that
the use of different coordinating solvents leads to evolution of different crystallographic
phases. Therefore, thermolysis of Cu and In precursors was also attempted using three
other thermolysis solvents/capping agents i.e. HDA, DDT, ODE, in addition to OA at 210
°C. Resulting nanoparticles were characterized to determine evolution of shape and
crystallographic phase of CuInS2 nanoparticles in different solvents / capping ligands.
p-XRD patterns revealed the formation of tetragonal (chalcopyrite) phase in case of HDA,
ODE and OA. Formation of wurtzite phase was observed only in case of DDT. TEM
images demonstrated that the nanoparticles prepared in different solvents / capping
ligands predominantly had quasi-spherical morphology. Size of the nanoparticles grown
in HDA, DDT, ODE and OA at 210 °C was measured as 8.2 ± 1.8 nm, 11.5 ± 3.4 nm,
18.0 ± 4.4 and 11.5 ± 3.4 nm, respectively. HR-TEM images also confirmed the formation
of chalcopyrite nanoparticles in HDA, ODE and OA and evolution of wurtzite phase in
case of DDT as coordinating solvent. HR-TEM images also indicated wurtzitechalcopyrite polytypism in nanoparticles grown in HDA / TOP system.
4.12.1.3 Effect of precursors concentration
In order to investigate the effect of precursors concentration on size, morphology
and crystallographic phase of CuInS2 nanoparticles, one set of thermolysis experiments
was performed by using different molar equivalents of precursors mixture (1:1 molar ratio
of Cu and In precursors) to OA i.e. 1:400, 1:200 and 1:100 at 210 °C. p-XRD analysis of
as grown nanocrystals showed growth of chalcopyrite phase of CuInS2 nanoparticles
during all experiments using different precursors to OA ratio. There was no indication for
formation of other crystallographic phases at lower precursors concentration, as revealed
165

by p-XRD and HR-TEM imaging. At lower precursors to OA ratio i.e. 1:400 and 1:200,
pure monophasic chalcopyrite CuInS2 nanocrystals were synthesized whereas the p-XRD
pattern for higher precursors to OA ratio (1:100) showed predominant growth of
chalcopyrite phase with slight indication of formation of wurtzite phase as evident from
minor peaks corresponding to wurtzite phase of CuInS2. TEM images revealed formation
of larger nanoparticles in case of higher precursors to OA ratio. Mean diameter of
nanoparticles obtained in case of 1:400, 1:200 and 1:100 precursors to OA ratio were
measured as 4.6 ± 0.7 nm, 7.5 ± 1.5 nm and 16.5 ± 3.4 nm, respectively. No significant
differences in morphology of nanocrystals were observed and predominantly quasispherical nanoparticles were obtained in all cases.
4.12.2 Effect of different parameters on deposition of thin films
CuInS2 thin films were deposited by AACVD under different set of conditions to
study the effect of important deposition parameters like deposition temperature, carrier
gas flow rate and solvent for AACVD precursors, on morphology, microstructure and
stoichiometric composition of thin films. One group of experiments involved AACVD
using Cu and In precursors at different deposition temperatures ranging from 300–500 °C.
Second group of experiments involved deposition of thin films with varying flow rate of
carrier gas ranging from 90 to 180 mL/min. Yet another group of experiments was
performed using different solvents i.e. toluene, methanol, tetrahydrofuran (THF), DMF
and acetonitrile for dissolving AACVD precursors. Similarly, another set of experiments
was carried out using different molar combinations of precursors to obtain variable
stoichiometric compositions of CuInS2. All other experimental conditions were kept same.
4.12.2.1 Effect of Deposition temperature
Effect of deposition temperature on grain size, microstructure, phase and
composition of thin films has been extensively studied in this work for various materials.
It is generally observed that size, degree of crystallinity, crystallographic phase and
morphology of deposited material varies significantly with the deposition temperature.
Usually, better crystallinity and well-formed grains of deposited material are observed in
thin films deposited at higher temperatures i.e. 450 or 500 °C. In case of CuInS2 thin films,
flake like morphology was obtained in all cases. However, a pronounced variation in grain
size of deposited materials was observed with deposition temperature. EDX analysis
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revealed roughly 1 ; 1 ; 2 stoichiometric composition for material deposited at all
temperatures. Slightly Cu deficient composition was indicated for thin films deposited at
higher temperatures i.e. 450 or 500 °C.
4.12.2.2 Effect of solvent
Choice of solvent for precursors has a remarkable influence on AACVD of thin
films. Therefore, different solvents were used in AACVD experiments for deposition of
CuInS2 thin films at 450 °C and characterization of deposited thin films was performed to
evaluate the effect of solvent. These solvents included toluene, methanol, tetrahydrofuran
(THF), DMF and acetonitrile. The Cu and In precursors showed very poor solubility in
methanol and AACVD using methanol suspension of precursors did not yield any
appreciable deposition on the substrates. Deposition using THF and DMF as solvent
yielded dark brown thin films. The p-XRD studies revealed the deposition of cubic phase
of elemental Cu (Standard ICDD pattern 01-085-1326) on substrates. No peaks
corresponding to target material CuInS2 could be found in diffraction patterns. This may
be attributed to differential transport behavior of Cu and In precursors in these solvents.
AACVD of Cu and In precursors dissolved in toluene and acetonitrile yielded thin films
of target material CuInS2 as revealed by p-XRD studies. It was found that tetragonal
(chalcopyrite) phase of CuInS2 was deposited at 450 °C , using either toluene or
acetonitrile as solvent for precursors. SEM images demonstrated that the CuInS2 thin films
deposited using toluene as a solvent possessed good crystallinity and marble cuttings like
morphology whereas poorly crystalline globular material was deposited in case of thin
film deposited using acetonitrile as solvent. EDX analysis showed no appreciable
differences in composition of CuInS2 deposited either using toluene or acetonitrile as
solvent for precursors mixture.
4.12.2.3 Effect of carrier gas flow rate
Deposition of CuInS2 thin films was performed with varying flow rates of argon
(carrier gas) i.e. 90 mL/min, 120 mL/min, 150 mL/min and 180 mL/min. It was observed
that thicker and dense coverage of substrates with deposited material was evident with
higher carrier gas flow rate. However, deposition at higher carrier gas flow rate (> 120
mL/min) was encountered with the problem of containing loosely held soot like material
on thin film.
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4.12.2.4 Effect of precursors concentration
In order to investigate the effect of relative concentration of Cu and In precursors
on phase, size and morphology of deposited material, one set of AACVD experiments was
performed by using different molar equivalents of precursors. Various molar
combinations included 1.0:0.6, 1.0:0.8, 1.0:1.0, 1.0:1.2 and 1.0:1.4 molar ratio of Cu and
In precursors dissolved in 15 mL toluene. All other parameters were kept same for all
AACVD experiments. Blackish films were deposited in experiments using 1.0:0.6,
1.0:0.8 and 1.0:1.0 molar ratios of Cu and In precursors whereas reddish brown material
was deposited onto substrates in case of thin films deposited from precursors mixture
containing 1.0:1.2 and 1.0:1.4 molar ratio of Cu and In precursors. p-XRD analysis
revealed the deposition of tetragonal (chalcopyrite) phase of CuInS2 onto substrates in
case of AACVD using 1.0:0.6, 1.0:0.8 and 1.0:1.0 molar ratios of Cu and In precursors.
There were no traceable peaks corresponding to binary copper sulfide or indium sulfide
phases. All of these films exhibited a preferred orientation along (112) plane of crystal
lattice as usually observed in case of chalcopyrite thin films grown by AACVD. However,
in case of thin films deposited using 1.0:1.2 and 1.0:1.4 molar ratio of Cu and In
precursors, the diffraction patterns of as deposited thin films corresponded with γ-In2S3
with some peaks originating from other impurity phases. In this case, CuInS2 was not
observed to be a predominant phase in the deposited material. SEM analysis showed flake
like structures in case of films deposited using 1.0:0.6, 1.0:0.8 and 1.0:1.0 molar ratios of
Cu and In precursors whereas cubic grains were found in films deposited using 1.0:1.2
and 1.0:1.4 molar ratio of Cu and In precursors. EDX analysis also confirmed roughly
1:1:2 ratio for films deposited using 1.0:0.6, 1.0:0.8 and 1.0:1.0 molar ratios of Cu and In
precursors. However, films deposited using 1.0:1.2 and 1.0:1.4 molar ratio of Cu and In
precursors demonstrated a composition based mainly on In and S, whereas only minute
amounts of Cu were present in the films.

4.13 Conclusion
This chapter deals with the deposition of ternary thin films of semiconductor
materials belonging to I-III-VI2 and I2-IV-VI3 family. Thin films were deposited by
AACVD at 350-500 °C using combinations of molecular precursors for obtaining
desired material. Thus, thin films of CuInS2, CuInSe2, CuGaS2 and CuGaSe2, have
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been

deposited

which

had

tetragonal

crystallographic

phase.

Different

morphologies and microstructure were observed for thin films deposited at different
temperatures. Similarly, colloidal growth of CuInS2, CuInSe2, CuGaS2, CuGaSe2,
CuFeS2, CuFeSe2, Cu2SnS3 and Cu2SnSe3 nanoparticles has been carried out by
colloidal thermolysis of combinations of molecular precursors. Good quality
monodispersed and phase pure nanoparticles of target materials were obtained as
demonstrated by p-XRD, Raman and TEM studies. Parametric studies were also
carried out to study the effect of various reaction parameters on deposition of thin
films and colloidal growth of nanoparticles. It was observed that with judicious
control of deposition parameters, desired size, morphology and composition of
deposited material can be obtained.
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Chapter No. 5
Deposition of Quaternary Thin Films and
Nanoparticles
5.1

Introduction
This chapter deals with the deposition of quaternary semiconductor thin films and

nanoparticles of I-III-VI2 and I2-II-IV-VI4 compounds that find numerous technical
applications. Various combinations of diisobutyldithiophosphinatometal [Mx(iBu2PS2)y]
and diphenyldiselenophosphinatometal [Mx(Ph2PSe2)y] complexes have been used as
molecular precursors for deposition of thin films by AACVD. Similarly, these precursors
have also been used for growth of quaternary semiconductor nanocrystals. Parametric
studies were carried out to investigate the effect of important parameters on deposition of
quaternary thin films and growth of nanoparticles.

5.2

Quaternary semiconductor materials
The incorporation of p-block elements like In, Ga and Sn and/or transition metals

like Zn and Fe in copper chalcogenide matrix results in the formation of ternary as well
as quaternary copper chalcogenide semiconductor materials having much complex
structure. Growth of such ternary and quaternary materials is more complicated but it
offers extensive technological potentials. Various possible compositions achieved by
elemental substitutions and structural alterations for ternary/quaternary copper
chalcogenides give remarkable opportunity for tuning the basic material characteristics
for desired industrial use. CuInS2, CuInSe2, and CuInGa(S/Se)2 or CIGS have been
explored as p-type photoabsorbers in PV devices since last few decades. These materials
have demonstrated high PCE, higher absorption coefficients of the order of ~ 105 cm-1,
excellent long term photo-irradiation stability and comparatively lower toxicity than CdTe
based PV devices. Similarly, copper zinc tin sulfide or Cu2ZnSnS4 (abbreviated as CZTS)
is being explored as a material of prime interest because of natural abundance of all its
constituent elements. This makes it a promising material for large-scale sustainable PV
technology for the future. More importantly, this material has demonstrated the highest
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PCE by material obtained from solution processing which broadens the feasibility for rollto-roll manufacturing. In contrast, materials deposited through high vacuum technologies
cannot be scaled up to offer better economy of scales.
CuInSe2 possesses a band gap of 1.04 eV. However, if In atoms are partly
substituted by Ga and Se atoms are partially replaced by S atoms, we have CIGS materials
having suitable band gap for efficient harvesting of the solar spectrum. Ideally, this
material system permits gradual tuning of band gap ranging from 1.04 eV (CuInSe2) to
2.5 eV (CuGaS2), through 1.53 eV (CuInS2) and 1.7 eV (CuGaSe2) [1]. Similarly, the
composition of CZTS/Se nanoparticles can be tailored, thus offering tuneability of band
gap either by changing the relative ratio of metal cations or the ratio of anionic chalcogen
i.e. S, Se. These materials also find applications in other PV technologies like DSSCs,
organic-inorganic hybrid devices and other related third generation PV technologies.
These diverse applications emerge owing to flexibility in optoelectronic properties of
copper chalcogenide nanoparticles. Moreover, quaternary copper chalcogenide materials
also find applications in harvesting solar photons for photocatalytic conversion of
chemicals [2,3], photochemical hydrogen generation by splitting of water [4-6] or for
photocatalytic degradation of industrial pollutants [7]. These materials have also
demonstrated potential for use in lithium rechargeable batteries, especially as electrode
materials [8]. Additionally, optoelectronic characteristics of copper chalcogenide can be
tailored for use in electroluminescent devices, LEDs, for up-down conversion in displays
and solid-state illumination applications. Applications of these materials also include gas
sensors, super-capacitors and thermoelectric devices where judicious optimization of size,
surface area, morphology and crystallographic phase permits tailored material properties
for specific applications. Ryan and co-workers have published a detailed review on
compound copper chalcogenide nanocrystals which also reviews technological
applications of these materials [9].
During the last few years, a lot of research effort has been dedicated toward
solution based approaches. Significant improvement has been made in the colloidal
synthesis of CuInSe2 and related materials as the method offers good control on shape,
size and composition of the nanoparticles. Sargent et al. have carried out the synthesis of
CuInSe2, CuGaSe2 and CuInGaSe2 nanoparticles in OA from metal salts and Se powder
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[10]. Korgel et al. have reported the preparation of CuInS2, CuInSe2 and CuIn1-xGaxSe2
nanoparticles in OA at 240 °C. In/Ga ratio in these nanoparticles could be judiciously
controlled and these nanocrystals were used in prototype PV devices as photoabsorber
[11]. Mitzi et al. have described a solution phase approach to deposit CIGS photo
absorber. This approach involved making hydrazine-based solutions of constituent
elements, deposition of precursor elemental thin films by spin coating and subsequent
heating at high temperature (< 500 °C) under inert environment to attain CIGS layer [12].
No post treatment of the films was required and solar devices based on this absorber layer
have demonstrated ~ 10% PCE under 1.5 AM spectrum.
Gradual replacement of atoms in diamond like group-IV atomic configuration
gives II-VI binary phases and I-III-VI2 ternary chalcopyrite crystallographic phases and
then forms quaternary copper chalcogenide materials which still maintain the initial
tetrahedral bonding configuration [13,14]. This is typically observed in I-III-VI2, I2-II-IVVI4, I-II-III-VI3 and I-III-IV-VI4 families of quaternary and multinary semiconductor
compounds. All these compositions are presumed to have configurations wherein anions
with closed shell comply with the octet rule to have lower energy and thus high stability.
Quaternary copper chalcogenide semiconductors demonstrate more complex structural
and electronic characteristics than their binary or ternary counterparts owing to presence
of more elements and structural arrangements. For instance in case of CZTS, this
complexity is exhibited by strong competitive reaction for formation of binary compounds
like ZnS, CuS, and SnS or ternary Cu2SnS3 compound [15]. There also occurs an easy
formation of point defects, including interstitials, anti-sites and vacancies, in quaternary
copper chalcogenides because of closely matching ionic radii for constituent ions [16]. As
quaternary chalcogenides are structural derivatives of their binary analogues like ZnS, so
they share similar basic crystallographic structures e.g zinc blende and wurtzite phases
with F43m and P63mc space groups, respectively.
5.2.1

Quaternary I-III-VI2 compounds
Quaternary I-III-VI2 semiconductor compounds are primarily based on ternary

I-III-VI2 phases (Like CuInS2 or CuInSe2) with an additional incorporation of a group III
ion. This leads to quaternary CuInGaS2 and CuInGaSe2 phases having same general
formula I-III-VI2. There exist similar three phases possible for quaternary Cu-III-VI2
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compounds i.e. chalcopyrite, zinc blende and wurtzite phase as observed in case of ternary
I-III-VI2 compounds. Chalcopyrite phase with I4̅2d space group is the most stable
crystallographic phase for CIGS and CIGSe composition wherein the constituent ions (Cu,
In, and Ga) have an ordered arrangement in cationic sublattice [17]. On the other hand,
the zinc blende structure has random distribution of cations. These cations may undergo
further disordering to yield the wurtzite phase having a hexagonal unit cell. The wurtzite
phase is different from zinc blende phase as it possesses a non-centrosymmetric
crystallographic arrangement, wherein the cations i.e. Cu, In, and Ga ions occupy the
crystal lattice in a random disordered pattern [18].
5.2.2

I2-II-IV-VI4 compounds
Quaternary I2-II-IV-VI4 semiconductor compounds (where II represents divalent

Fe, Zn, Mn, Cd, Co or Ni and IV may be Sn or Ge) are obtained by mutation of I-III-VI2
chalcopyrite structure to form various compositions complying the octet rule. Efforts were
being made since early 1950s to prepare new quaternary chalcogenide compounds by
substituting two trivalent cations with one divalent and one tetravalent cation thus yielding
a new family of I2-II-IV-VI4 semiconductor compounds [19]. This approach produces
number of new compounds including Cu2ZnSnS4, Cu2ZnSnSe4, Cu2ZnGeS4,
Cu2ZnGeSe4,

Cu2CdSnS4, Cu2CdSnSe4, Cu2CdGeS4,

Cu2CdGeSe4, Cu2FeSnS4,

Cu2FeSnSe4, Cu2CoSnS4 and Cu2CoSnSe4 compounds. Similarly, substitution of one
monovalent cation and one trivalent cation with two divalent cations might give

Cu-

II2-III-VI4 compounds. CuZn2GaS4 and CuZn2GaSe4 are typical examples of this family
of semiconductor compounds which may be considered as alloys of binary II-VI and
ternary I-III-VI2 compounds [20].
Among this family of semiconductor materials, CZTS and CZTSe have attracted
remarkable research attention owing to their composition based solely on non-toxic and
earth abundant elements, suitable direct band gaps for PV applications and high optical
absorption coefficients of the order of ~ 105 cm-1. Their band gaps cover the optimal
energy range of photovoltaic applications. Similarly, CFTS and CFTSe, iron analogues of
CZTS and CZTSe, also share the same desired features and are being explored for various
technological applications. Therefore, succeeding sections of this chapter will focus on
these materials.
180

In case of CZTS, there exit three crystallographic structures derived from basic
zinc-blende structures. These include kesterite, stannite and a primitive mixed Cu-Au like
structure with I4̅s, I4̅2m and P4̅2m space groups, respectively. All these structures have
basic similarities but they belong to different space groups because of dissimilar cationic
(Cu+, Zn2+ and Sn4+) ordering within tetrahedral sites [21]. Tetragonal kesterite phase is
the most stable phase with lowest energy as suggested by theoretical energy calculation
studies; hence bulk CZTS assumes this structure [22]. Stannite phase is the most crucial
structural alteration for kesterite phase and is usually observed for CFTS [23]. If we
compare with the kesterite phase, stannite phase shows distinct distribution of cationic
layers wherein Zn and Sn cation layers alternate with Cu layers along c-axis. Thus, Zn
and Sn cations change their sites in every other layer. The primitive mixed Cu-Au
(PMCA) like phase also comprises alternating Zn, Sn and Cu layers but aforementioned
location swapping for Zn and Sn cations is not found. This provides the basis for
differentiation of this PMCA structure from stannite phase. In all of these phases,
dimensions of the unit cell are determined by S-2 face centered cubic (fcc) lattice. Though
powder XRD is the most commonly employed technique to determine crystallographic
phase of the materials, it does not provide conclusive results in case of Cu2-II-IV-VI4
compounds as these compounds give closely resembling X-ray diffraction patterns thus
making it difficult to determine the crystallographic phase. For instance, the p-XRD
pattern for kesterite phase is closely matching with that of stannite phase. Similarly, it is
also challenging to differentiate CZTS from corresponding secondary phases like ZnS and
Cu2SnS3. Thus, it becomes necessary to use Raman spectroscopy or neutron scattering as
additional techniques to discern the phase structure [24]. CZTS has a crystallographic
structure resembling ZnS but it has 1.5 eV band gap which is more nearer to Cu2S than
the band-gap of ZnS [25]. Exploration of the band structure in CZTS showed its
conduction band to be dominated by 5s orbital of Sn or 3p orbital of S and valence band
to be dominated by 3d orbital of Cu hybridized with S 3p states. It is same like the valence
band of Cu2S [26].

5.3

Copper indium gallium disulfide (CIGS)
CIGS possesses excellent optical and optoelectronic properties and has a direct

band gap that can be tuned in the range of 1.55−2.53 eV depending on the Ga
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concentration [27]. CIGS solar cells have been generally characterized as having lower
conversion efficiencies than those of the selenium-based analog, CIGSe due to the larger
band gap and the worse energy band alignment with the CdS buffer layer.
5.3.1

Deposition of CIGS thin films
Deposition of CuIn1-xGaxS2 films on glass substrates was performed by AACVD

process at temperatures of 300, 350, 400, 450 and 500 ºC. AACVD experiments were
performed with 2:1:1 mole equivalents of [Cu(iBu2PS2)(PPh3)2], [In(iBu2PS2)3] and
[Ga(iBu2PS2)3], respectively to theoretically obtain the CuIn0.5Ga0.5S2 stoichiometry in
deposited thin films. Carrier gas flow rate was regulated at 180 mL/min. No appreciable
deposition occurred at 300 ºC. However, deposition experiments performed at 350 – 500
ºC resulted in deposition of well-adhered grayish black thin films. All of the deposited
films successfully passed the ‘scotch tape test’ but thin films deposited at 350 and 400 ºC
left dark black soot like material on the scotch tape. Films deposited at 450 and 500 ºC
were shiny as metals.
Figure 5.1 shows powder XRD patterns of thin films obtained at 350, 400, 450 and
500 ºC. Phase analysis suggests that these diffraction patterns correspond with the
standard ICDD pattern 00-056-1309 for CuIn0.6Ga0.4S2. Major diffraction peaks are
observed at 2θ angles 29.19, 33.71, 47.46, 56.80, 69.82 and 76.15 which correspond
to (112), (200), (220)/(204), (312)/(116), (400) and (316) crystallographic planes for
tetragonal CuIn0.6Ga0.4S2. Thin films deposited at all temperatures were preferentially
oriented along (112) crystallographic plane. Fairly sharp peaks suggest good crystallinity
of the as deposited thin films. No contribution from binary phases like Cu2-xS, In2S3, InS
or Ga2S3 and ternary phases like CuInS2 and CuGaS2 was observed as no peaks
corresponding with these phases could be traced in the diffraction pattern. It is worth
mentioning that in case of ternary or quaternary materials, often p-XRD alone cannot
provide precise identification of the crystallographic phase of the material due to similar
position of diffraction peaks originating from corresponding binary or ternary phases.
Hence, it is usually necessary to validate the phase analysis results with some
complimentary technique like Raman spectroscopy. However, in case of CIGS, a shift of
diffraction peaks to higher 2θ angles (compared to Cu2-xS or CuInS2) by incorporation of
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Ga is clearly evident. Consequently, it was easy to ascertain the absence of corresponding
binary or ternary phases as impurities.

Figure 5.1. XRD patterns of CuInGaS2 films deposited from 2:1:1 molar ratios of
[Cu(iBu2PS2)(PPh3)2], [In(iBu2PS2)3] and [Ga(iBu2PS2)3] precursors at (a) 350 (b) 400
(c) 450 and (d) 500 °C. XRD patterns correspond with the standard ICDD pattern 00056-1309 for CuIn0.6Ga0.4S2 shown as vertical lines below.
The SEM images (Figure 5.2(a-d)) revealed a uniform coverage of the
substrate with flake like grains. Different morphology of the deposited films was
found at varying deposition temperatures. Randomly oriented grains with dendrites
like structures were grown at 350 C. Film deposited at 400 C displayed deposition
of evenly distributed cube like structures having dimensions of about 0.3 µm x 0.3
µm. Deposition at 450 C yielded a homogenously covered thin film consisting of
flake like grains of even size (about 0.4 µm) and morphology. Thin film deposited
at 500 C showed an even coverage of substrate with same flake like grains with
more pronounced growth than that observed for film at 450 C. EDX analyses
(Table 5.1) confirmed the deposition of CuIn0.6Ga0.4S2 as the films deposited at all
temperatures had stoichiometric ratios of constituent elements which were fairly
close to CuIn0.6Ga0.4S2. The film had a similar stoichiometry across the entire
deposited area and no appreciable variation was found in the stoichiometry of
discrete grains. Similarly, elemental mapping of the film (Figure 5.3) revealed
homogenous dispersion of constituent elements (Cu, In, Ga and S) across the films.
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Figure 5.2. SEM images of as deposited thin films of CuIn0.6Ga0.4S2 at (a) 350 (b) 400
(c) 450 and (d) 500 °C
It was observed that smoother surface of the film is obtained at higher
deposition temperatures. The AFM analysis (Figure 5.4) showed that the CIGS film
obtained at 450 C possessed a root mean square roughness of 73.2 nm, whereas
that recorded for CIGS thin films deposited at 350 and 400 C was 144.9 nm and
131.3 nm, respectively. Optical band gap of the thin films was determined from
Tauc plots obtained through processing of UV-Vis spectra. It was found that the
CuIn0.6Ga0.4S2 deposited at 350, 400, 450 and 500 C had a band gap of 1.94 eV,
1.82 eV, 1.79 eV and 1.68 eV, respectively. The values of band gap energies
reported in literature for CIGS vary from 1.55 to 2.53 eV depending upon the
composition [28,29].

Figure 5.3. SEM EDX maps displaying even distribution of constituent elements
in film deposited at 450 °C.
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Figure 5.4. (a) 2D and (b) 3D AFM images of CIGS thin film deposited by
AACVD at 400 C
5.3.2 CuInGaS2 nanoparticles
CuIn1-xGaxS2 nanoparticles were synthesized by thermolysis

of

[Cu(iBu2PS2)(PPh3)2], [In(iBu2PS2)3] and [Ga(iBu2PS2)3] complexes (in 2:1:1 molar ratio)
in oleylamine at 180, 210 and 240 °C. Nucleation started soon after the injection of TOP
suspension containing precursors, into preheated OA at desired reaction temperature. The
reaction contents turned dark brown in colour immediately after injection. Further reaction
for 45 minutes results in growth and ripening of the nanocrystals. Afterwards, heating was
discontinued and nanoparticles were obtained by repeated centrifugation and washing.
Nanoparticles, thus obtained were characterized by p-XRD, TEM, Raman spectroscopy
and UV-Vis spectroscopy.
The p-XRD patterns of the nanoparticles obtained at different temperatures are
given in Figure 5.5. Diffraction peaks are typically broad as usually observed for materials
in nano-size domain. Prominent peaks were observed at 28.6, 47.7, 56.6, 69.2 and
76.9 2θ angles. These peaks fairly coincide with those reported for (112), (220)/(204),
(312)/(116), (400) and (316) planes for tetragonal CuInGaS2 (ICDD 00-056-1309) with I42d space group. No additional peaks originating from corresponding binary phases i.e.
InS, In2S3, GaS, Ga2S3, or Cu2-xS and ternary phases like CuInS2 and CuGaS2 were found
in the diffraction patterns; thus suggesting a phase pure nature of the material. Calculations
using Scherrer equation gave a mean mean crystallite size of 6.12 nm, 11.18 nm, and 14.48
nm for CIGS nanoparticles grown at 180, 210 and 240 °C, respectively.

185

Figure 5.5. p-XRD patterns of CuInGaS2 nanoparticles prepared by thermolysis of
[Cu(iBu2PS2)(PPh3)2], [In(iBu2PS2)3] and [Ga(iBu2PS2)3] complexes at (a) 180 (b) 210
and (c) 240 °C indexed with ICDD pattern 00-056-1309.

Figure 5.6: Raman spectrum of CIGS nanoparticles grown at 240 °C
Raman spectrum of CIGS nanocrystals grown at 240 °C is shown in Figure 5.6.
Major peak appeared at 303 cm-1 which represent the characteristic A1 Raman absorption
peak reported for tetragonal CIGS [30]. Broad peaks for CIGS absorption were observed
which also overlapped peak positions for some binary or ternary phases (Positions shown
as dotted lines).. Thus, Raman spectrum did not provide conclusive information about
phase structure
Representative TEM images of CIGS nanocrystals grown at 180, 210 and 240 °C
are shown in Figure 5.7. It was evident that CIGS nanoparticles prepared at all
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experimental temperatures displayed quasi-spherical morphology. It was also observed
that the nanoparticles are monodispersed without any evident aggregation. Larger
nanoparticles were formed at 240 °C than those prepared at 180 and 210 °C. Mean
diameter of nanocrystals obtained at 180, 210 and 240 °C was found to be 6.7 ± 1.2 nm,
11.6 ± 2.9 nm and 15.8 ± 3.8 nm, respectively. These values are in conformance with
those calculated using Scherrer equation. HR-TEM images showed lattice fringes with an
inter-planer spacing of 0.33 nm. This value is in fair agreement with the d-spacing value
for (112) lattice plane of CIGS. EDX analyses showed that the nanoparticles grown at all
temperature roughly had a stoichiometric composition of CuIn0.6Ga0.4S2. SAED patterns
for nanoparticles are shown in inset of Figure 5.7. These patterns demonstrated concentric
rings for (112), (220)/(204) and (312) lattice planes; thus suggesting polycrystalline nature
of the nanocrystals grown at all temperatures.

Figure 5.7. (a–c) TEM Images and (d–f) HR – TEM images of OA capped CIGS
nanoparticles synthesized at 180, 210 and 240 °C, respectively. Figures in inset show the
SAED patterns
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Figure 5.8. TEM EDX elemental maps for CIGS nanoparticles grown at 210 °C.
Figure 5.8 shows TEM EDX elemental maps for CIGS nanoparticles grown at 210
°C which show a uniform distribution of Cu, In, Ga and S in nanocrystals. Tauc plots
obtained from UV-Vis-NIR spectra of as grown CIGS nanocrystals showed band gap
values of 2.14 eV, 1.91 eV and 1.85 eV for nanocrystals grown at 180, 210 and 240 °C.
Table 5.1: Summary of EDX analysis results for CuInGaS2 thin films and nanoparticles
Material

Temperature

EDX Analysis

Composition

(Atomic percentage)
CuInGaS2
thin films

CuInGaS2
nanoparticles

5.4

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

Cu
22.4
23.1
23.4
23.3
22.8
25.7
24.6

In
16.2
15.9
15.7
15.1
16.2
15.2
14.2

Ga
8.8
9.3
9.8
10.3
8.9
11.3
11.6

S
52.6
51.7
51.1
51.3
52.1
47.8
49.6

Cu0.91In0.65Ga0.36S2.11
Cu0.93In0.64Ga0.37S2.07
Cu0.94In0.63Ga0.39S2.05
Cu0.93In0.60Ga0.41S2.05
Cu0.91In0.66Ga0.35S2.08
Cu1.03In0.61Ga0.45S1.91
Cu0.98In0.57Ga0.46S1.98

Copper indium gallium diselenide (CIGSe)
CuInSe2 and corresponding I-III-VI2 semiconductors have demonstrated

significant potential as photoabsorber materials for solar PV devices. Indium atoms can
be replaced in CuInSe2 by gallium atoms. This replacement yields Cu(In,Ga)Se2 materials
or CIGSe, having excellent optoelectronic properties. Around 22.6% PCE has already
been demonstrated by CIGSe based solar devices which is currently the highest among
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thin film devices [31]. Solar Frontiers has claimed a PCE of 22.9% for single-junction
CIGS solar cell [31]. Moreover, CIGSe devices demonstrate good photo-irradiation
stability and consequently long term operational life. CIGSe solar devices have exhibited
a good stability in normal working environments. No light-induced degradation has been
observed in CIGSe even after long term use. Furthermore, no degradation in working
efficiency of the CIGSe solar cells has been induced upon irradiation by electrons [32,33],
X-rays [34], or protons [35]. So, this material suitably circumvents the degradation issue
encountered in other solar PV technologies [36,37].
The promising optoelectronic characteristics of CIGS like direct band gap and
considerably higher absorption coefficient, make it possible to use very thin (few microns
thick) film of photoabsorber which in turn offers the advantage of much reduced material
usage. Thin films of CIGSe can be deposited using both vapor and liquid phase deposition
strategies. Thus, a wide variety of techniques can be used for growth of CIGSe based thin
films. Highest efficiencies in I-III-VI2 family of semiconductors have been reported for
CIGSe absorbers with comparatively lower Ga content. The ratio of Ga to (Ga+In)
changes in the range of around 15 - 50% with depth of the absorber layer of the highest
efficiency CIGSe device. So, the resulting band gap of the material ranges from 1.1 to 1.2
eV [38,39]. Open circuit voltage (VOC) of the solar devices is significantly impeded by
defect densities in the solar absorber [40]. Minimal defect densities occur in CIGSe with
around 25–30% Ga/(Ga+In) ratio and ~1.2 eV band gap. Therefore, such material
demonstrates maximum VOC of solar cells. Billy J. Stanbery has published a good review
covering important aspects like crystallography, phase chemistry, deposition techniques
and optoelectronic features of CuInSe2 and related compounds [41].
5.4.1

Deposition of CIGSe thin films
Deposition of CuInGaSe2 thin films was carried out by AACVD on glass

substrates, using 1:2:2 molar ratio of [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3]
complexes. Deposition experiments were performed at 300, 350, 400, 450 and 500 ºC.
Carrier gas (argon) flow rate was regulated at 160 mL/min during all experiments.
AACVD resulted in deposition of black shiny and well adhered films at 350 C or above
temperatures. AACVD at 300 C gave no appreciable deposition onto the substrate. More
dense and uniform coverage of the substrate was obtained at 450 and 500 C.
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Figure 5.9 displays p-XRD patterns of films deposited from 1:2:2 molar ratio of
[Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] complexes at different temperatures.
Phase analysis of the p-XRD patterns shows that the thin films deposited using 1:2:2 molar
equivalents of precursors resulted in deposition of monophasic CIGSe. The material
deposited at all experimental temperatures gave diffraction patterns which could be
assigned to tetragonal CuIn0.7G0.3Se2 (standard ICDD pattern 00-035-1102). No
contribution from impurity phases was traceable in the diffraction patterns. A preferred
orientation of the material along (112) crystallographic plane was observed. The welldefined, sharp and narrow peaks suggest good crystallinity of the material. Monophasic
nature of the deposited CIGSe was demonstrated by the non-appearance of diffraction
peaks originating from possible binary or ternary phases. Main diffraction peaks appeared
at 26.91, 44.65, 52.95, 65.01 and 71.72 2θ angles. These peaks correspond with the
(112), (220), (312), 400 and 332 planes of the CuIn0.7G0.3Se2 crystal lattice.
Microstructure of the CIGSe thin films deposited in this work was investigated
using SEM imaging. Representative SEM images are given in Figure 5.10 which reveal a
uniform coverage of material having well-formed grains onto the substrate surface. A
slight variation of the grain morphology with changing deposition temperature was
observed in deposited thin films. Larger lumps of material with uneven edges are formed
on film deposited at 350 C temperature. The film deposited at 400 C comprised
relatively smaller and thinner flake like grains. Similar grains, as observed on thin film
deposited at 350 C, were found on films deposited at 450 and 500 C; however, these
grains had well-formed morphology resembling marble cuttings with uneven edges on
their surface. These images also demonstrate a better coverage of the substrate at higher
deposition temperatures. SEM EDX elemental maps (Figure 5.11) suggest uniform
distribution of Cu, In, Ga and Se in the as-deposited thin films.
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Figure 5.9. The p-XRD patterns of CuInGaSe2 thin films deposited from 1:2:2 molar
ratio of [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] complexes, respectively at
(a) 350 (b) 400 (c) 450 and (d) 500 °C. XRD patterns correspond with the standard
ICDD pattern 00-035-1102 for CuIn0.7Ga0.3Se2.

Figure 5.10. SEM images of as deposited thin films of CuIn0.7Ga0.3Se2 at (a) 350 (b) 400
(c) 450 and (d) 500 °C
An improved surface texture of thin films deposited at 450 and 500 C was
observed as compared to films deposited at lower temperature. This may be because of
gradual reduction of surface roughness by deposition of more uniform and even sized
grains. This was also confirmed by surface studies performed by AFM analysis (Figure
5.12) which gave root mean square roughness values of 126.2 nm, 69.46 nm and 44.50
nm for thin films deposited at 400, 450 and 500 C, respectively. EDX analysis confirmed
the deposition of CIGSe material with Ga deficient stoichiometry i.e. CuIn0.7Ga0.3Se2. No
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significant difference in stoichiometry of individual grains were observed, suggesting
uniform composition of the material throughout the film. Summary of EDX analysis
results is given in Table 5.2.

Figure 5.11. SEM EDX maps displaying even distribution of constituent elements
in film deposited at 450 °C.

Figure 5.12. (a) 2D and (b) 3D AFM images of CIGSe thin film deposited by
AACVD at 450 C
UV-Vis spectra recorded for as deposited thin films were used to determine the

band gap of deposited material. Optical bandgap of CuIn0.7Ga0.3Se2 thin films deposited
from 1:2:2 molar equivalents of copper, indium and gallium precursors, respectively was
determined by extrapolating the straight line part of the (αthυ)2 vs. hυ curve to the hυ axis,
where (αthυ)2 = 0. Bandgap of the films was found to be 1.46 eV. Depending upon the
composition, the value of band gap energy for CuIn1-xGaxSe materials varies from 1.04 to
1.68 eV.
5.4.2

Growth of CIGSe nanoparticles
CuInxGa1-xSe2 nanoparticles were grown by thermolytic degradation of

[Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] complexes (in varying molar ratios)
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at 180, 200, 220 and 240 °C in OA solvent and capping ligand.

OA facilitates

decomposition of precursors at lower temperature and serves both as the reaction solvent
as well as capping ligand. Thus prepared nanoparticles were suspended in hexane for
subsequent characterization by p-XRD, TEM, HR-TEM and EDX analysis.
Figure 5.13 displays powder XRD patterns of CIGSe nanocrystals prepared at 180,
200, 220 and 240 °C. It was found that the p-XRD patterns for nanocrystals synthesized
at all reaction temperatures corresponded to the Standard ICDD pattern 00-35-1102 for
tetragonal phase of CuIn0.7Ga0.3Se2. The diffraction peaks were typically broad as
expected for the nanoparticles; however, gradual narrowing of the peaks for nanoparticles
grown at higher temperatures was observed. No additional peaks from expected binary
and ternary phases like InSe, In2Se3, Cu2-xSe and CuInSe2 were evident though p-XRD
alone does not provide sufficient evidence for phase purity of the prepared nanoparticles.
Some of the peaks from related binary and ternary phases could be masked underneath the
broader peaks in case of CIGSe nanoparticles. Therefore, some additional characterization
techniques like resonant Raman spectroscopy may be required to precisely ascertain the
phase structure. Scherrer formula gave mean size of nanocrystals as 4.8 nm, 6.7 nm, 12.3
nm and 11.8 nm for nanoparticles grown at 180, 200, 220 and 240 °C, respectively.

Figure 5.13. XRD patterns of CIGSe nanoparticles grown at (a) 180 (b) 200 (c) 220 and
(d) 240 °C by thermolysis of 1:2:2 molar ratios of [Cu4(Ph2PSe2)4],[In(Ph2PSe2)3] and
[Ga(Ph2PSe2)3], respectively in OA.
Raman spectrum of the CIGSe nanoparticles grown at 220 °C is presented in
Figure 5.14. Prominent peak appeared at 176.9 cm-1. This value fairly conforms with the
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previously reported values of 177 cm-1 for A1 symmetry mode of CuIn0.7Ga0.3Se2 [42]. No
peaks were observed at expected Raman shift values of Cu2-xSe, InSe, In2Se3, GaSe,
Ga2Se3, CuInSe2 and CuGaSe2 (areas highlighted by dotted lines in Figure 5.14). This
indicates that no possible binary or ternary phases are present in the as-prepared
nanocrystals.

Figure 5.14. Raman spectrum of the CIGSe nanoparticles grown by thermolysis of
[Cu4(Ph2PSe2)4],[In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] precursors in OA at 240 °C.
TEM images (Figure 5.15 a-d) demonstrate that the CIGSe nanoparticles grown at
different temperatures have distinct size and morphologies. Predominantly well-dispersed
nanoparticles were evident from the TEM images recorded for nanocrystals grown at all
temperatures. However, slight aggregation was also found for nanocrystals prepared at
180 and 220 °C. Nanocrystals grown at 180 °C had quasi-spherical to oval morphology.
A sausage like morphology was observed for nanoparticles prepared at 200 °C whereas
nanoparticles grown at 220 and 240 °C had a spherical morphology. Diameter of the
nanocrystals was found to be 4.9 ± 0.4 nm, 11.9 ± 1.9 nm and 12.1 ± 2.4 nm for
experiments carried out at 180, 220 and 240 °C, respectively. Similarly, nanoparticles
prepared at 200 °C were 9.8 ± 1.9 nm long and having 2.2 ± 0.6 nm width. These values
are fairly close to those calculated by applying the Scherrer formula, except for the
diameter calculated for nanoparticles prepared at 200 °C. HR-TEM images (Figure 5.15
e-h) show lattice fringes with an inter-planer spacing of 0.32 nm which is in good
conformance with the d-spacing value reported for (112) plane of tetragonal CIGSe (3.2
Å). SAED patterns (inset in Figure 5.15) clearly demonstrated polycrystalline nature of
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the as grown nanocrystals as distinct ring corresponding to (112), (220)/(204) and (312)
lattice planes were evident. . Figure 5.16 shows TEM EDX elemental maps for CuInGaSe2
nanoparticles grown at 210 °C which show a uniform distribution of Cu, In, Ga and Se in
nanocrystals.

Figure 5.15. (a–d) TEM Images and (e–h) HR – TEM images of OA capped CIGSe
nanoparticles synthesized at 180, 200, 220 and 240 °C, respectively. Figures in inset
show the SAED patterns
UV-Vis absorption spectra recorded for hexane suspension of the as grown
nanocrystals were used to determine band gap of the nanocrystals grown at various
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temperatures. Tauc plots (Appendix 1) obtained from UV-Vis data gave a band gap value
of 1.62 eV, 1.51 eV, 1.56 e eV and 1.49 eV for the nanoparticles grown at 180, 200, 220
and 240 °C, respectively. The values are in fair agreement with the previously reported
band gap values (~ 1.05 – 1.68 eV) for CIGSe nanoparticles.

Figure 5.16. TEM EDX elemental maps for CuInGaSe2 nanoparticles grown at 240 °C

Table 5.2: Summary of EDX analysis results for CuInGaSe2 thin films and nanoparticles
Material

Temperature

EDX Analysis

Composition

(Atomic percentage)
CuInGaSe2
thin films

CuInGaSe2
nanoparticles

350 °C
400 °C
450 °C
500 °C
180 °C
200 °C
220 °C
240 °C

Cu
23.7
24.1
23.2
23.1
26.3
24.7
24.6
24.9

In
17.9
17.2
16.7
15.9
17.8
18.2
17.7
17.4

Ga
6.8
7.3
8.0
8.3
6.8
7.3
8.8
8.9

Se
51.6
51.4
52.1
52.7
49.1
49.8
48.9
48.8

Cu0.95In0.72Ga0.27Se2.06
Cu0.96In0.69Ga0.29Se2.07
Cu0.93In0.67Ga0.32Se2.09
Cu0.92In0.64Ga0.33Se2.11
Cu1.05In0.71Ga0.27Se1.96
Cu0.99In0.73Ga0.29Se1.99
Cu0.98In0.71Ga0.35Se1.96
Cu1.00In0.71Ga0.36Se1.95
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5.5

Copper zinc tin sulfide (CZTS)
Cu2ZnSnS4 (CZTS) has emerged as a promising photoabsorber material for thin-

film PV. This material has a direct band gap (1.5 eV) which matches well with the solar
spectrum. It also has a high solar absorption coefficient (>104 cm-1). Particular interest in
this material stems from its composition with all cheaper, earth abundant and non-toxic
elements. Moreover, solar cells based on this material can be fabricated in economical and
straightforward manner. CZTS may be considered as a derivative of its ternary analogue
CuInS2 or CuGaS2 in which two trivalent cations (e.g In3+) have been replaced with one
lower valency cation (Zn+2) and a higher valency cation (Sn+4). Therefore, its structure
may be viewed as a variant of (CuInxGa1-xSe2), wherein the costly and scarce indium and
gallium metals have been replaced with relatively inexpensive and earth abundant metals
i.e. zinc and tin. This replacement also gives an optimum band gap of 1.5 eV.
5.5.1

Deposition of Cu2ZnSnS4 thin films
AACVD experiments for deposition of Cu2ZnSnS4 thin films were carried out by

using [Cu(iBu2PS2)(PPh3)2], [Zn(iBu2PS2)2] and [Sn(iBu2PS2)2], respectively in 2:1:1
ratio. Precursors were dissolved in toluene (15 mL) and argon flow rate was maintained
at 180 mL/min. AACVD was performed at four different temperatures i.e. 350, 400, 450
and 500 ºC. At all the deposition temperatures, uniform, shiny and brownish black films
were deposited which successfully passed the ‘scotch tape test’.
XRD patterns of thin films deposited by AACVD using 2:1:1 molar ratio of
[Cu(iBu2PS2)(PPh3)2], [Zn(iBu2PS2)2] and [Sn(iBu2PS2)2] precursors, respectively at 350,
400, 450 and 500 ºC are displayed in Figure 5.17. Crystallographic phase of the as
deposited thin films was evaluated by carrying out phase analysis. It was observed that
the peaks in diffraction pattern correspond with the kesterite Cu2ZnSnS4 (Standard ICDD
pattern 00-034-1246) with tetragonal crystal system having I-4 E space group. Major
diffraction peaks arise at 2θ angles 28.49, 32.96, 47.30, 56.20, 58.88, 69.35 and
76.37. These peaks could be indexed to (112), (200), (220)/(204), (312)/(116), (400) and
(316) lattice planes for tetragonal kesterite Cu2ZnSnS4. The material deposited at all the
temperatures had a preferred orientation along (112) plane. The diffraction peaks were
narrow and sharp suggesting a fair crystallinity of the deposited material. No additional
peaks assignable to corresponding binary phases like Cu2-xS, ZnS and SnS, or ternary
197

phases like Cu2SnS3 were found in the diffraction pattern suggesting the deposition of pure
monophasic kieserite. However, phase purity of the material can be ascertained after
carrying out further studies using Raman spectroscopy. This is due to similar position of
diffraction peaks originating from corresponding binary or ternary phases.

Figure 5.17. p-XRD patterns of Cu2ZnSnS4 thin films deposited by AACVD using
[Cu(iBu2PS2)(PPh3)2], [Zn(iBu2PS2)2], and [Sn(iBu2PS2)2] precursors at temperatures (a)
350 °C (b) 400 °C (c) 450 °C and (d) 500 °C indexed with standard ICDD pattern 00034-1246 for Kesterite Cu2ZnSnS4.
Morphology and microstructure of the as deposited thin films was studied
by the SEM images. Representative SEM images for thin films deposited at 350,
400, 450 and 500 °C are shown in Figure 5.18(a-d). These images demonstrate a
good homogenous deposition of the material on whole substrate. The material
deposited at different temperatures displayed different morphology and grain size.
At 350 C, very small leaf like grains with random orientation were deposited
whereas the film deposited at 400 C showed deposition of somewhat larger (1.1 –
1.3 µm) feather like two dimensional structures. Thin film deposited at 450 C
comprised of thicker grains of undefined morphology which seemed to develop by
fusion of initially formed leaf and feather like grains. Similarly, the thin film
deposited at 500 C consists of well-formed grains having somewhat rectangular
morphology. These grains had an even size distribution, good crystallinity and
provided good coverage of the substrate. Grain boundaries of individual grains were
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clearly observable. Deposition of Cu2ZnSnS4 was also confirmed by EDX analysis.
Stoichiometric composition of Cu2ZnSnS4 deposited at different temperatures, as
revealed by EDX analysis, is given in Table 5.3. No appreciable differences in
stoichiometric composition of individual grains were found in EDX analyses.
Moreover, uniform distribution of Cu, Zn, Sn and S, over entire surface of the
substrate was evident from the elemental mapping (Figure 5.19).

Figure 5.18. SEM images of as deposited thin films of Cu2ZnSnS4 at (a) 350 (b) 400
(c) 450 and (d) 500 °C

Figure 5.19. EDX elemental maps for Cu2ZnSnS4 thin film deposited at 450 °C
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Surface texture of the deposited CZTS thin films was studied with the help
of AFM. It was found that the films had a fairly smooth surface. Root mean square
roughness of 49.6 nm was recorded for CZTS thin film deposited at 500 C (Figure
5.20). Optical band gap of the thin films was determined from Tauc plot (Appendix
1) obtained through processing of UV-Vis spectra. It was found that the Cu2ZnSnS4
deposited at 350, 400, 450 and 500C had a band gap of 1.48 eV, 1.47 eV, 1.42 eV
and 1.41 eV, respectively. The values of band gap energies reported in literature for
CZTS vary from 1.4 to 1.5 eV depending upon the composition [43,44].

Figure 5.20. AFM images of CZTS thin film deposited by AACVD at 450 °C
5.5.2

Growth of CZTS nanoparticles
Thermolysis of [Cu(acac)2], [Zn(iBu2PS2)2] and [Sn(iBu2PS2)2] precursors (in

2:1:1 molar ratio, respectively) in OA yielded monodispersed nanoparticles with
predominantly quasi-spherical morphology. The p-XRD patterns of the nanoparticles
grown at 180, 210 and 240 °C are given in Figure 5.21 which shows main diffraction
peaks appearing at 2θ values 28.5, 47.5, 56.2, 69.2 and 76.4. Position of the peaks
and also their relative intensities correspond with those reported for kesteritic CZTS phase
(ICDD 00-26-0575). However, the aforementioned peaks also match with the standard
ICDD patterns for binary ZnS (ICDD 03-065-1691) and ternary cubic Cu2SnS3 (ICDD
01-089-2877) as well as tetragonal Cu2SnS3 (ICDD 01-089-4714). It therefore becomes
difficult to discern between CZTS and these possible binary and ternary phase merely by
p-XRD studies. Diffraction pattern for nanoparticles grown at 180 °C showed minor peaks
(marked as *) originating from some unidentified impurity phase. However, sharp
diffraction peaks were observed for nanoparticles grown at 210 and 240 °C. The Scherrer
formula was employed for calculating the mean diameter of as prepared nanocrystals and
200

it was found to be 7.2 nm. 9.7 nm and 11.4 nm, for nanoparticles grown at 180, 210 and
240 °C, respectively.

Figure 5.21. p-XRD pattern of OA capped Cu2ZnSnS4 nanoparticles prepared by
thermolysis of 2:1:1 molar ratio of [Cu(acac)2], [Zn(iBu2PS2)2] and [Sn(iBu2PS2)2]
precursors, respectively at (a) 180 (b) 210 and (c) 240 °C indexed with the standard
ICDD pattern (ICDD 00-26-0575) for kesterite phase of Cu2ZnSnS4.
CZTS, ZnS, Cu2SnS3 are reported to have different vibration features. Therefore,
Raman spectroscopy can be used as a beneficial complimentary technique for determining
the crystallographic phase structure of as grown nanoparticles. Figure 5.22 shows the
Raman spectrum of nanoparticles grown at 240 °C which displayed main peaks at 286.6
cm-1, 338.2 cm-1 and 368.1 cm-1. The peak positions at 286–288, 337–339, 350 and 367–
370 cm-1 reportedly correspond to the A and E symmetry modes of kesterite phase of
CZTS. No significant peaks corresponding to possible binary and ternary phases were
observed; the tetragonal Cu2SnS3 being the exception which has peak positions
overlapped by CZTS Raman bands. Possible positions of the Raman peaks originating
from binary i.e. SnS, SnS2, ZnS, Cu2-xS and ternary phases of Cu2SnS3 are marked with
dotted lines in Figure 5.22.
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Figure 5.22. Raman spectrum of CZTS nanoparticles grown by thermolysis of
[Cu(acac)2], [Zn(iBu2PS2)2] and [Sn(iBu2PS2)2] precursors in oleylamine at 240 °C.
Dotted lines show the respective positions of Raman absorption peaks for related binary
and ternary phases

Figure 5.23. (a–c) TEM Images and (d–f) HR – TEM images of OA capped Cu2ZnSnS4
nanoparticles grown at 180, 210 and 240 °C, respectively. SAED patterns recorded for
nanoparticles are shown in inset.
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Representative TEM images of the as grown CZTS nanoparticles are shown in
Figure 5.23. Well passivated and fairly dispersed nanoparticles having quasi-spherical
morphology and narrow size distribution were observed in TEM images. Size of the
nanoparticles was found to be 7.4 ± 0.6 nm, 9.5 ± 1.2 nm and 11.6 ± 1.4 nm which is in
close agreement with the values calculated from Scherer formula. Lattice fringes were
clearly visible in HR-TEM images. Inter-planer spacing was calculated as 0.31 nm which
matches with the reported d-spacing value for (112) plane of CZTS nanoparticles. SAED
patterns (inset of Figure 8) obtained for the nanoparticles showed concentric rings, thus
suggesting polycrystalline nature of the as grown nanoparticles. Stoichiometric
composition determined by EDX analyses was found to be Cu1.94Zn1.22Sn0.84S4.52,
Cu1.89Zn1.25Sn0.88S4.43 and Cu1.87Zn1.24Sn0.86S4.13. Furthermore, uniform distribution of the
Cu, Zn, Sn and S in CZTS lattice was confirmed by TEM EDX elemental mapping shown
in Figure 5.24.

Figure 5.24. TEM-EDX elemental mapping images recorded for Cu2ZnSnS4
nanocrystals grown at 210 °C.
X-ray photoelectron spectroscopy (XPS) was used to investigate the oxidation
state as well as elemental composition of CZTS nanoparticles grown at 240 °C.
Nanoparticles suspension in hexane was coated onto glass slide by drop cast method and
used for XPS studies. Calibration of binding energies was carried out on the basis of C 1s
at 285 eV. Typical XPS peaks assignable to Cu, Zn, Sn and S were traceable in the survey
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spectrum besides peaks originating from carbon and other constituent elements of glass
and the capping ligand. Figure 5.25 shows the core level spectra obtained for Cu 2p, Zn
2p, Sn 3d and S 2p regions for CZTS nanoparticles. Binding energies of the Cu 2p core
level were observed as two sharp peaks at 932.7 and 952.3 eV for Cu 2p3/2 and Cu 2p1/2,
respectively. The peak splitting was found to be 19.4 eV. These values fairly agree with
the earlier reports and suggest that copper in CZTS nanoparticles has an oxidation of +1
[45]. Appearance of Zn 2p3/2 and Zn 2p1/2 at binding energy values of 1021.8 eV and
1044.6 eV, respectively with a peak splitting of 22.8 indicates +2 oxidation state for Zinc.
Similarly, the peaks for Sn 3d5/2 and Sn 3d3/2 were observed at binding energy values of
486.4 and 494.5 eV, in conformance with the earlier reports for Sn in +4 oxidation state.
A diffused peak was observed for the S 2p core level. This peak was resolved further (as
shown in inset of the core level spectrum) showing S 2p3/2 and S 2p1/2 peaks binding
energies of 161.9 and 162.8 eV which correspond with the 160–164 eV range frequently
reported for sulfur in sulfide phases. Relative atomic concentrations of Zn, Cu, Sn and S,
determined by integrating the peak areas of high-resolution XPS core level spectra,
suggested stoichiometric composition which is close to expected 2:1:1:4 stoichiometric
ratios for CZTS.

Figure 5.25. High Resolution Core Level XPS spectra of (a) Cu 2p (b) Zn 2p (c) Sn 3d
and (d) S 2p cores recorded for CZTS nanocrystals grown at 240 °C.
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Table 5.3: Summary of EDX analysis results for Cu2ZnSnS4 thin films and nanoparticles
Material

Temperature

EDX Analysis

Composition

(Atomic percentage)
Cu2ZnSnS4
thin films

Cu2ZnSnS4
nanoparticles

5.6

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

Cu
24.2
23.7
23.2
21.6
24.6
22.1
21.9

Zn
15.9
16.2
16.7
17.9
16.8
15.8
17.7

Sn
11.7
10.9
13.0
11.8
12.2
14.4
11.8

S
48.2
49.2
47.1
48.7
46.4
47.7
48.6

Cu1.94Zn1.28Sn0.94S3.86
Cu1.89Zn1.30Sn0.87S3.94
Cu1.86Zn1.34Sn1.04S3.77
Cu1.73Zn1.43Sn0.94S3.89
Cu1.97Zn1.34Sn0.98S3.71
Cu1.77Zn1.26Sn1.15S3.82
Cu1.75Zn1.41Sn0.94S3.89

Copper zinc tin selenide (CZTSe)
Cu2ZnSnSe4 (CZTSe) has extensively been explored as a photoabsorber material

for the production of low-cost solar cells owing to its band gap (1.01 eV), high optical
absorption (>104 cm-1) and composition based solely on low-cost, non-toxic and earth
abundant elements. It has emerged as a promising material for production of both
economically and ecologically sustainable solar cells without any issue of scarcity of
constituent elements. Power conversion efficiency (PCE) of CZTS/Se based thin films has
already reached 12% during last few years [46]. CuInxGa1-xS1-ySey (CIGS) devices with
higher PCE have been fabricated using vacuum based physical vapor deposition
technique;2 however, non-vacuum based solution processing, in case of CZTSSe, has
provided device performances which are even better than those achieved through vacuumbased approaches [47].
Preparation of the CZTS/Se must be carried out in a controlled manner so that
formation of pure kesterite phase is achieved. It has been observed that this occurs only
within a limited stoichiometric range with [Cu/(Zn+Sn)] = 0.8-0.9 and Zn/Sn=1.1-1.4
whereas binary phases (like Cu, Sn and Zn chalcogenides) and/or ternary phases (copper
tin chalcogenides) are also formed with deviating stoichiometric combinations [48]. A
wide variety of techniques have been used for deposition of the CZTSe thin films. These
techniques include thermal co-evaporation of constituent elements and annealing [49],
sputtering and annealing [50], melt growth method [51] and non-vacuum based techniques
like ball milling [52], sol-gel method [53], electrodeposition [54], and pulsed laser
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deposition [55]. Similarly, CZTSe or CZTSSe nanoparticles have been prepared via
different approaches including hot injection [56], solvothermal method [57], microwave
irradiation [58] and sonochemical method [59]. High quality kesteritic nanocrystals thus
obtained are used along with other additives to deposit CZTSSe thin films by
commercially available methods like spin coating, doctor blading, inkjet printing etc.
followed by post-treatment procedures like annealing in sulfur/selenium environment.
Due to very complex phase structure of CZTS/Se as well as volatile nature of the
constituting elements and the binary phases, phase control particularly becomes difficult
in deposition techniques involving ultra-high vacuum and high temperatures. As the phase
formation occurs in the liquid state in the solution-based synthesis, better diffusivity of
the constituting elements is feasible. Therefore, barriers of activation energy are overcome
and thermodynamically stable phases are formed.
5.6.1

Deposition of Cu2ZnSnSe4 thin films
Deposition of Cu2ZnSnSe4 thin films was carried out by AACVD at temperatures

ranging from 350-500 ºC. [Cu4(Ph2PSe2)4], [Zn(Ph2PSe2)2] and [Sn(Ph2PSe2)2] precursors
were mixed in 1:2:2 molar ratio, respectively and dissolved in 15 mL toluene. The
deposition was carried out on glass substrates with an argon flow rate of 180 mL/min.
Deposition experiments at all experimental temperatures yielded homogenous dark brown
and well adhered films which successfully underwent the ‘scotch tape test’.
XRD patterns of the thin films deposited by AACVD at 350, 400, 450 and 500 ºC
using 1:2:2 molar ratio of Cu, Zn and Sn precursors are shown in Figure 5.26. Phase
analysis of the diffraction patterns revealed deposition of Cu2ZnSnSe4. Peaks appearing
in diffraction patterns matched with the standard ICDD pattern 00-052-0868 for tetragonal
Cu2ZnSnSe4 with I-42m space group. Lattice parameters were calculated as a=5.693 Å,
b=5.693 Å and c=11.333 Å. Major diffraction peaks corresponding to (112), (204), (312),
(008) and (316) lattice planes for tetragonal Cu2ZnSnSe4 were clearly observed in the
diffraction pattern for films deposited at all temperatures. A preferred orientation of
material along (112) lattice plane was observed for thin films deposited at all experimental
temperatures. As usually observed with thin films, the diffraction patterns displayed fairly
sharp and narrow peaks. The thin film deposited at 350 ºC displayed an extra peak
appearing at around 38.56 2θ. However, no additional peaks arising from possible binary
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and ternary were observed in the diffraction pattern recorded for films deposited at higher
temperatures of 400, 450 and 500 ºC.

Figure 5.26. p-XRD patterns of Cu2ZnSnSe4 thin films deposited by AACVD using
[Cu4(Ph2PSe2)4], [Zn(Ph2PS2)2], and [Sn(Ph2PS2)2] precursors at temperatures (a) 350 °C
(b) 400 °C (c) 450 °C and (d) 500 °C indexed with standard ICDD pattern 00-052-0868.
Representative SEM images, showing morphology and microstructure of the
Cu2ZnSnSe4 thin films deposited at 350, 400, 450 and 500 °C are shown in Figure
5.27(a-d). These images illustrate that the deposition carried out at different
temperatures results in deposition of thin films with different morphologies.
Furthermore, a good homogenous coverage of the substrates was observed at all
experimental temperatures except 400 C. The film deposited at 350 C comprised
layered leaf like grains randomly distributed across the film. However, the film
deposited at 400 C had smaller and less densely distributed grains of somewhat
tetragonal morphology. A dense coverage of the similar grains but with
comparatively larger grain size was observed for thin film deposited at 450 C.
Similarly, the Cu2ZnSnSe4 thin film deposited at 500 C displayed a dense array of
randomly oriented, well formed lumps of somewhat cubic morphology populating
the substrate. These grains had distinct grain boundaries. Stoichiometric
composition of the as deposited thin films was investigated using EDX analysis,
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which confirmed the deposition of Cu2ZnSnSe4. EDX analysis results are given in
Table 5.4 which show that composition of the film is also varied with the deposition
temperature. In general, a copper deficient and zinc rich material was deposited at
all temperatures. Point scan with EDX demonstrated that there exists no significant
difference in composition of individual grains. Elemental maps recorded for
constituent elements of Cu2ZnSnSe4 (i.e. Cu, Zn, Sn and Se) showed a uniform
distribution of these elements across the entire film (Figure 5.28).

Figure 5.27. SEM images of as deposited thin films of Cu2ZnSnSe4 at (a) 350 °C, (b)
400 °C, (c) 450 °C (d) 500 °C

Figure 5.28. EDX elemental maps for Cu2ZnSnSe4 thin film deposited at 450 °C
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Surface texture of the deposited CZTSe thin films was studied with the help
of AFM. Thin films deposited at all temperatures possessed a fairly smooth surface.
Root mean square roughness of 24.5 nm was observed for CZTSe thin films
deposited at 450 C (Figure 5.29). Optical band gap of the thin films was
determined from Tauc plot obtained through processing of UV-Vis spectra. CZTSe
film deposited at 450 C had a band gap of 1.18 eV. The values of band gap reported
in literature for CZTSe vary from 1.01 to 1.50 eV depending upon the composition.

Figure 5.29. AFM images of Cu2ZnSnSe4 thin film deposited at 450 °C
5.6.2

Growth of CZTSe nanoparticles
Thermolysis of [Cu(acac)2], [Zn(Ph2PSe2)2] and [Sn(Ph2PSe2)2] precursors (in

2:1:1 molar ratios, respectively) in OA yielded monodispersed nanoparticles with
predominantly spherical morphology. Figure 5.30 shows p-XRD patterns for CZTSe
nanoparticles grown by thermolyzing Cu, Zn and Sn precursors at 180, 210 and 240 °C.
It was evident from phase analysis of the p-XRD data that the diffraction peaks were
assignable to the stannite phase of CZTSe (ICDD 00-052-0868). It was expected that
experimentally obtained diffraction peaks will typically be broader as expected for the
crystallites in nano-sized domain. However, broader peaks were observed for
nanoparticles grown at 180 °C only, whereas those for nanoparticles grown at 210 °C and
240 °C were quite narrow and sharp. This may be attributed to formation of larger
nanoparticles with better crystallinity at higher growth temperatures. Major peaks
appearing in the p-XRD pattern could be indexed to (112), (220)/(204), (312)/(116), (400)
and (316) lattice planes. No significant contribution from binary phases was observed in
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the p-XRD patterns suggesting phase pure nature of the as grown nanoparticles. Scherrer
formula was employed to determine mean crystallite size of the nanoparticles. Data from
(112), (220)/(204) and (312)/(116) peaks was used for this purpose which gave calculated
mean diameter of 5.6 nm, 9.4 nm 15.2 nm for nanoparticles grown at 180, 210 and 240
°C, respectively.

Figure 5.30. p-XRD patterns of OA capped Cu2ZnSnSe4 nanoparticles prepared by
thermolysis of [Cu(acac)2], [Zn(Ph2PS2)2], and [Sn(Ph2PS2)2] precursors at (a) 180 °C,
(b) 210 °C and (c) 240 °C, respectively. Red lines below how the standard ICDD pattern
00-052-0868 for tetragonal CZTSe.
The Raman spectrum of the CZTSe nanocrystals grown at 240 °C is given in
Figure 5.31 which showed a strong peak at 166.6 cm-1 and two weaker peaks at 196.4 cm1

and 245 cm-1. These values are in good conformance with the previously reported values

(167, 196 and 244 cm-1) for Cu2ZnSnSe4 phase. The peak at 196 cm-1 is the characteristic
A1 Raman mode for CZTSe attributable to the vibration of Se atoms surrounded by
motionless neighbouring atoms. Literature review suggests that the Raman absorption
peaks for ZnSe and SnSe2 appear at 252 cm-1 and 186 cm-1, respectively whereas the same
for Cu2SnSe3 are observed at 179.9 and 231.6 cm-1. None of these peaks was traceable in
the Raman spectrum (Positions have been marked by dotted lines).
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Figure 5.31. Raman spectrum of OA capped Cu2ZnSnSe4 nanoparticles prepared by
thermolysis of [Cu(acac)2], [Zn(Ph2PS2)2], and [Sn(Ph2PS2)2] precursors at 240 °C.
Figures 5.32 (a-c) show representatives TEM images of as grown CZTSe
nanoparticles. Nanoparticles grown at 180 °C had a triangular morphology with lateral
dimensions of 5.0 ± 0.7 nm whereas those prepared at 210 and 240 °C were predominantly
spherical having an average particle diameter of 9.1 ± 0.8 nm and 14.8 ± 2.2 nm,
respectively. These values are consistent with the mean diameter calculated by the
Scherrer equation using p-XRD data. HR-TEM images (Figures 5.32 d-f) demonstrate
crystalline nature of the nanoparticles as lattice fringes were clearly visible. The d-spacing
values (0.329 nm and 0.287 nm) observed in HR-TEM images are consistent with those
reported for (112) and (200) planes of tetragonal CZTSe, respectively. Figures 5.32(g-i)
show SAED patterns of the nanoparticles and suggest that the nanoparticles are typically
polycrystalline. However, some tendency towards single crystalline nature is observed in
SAED pattern of the nanoparticles grown at 240 °C which also shows some distinct dots
besides concentric regions. The EDX analyses performed on samples gave stoichiometric
composition of Cu1.91Zn1.19Sn0.93Se4.5, Cu1.87Zn1.22Sn0.91Se4.3 and Cu1.86Zn1.23Sn0.91Se4.1 for
nanoparticles grown at 180, 210, and 240 °C, respectively. EDX elemental maps (Figure
5.33) suggest uniform distributions of the elements in CZTSe lattice.
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Figure 5.32. (a–c) TEM Images (d–f) HR – TEM images and (g–i) SAED patterns of
OA capped Cu2ZnSnSe4 nanoparticles grown at 180 °C, 210 °C and 240 °C,
respectively.

Figure 5.33. EDX Elemental mapping showing uniform distribution of constituent
elements in Cu2ZnSnSe4 nanoparticles
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Korgel et al. had reported the first colloidal synthesis of the CZTS nanocrystals
through high-temperature arrested precipitation approach using oleylamine (OA) as the
coordinating solvent [60]. Their experiment involved heating a mixture of copper(II)
acetylacetonate, zinc acetate, tin(II) chloride dihydrate and elemental sulfur in OA to 280
°C for 1 h under an inert atmosphere to obtain nanocrystals with an average diameter of
10.6 ± 2.9 nm. Yu et al. have reported the gram scale synthesis of cuboid shape nonstoichiometric CZTSe nanocrystals an average diameter of about 25 nm [61]. However,
these zinc deficient nanocrystals exhibited p-XRD pattern which was more consistent with
the standard pattern for Cu2SnSe3. Yang and co-workers have reported the phosphine free
preparation of very small (~ 3.5 nm) CZTSe nanocrystals with tetragonal phase and
spherical morphology [62]. These small sized nanocrystals displayed a band gap of 1.7
eV which is considerably larger than reported band gap value (1.0 -1.5 eV) for CZTSe
nanocrystals. Ryan and co-workers have previously reported the synthesis of CZTSSe
polytypic heterostructures and strategies to control the shape and phase structure were
explored [63].
The valence state of the constituting elements, as well as composition of the
CZTSe nanoparticles were further investigated by XPS. The XPS spectrum indicates the
presence of Cu, Zn, Sn and Se elements along with other elements found in the capping
ligand and glass substrate supporting the nanoparticles. No peaks for phosphorus were
traceable which suggest that no phosphorus contamination is found in as prepared
nanocrystals. In order to elucidate the valence state of Cu, Zn, Sn and Se elements, their
high resolution spectra for Cu 2p, Zn 2p, Sn 3d and Se 3d core levels were recorded and
examined. XPS spectrum of Cu2p core level is shown in Figure 5.34a which shows that
the Cu2p3/2 and Cu2p1/2 levels have binding energy values of about 930.9 and 950.7 eV,
respectively. These values conform to the binding energy values for Cu(I) reported earlier
[64]. It indicates that the Cu(II) present in the starting material is reduced to Cu (I) during
CZTSe phase formation. The absence of Cu(II) valence state is further confirmed as no
satellite peak around 942 eV, which is generally ascribed to Cu2+ is observed in the
spectrum. Similarly, Zn 2p peak has a binding energy of 1021 eV which is close to
reported binding energy value (1023) for Zn(II). Splitting of the Sn 3d core (Figure 5.34c)
into two distinct peaks corresponding to Sn3d5/2 (482.4 eV) and Sn3d3/2 (491.3 eV) was
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observed which coincides with the reported values for Sn(IV) i.e. 484 and 493 eV. No
peak for Sn(II) which usually appears at 485.2 eV was found in the spectrum.
Furthermore, broad peak appearing at .53.8 eV may be assigned to Se 3d having a valence
state of -2. Hence, the XPS analysis shows the normal valence states for CZTSe clearly
indicating the complete transformation of all elemental sources to form the Cu2ZnSnSe4
phase.

Figure 5.34. XPS spectra of (a) Cu 2p (b) Zn 2p (c) Sn 3d and (d) Se 3d for CZTSe
nanocrystals grown at 240 °C
Band gap of the as grown nanocrystals was calculated from the UV-Vis-NIR data
recorded for hexane suspension of the nanocrystals. Tauc plots (Appendix 1) gave band
gap values of 1.12, 1.06 and 1.07 eV for nanoparticles grown at 180, 210 and 240 °C,
respectively. These values are slightly higher than the reported band gap value (1.01 eV)
for CZTSe.
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Table 5.4: Summary of EDX analysis results for Cu2ZnSnSe4 thin films and nanoparticles
Material

Temperature

EDX Analysis

Composition

(Atomic percentage)
Cu2ZnSnSe4
thin films

Cu2ZnSnS4
nanoparticles

5.7

350 °C
400 °C
450 °C
500 °C
180 °C
210 °C
240 °C

Cu
23.6
22.7
22.3
21.9
21.4
22.5
21.7

Zn
16.4
16.6
15.9
16.1
15.7
17.4
17.0

Sn
11.8
11.5
11.8
12.3
12.1
14.7
12.8

Se
48.2
49.2
50.0
49.7
50.8
46.4
48.5

Cu1.87Zn1.31Sn0.89Se3.86
Cu1.82Zn1.33Sn0.92Se3.94
Cu1.78Zn1.27Sn0.94Se2.00
Cu1.71Zn1.29Sn0.98Se3.98
Cu1.86Zn1.29Sn0.97Se4.06
Cu1.80Zn1.39Sn1.18Se3.71
Cu1.74Zn1.36Sn1.02Se3.88

Parametric studies
Parametric studies were performed for investigating the influence of various

parameters on deposition of thin films and growth of nanoparticles of quaternary
chalcogenide materials. These studies were performed with CuInGaSe2 or CIGSe as a
representative material because it has been reported to offer tailorable composition and
band gap as well as exciting size dependant properties.
5.7.1

Effect of growth parameters on synthesis of nanoparticles
CIGSe nanoparticles were prepared by thermal degradation of [Cu4(Ph2PSe2)4],

[In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] complexes as copper, indium and gallium precursors
(in variable ratios). Growth experiments were carried out under different set of
experimental conditions chosen to study of the effect of a particular growth parameter.
One set of experiments was planned with different molar equivalents of the corresponding
precursors to determine the effect of precursor concentration on size, morphology and
composition of the nanoparticles. Second group of experiments was based on thermolysis
of precursor mixture in different solvents/capping ligands while keeping rest of the
experimental conditions same. Yet another set of thermolysis experiments was performed
to determine the effect of reaction duration (after injection) on growth of nanoparticles. It
might be worth mentioning that effect of growth temperature has been studied extensively
for all of the prepared nanocrystals.
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5.7.1.1 Effect of growth temperature
Effect of growth temperature on size, morphology, composition and
crystallographic phase of CIGSe nanoparticles has been studied by thermolysis of
corresponding precursors in OA at variable temperatures. It was found that generally the
higher growth temperatures lead to formation of nanoparticles with larger mean size.
However, at temperatures beyond 240 °C, bulk materials were formed, presumably due to
aggregation of initially formed nanocrystals. In case of CIGSe, nanoparticles grown in
OA had a mean diameter of 4.2 ± 0.8 nm, 11.5 ± 3.4 nm and 18.0 ± 4.4 nm at growth
temperatures of 180, 220 and 240 °C, respectively. An oval morphology was observed for
nanocrystals prepared at 180 °C whereas the nanocrystals grown at 200 °C displayed a
sausage like morphology. Nanoparticles grown at 220 and 240 °C had a quasi-spherical
morphology. Both the p-XRD and HR-TEM analyses demonstrate the growth of
tetragonal chalcopyrite nanocrystals at all reaction temperatures. Band gap values were
found to be 1.61 eV, 1.54 eV, 1.54 eV and 1.50 eV, respectively for nanoparticles grown
at 180, 200, 220 and 240 °C.
5.7.1.2 Effect of coordinating solvents
Nanocrystals of I-III-VI2 materials usually assume the low energy tetragonal
chalcopyrite configuration. However, other phases including the wurtzite phase can also
be obtained under some experimental conditions. Coordinating solvent or capping ligand
used in growth experiments has a significant influence on resulting phase structure of the
nanocrystals.

Therefore,

thermolysis

of

[Cu4(Ph2PSe2)4],

[In(Ph2PSe2)3]

and

[Ga(Ph2PSe2)3] complexes in 1:2:2 ratio was carried out in OA, HDA, DDT and ODE, at
210 °C. Resulting nanoparticles were then characterized to determine evolution of
crystallographic phase and morphology of CIGSe nanoparticles in different solvents /
capping ligands. XRD patterns revealed that the nanocrystals grown in all experimental
solvents/capping ligands had tetragonal chalcopyrite phase. TEM images demonstrated
that the nanoparticles prepared in different solvents / capping ligands had different size
and in some cases different morphology. Size of the nanoparticles grown in OA, HDA,
DDT, ODE and OA at 210 °C was measured as 4.2 ± 0.8 nm, 11.5 ± 3.4 nm, 18.0 ± 4.4
and 11.5 ± 3.4 nm, respectively. HR-TEM images also demonstrated lattice fringes with
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an interplaner spacing of 0.32 nm which further confirmed the growth of chalcopyrite
nanoparticles.
5.7.1.3 Effect of precursors concentration
In order to investigate the effect of relative concentration of precursors on size,
morphology, phase and more importantly stoichiometric composition of CIGSe
nanoparticles, one set of thermolysis experiments was performed at 210 °C by using
variable molar ratios of precursors. These ratios were 1:2:1, 1:2:2, 1:2:4, 1:2:6 and 1:2:8
for [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] complexes, respectively. XRD
analysis of as-grown nanocrystals revealed growth of chalcopyrite phase of CIGSe
nanoparticles during all experiments using different molar ratios of precursors. There was
no indication for formation of other crystallographic phases, as revealed by p-XRD
analyses and HR-TEM imaging. TEM images revealed formation of larger nanoparticles
in case of higher relative ratios of In precursors. Mean diameter of nanoparticles obtained
in case of 1:2:1, 1:2:2, 1:2:4, 1:2:6 and 1:2:8 ratios for [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3]
and [Ga(Ph2PSe2)3] precursors were found to be 4.2 ± 0.8 nm, 11.5 ± 3.4 nm, 18.0 ± 4.4
and 11.5 ± 3.4 nm, respectively. No significant differences in morphology of nanocrystals
was observed and predominantly quasi-spherical nanoparticles were obtained in all cases.
EDX analyses revealed significant variation in stoichiometric composition of nanocrystals
grown using different precursor ratios. It was foundd that it is possible to obtain an entire
range of CuIn1-xGaxSe2 (where x varies from 0 to 1). However, it was observed that
relatively more than theoretically required Ga precursor is required to achieve a desired
CIGSe composition. For example CuIn0.5Ga0.5Se2 was the expected composition with
1:2:2 precursor ratio for [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3], respectively
but CuIn0.72Ga0.28Se2.06 was obtained instead.
5.7.2

Effect of different parameters on deposition of thin films
CIGSe thin films were deposited by AACVD under variable conditions to

investigate the effect of key deposition parameters like deposition temperature, carrier gas
flow rate and solvent for AACVD precursors, on morphology, microstructure and
stoichiometric composition of thin films. One group of experiments involved AACVD
using Cu, In and Ga precursors i.e. [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3] at
variable deposition temperatures ranging from 300–500 °C. Second set of AACVD
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experiments was conducted with variable flow rate of argon i.e. from 90 to 180 mL/min.
Yet another set of depositions was carried out with different solvents i.e. toluene,
methanol, THF and acetonitrile. Similarly, another set of experiments was carried out
using different molar combinations of precursors to obtain variable stoichiometric
compositions of CIGSe thin films.
5.7.2.1 Effect of deposition temperature
Effect of deposition temperature on grain size, microstructure, phase and
composition of thin films has been thoroughly studied in this work for various materials.
It is a general observation that crystallite size, degree of crystallinity, crystallographic
phase and morphology of the deposited material is strongly influenced by the deposition
temperature. Usually, better crystallinity and well-formed grains of deposited material are
observed in thin films deposited at higher temperatures i.e. 450 or 500 °C. In case of
CIGSe thin films, marble cutting like flakes were observed in all cases. However, an
obvious variation in size of crystallites was witnessed as a function of deposition
temperature. EDX analysis revealed deposition of roughly CuIn0.7Ga0.3Se2 stoichiometric
composition for material deposited at all temperatures. CIGSe deposited at higher
temperature had slightly Cu and Se poor but relatively gallium rich composition at higher
temperatures i.e. 450 or 500 °C.
5.7.2.2 Effect of solvent
Solvent for dissolution of AACVD precursors significantly affects the quality of
AACVD thin films as the solvent determines the overall transport of precursor aerosols
during AACVD. Therefore, different solvents i.e. toluene, methanol, THF and acetonitrile
were used in AACVD experiments to deposit CIGSe thin films at 450 °C. The Cu, In and
Ga precursors were not soluble in methanol, hence it was not a suitable solvent for
AACVD using these precursors. Deposition using toluene, THF and DMF as solvent gave
blackish brown thin films of CIGSe as revealed by the p-XRD studies. Tetragonal
chalcopyrite CIGSe phase (Standard ICDD pattern 00-035-1102) was observed in all
cases. SEM images demonstrated that the CIGSe thin films deposited using toluene and
THF had a fair crystallinity with flake like morphology. However, a poor crystallinity of
deposited material was obtained with the use of THF and acetonitrile. EDX analysis
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showed deposition of CuIn0.7Ga0.3Se2 with all solvents and no appreciable differences in
composition of individual CIGSe grain was observed.
5.7.2.3 Effect of carrier gas flow rate
Deposition of CIGSe thin films was carried out using different flow rates of carrier
gas i.e. 90 mL/min, 120 mL/min, 150 mL/min and 180 mL/min. It was found that
relatively thicker films with dense and uniform coverage of the substrates were obtained
with higher carrier gas flow rates. However, the films were not well adhered and could
not qualify the scotch tape test. However, AACVD with 90 and 120 mL/min flow rate
yielded well-adhered films.
5.7.2.4 Effect of precursors concentration
In order to investigate the effect of relative concentration of Cu, In and Ga
precursors on crystallographic phase, crystallite size and morphology of the deposited
material, AACVD experiments was carried out with varying molar ratios of precursors.
Various molar combinations included 1:2:1, 1:2:2, 1:2:4 and 1:2:6 molar equivalents of
Cu, In and Ga precursors i.e. [Cu4(Ph2PSe2)4], [In(Ph2PSe2)3] and [Ga(Ph2PSe2)3],
respectively dissolved in 15 mL toluene. Other parameters were kept constant during all
AACVD experiments. Interestingly, depositions using all ratios of molecular precursors,
except 1:2:2 ratio, gave multiphasic mixtures containing corresponding binary and/or
ternary phases, as revealed by p-XRD studies. However, p-XRD analysis showed that the
thin films deposited using 1:2:2 ratio were monophasic comprising tetragonal chalcopyrite
CIGSe phase (ICDD 00-035-1102). SEM and EDX analyses confirmed the deposition of
CuIn0.7Ga0.3Se2 from 1:2:2 ratio of molecular precursors. Deposition of multiple phases
with other combinations of precursors was also demonstrated by SEM. It is worth
mentioning that efforts to deposit CuIn0.5Ga0.5Se2 by using higher molar ratios of Ga
precursors remained unsuccessful. We rather obtained CuIn0.7Ga0.3Se2 with additional
Ga2Se3 phases.

5.8

Conclusion
This chapter presents the use of [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y],

complexes as molecular precursors for deposition of quaternary CIGS, CIGSe,
CZTS and CZTSe thin films. AACVD at 350-500 C using suitable molar
combinations of these precursors yielded good quality thin films of these important
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semiconductor materials. p-XRD and Raman spectroscopy analysis suggested
deposition of phase pure materials while good crystallinity of the films was
demonstrated by SEM imaging. Similarly, these precursors underwent thermolytic
degradation in OA at 180, 210 and 240 C yielded monodispersed and phase pure
nanoparticles of target material. It was found that more than theoretically required
gallium complex was required to obtain a desired CIGS or CIGSe composition in
case of both the thin films and the nanoparticles. Effect of various experimental
parameters on deposition of thin films and colloidal growth of quaternary
semiconductor materials. Feasibility of tuning the material properties and
stoichiometric composition of target material with careful control of deposition
parameters was also demonstrated during the present work. In nutshell,
[Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes have shown good potential as
molecular precursors for quaternary thin films and nanoparticles.
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Chapter No. 6
General Conclusion & Recommendations
for Future Work
6.1

General conclusion
Copper chalcogenides based compound semiconductors are being explored as the

most promising photoabsorbers for polycrystalline thin film solar PV applications.
CuIn1-xGaxS1-ySey2 (CIGS) based solar cells have already achieved a PCE of 22.9%.
Similarly, Cu2ZnSnS(Se)4 is a relatively newer material which shares the desired
optoelectronic features of CIGS but its composition is based on inexpensive and earth
abundant elements. CZTS solar cells have so far achieved a PCE of 12.6%. AACVD is a
variant of conventional CVD which relies on the solubility of the precursor in common
organic solvents, thus circumventing the volatility and thermal stability requirements for
the precursors. Synthesis of newer molecular precursors for AACVD has been an active
area of research during the last three decades.
In the present work, dialkyldichalcogenophosphinatometal complexes have been
synthesized and their potential use as molecular precursors for a variety of binary, ternary
and quaternary metal sulfide and metal selenide semiconductor materials has been
explored. Accordingly, ‘Chapter 1’ presents a review of literature, briefly covering the
issues of solar energy, current state-of-the-art in solar PV and associated problems,
material considerations for different solar PV technologies, thin film deposition
techniques especially AACVD, colloidal approach for preparation of nanoparticles and
use of nanocrystals as photoabsorber material for solar cells. This chapter also presents a
review

of

various

synthetic

approaches

developed

for

the

synthesis

of

dialkyldithiophosphinate and dialkyldiselenophosphinate complexes.
Chapter 2 presents details regarding the synthesis and characterization of
dialkyldichalcogenophosphinatometal complexes, besides covering the ‘Experimental’
details of this work. Several diphenyldiselenophosphinatometal complexes with general
formula [Mx(Ph2PSe2)y] (Where M = Cu, In, Ga, Zn, Sn, Pb and Fe) have been prepared
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through a new facile, efficient and reproducible approach which gave high yields of these
complexes in a simple, faster (5 minute) and straightforward manner. Similarly,
diisobutyldithiophosphnatometal complexes with general formula [Mx(iBu2PS2)y] (Where
M = Cu, In, Ga, Zn, Sn, Pb, and Fe) have been synthesized by a simple metathesis reaction
using commercially available ligand. The complexes synthesized in this work
demonstrated good air and moisture stability, even on long-term storage. Characterization
of the as-synthesized complexes has been carried out using mass spectrometry, NMR (1H
and 13C) spectroscopy, FTIR spectroscopy and elemental analysis.
Chapter 3 deals with the use of [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes as
single source precursors for the deposition of binary metal sulfide and metal selenide thin
films, respectively. Deposition of thin films of binary semiconductor materials (Cu2-xS,
In2S3, ZnS, PbS, Cu2-xSe, In2Se3, ZnSe and PbSe) by AACVD at different temperatures
(350 to 500 ºC) has been demonstrated. Different grain sizes and morphologies were
observed for the films deposited at different temperatures. Similarly, colloidal thermolysis
of [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes in oleylamine (OA) yielded good
quality nanoparticles of corresponding binary materials. It was observed that the size and
morphology of the nanoparticles were significantly changed by varying the experimental
conditions, especially nanocrystals growth temperature and growth duration.
Chapter 4 described the use of [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes as
molecular precursors for deposition of ternary I-III-VI2 and I2-IV-VI3 semiconductor
materials. Suitable molar combinations of these complexes were used to deposit thin films
of ternary semiconductor materials like CuInS2, CuGaS2, CuInSe2 and CuGaSe2.
Similarly, these precursors (in desired molar ratios) underwent thermolysis in OA at
different temperatures to yield nanoparticles of semiconductor materials like CuInS 2,
CuGaS2, Cu2SnS3, CuFeS2, CuInSe2, CuGaSe2, Cu2SnSe3 and CuFeSe2. Detailed
parametric studies have also been performed to evaluate the impact of various
experimental parameters on deposition of the thin films and growth of the nanocrystals. It
was demonstrated that nanoparticles of the desired crystallographic phase, size and
morphology could be prepared by suitably adjusting the growth parameters.
‘Chapter 5’ deals with the deposition of quaternary I-III-VI2 and I2-II-IV-VI4
semiconductor materials from [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes. Deposition
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of good quality thin films of CuIn0.6Ga0.4S2, CuIn0.7Ga0.3Se2, Cu2ZnSnS4 and Cu2ZnSnSe4
by AACVD, at different temperatures, has been demonstrated. [Mx(iBu2PS2)y] and
[Mx(Ph2PSe2)y] complexes (in desired molar ratios) also underwent thermolysis in OA at
180, 210 and 240 °C to yield CuInGaS2, CuInGaSe2, Cu2ZnSnS4 and Cu2ZnSnSe4
nanoparticles with predominantly quasi-spherical morphology. Mean diameter of the
nanocrystals prepared in different experiments was significantly influenced by the
reaction temperature and growth time. Detailed parametric studies have been performed
to evaluate the impact of various experimental parameters on the deposition of thin films
and growth of nanocrystals. It was generally observed that the size of the nanomaterials
could be tuned by judicious selection of growth temperature, reaction time and precursor
concentration. It was also found that by suitable adjustment of molar precursor ratios,
materials with desired stoichiometric combinations may also be obtained.
In conclusion, [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes were proved to be
promising precursors for the deposition of binary, ternary and quaternary thin films and
nanoparticles; thus providing a new synthetic route to these important semiconductor
materials. Carefully designed synthesis using these materials may potentially yield good
quality target materials with desired material and optoelectronic properties for specific
applications. Therefore, [Mx(iBu2PS2)y] and [Mx(Ph2PSe2)y] complexes are a useful
addition to precursors for a variety of semiconductor materials.

6.2

Recommendations for future work

6.2.1

Deposition of materials
The

future

work

should

focus

on

synthesis

of

more

dialkyldichalcogenophosphinato- complexes of other metals including Ag, Ge, Ni, Co and
Cd for deposition of more

I-III-VI2 materials like AgInS2, AgInSe2, AgInGaS2,

AgInGaSe2, CuInGaSSe and I2-II-IV-VI4 materials like Cu2ZnGeS4, Cu2ZnGeSe4,
Cu2NiSnS4, Cu2NiSnSe4, Cu2CoSnS4 and Cu2CoSnSe4, Cu2CoSnS4 and Cu2CoSnSe4,
Cu2CdGeS4, Cu2CdGeSe4.
6.2.2

Fabrication of optoelectronic devices
This work may also be expanded to fabricate solar PV and other optoelectronic

devices employing these materials.
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Appendix 1

Figure 1. Plot of (αhν)2 as a function of photon energy for Cu2-xS thin films deposited at
(a) 400 °C (b) 450 °C and (c) 500 °C

Figure 2. Plot of (αhν)2 as a function of photon energy for Cu2-xS nanocrystals grown at
(a) 180 °C (b) 210 °C and (c) 240 °C

i

Figure 3. Plot of (αhν)2 as a function of photon energy for In2S3 thin films deposited at
(a) 400 °C (b) 450 °C and (c) 500 °C

Figure 4. Plot of (αhν)2 as a function of photon energy for In2S3 nanocrystals grown at
(a) 180 °C (b) 210 °C and (c) 240 °C

ii

Figure 5. Plot of (αhν)2 as a function of photon energy (eV) for In2Se3 thin film
deposited at 450 °C

Figure 6. Plot of (αhν)2 as a function of photon energy for In2Se3 nanocrystals grown at
(a) 210 (b) 240 and (c) 270 °C

iii

Figure 7. Plot of (αhν)2 as a function of photon energy for ZnS thin films deposited at
(a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C

Figure 8. Plot of (αhν)2 as a function of photon energy for ZnS nanocrystals grown at
(a) 180 °C (b) 210 °C and (c) 240 °C

iv

Figure 9. Plot of (αhν)2 as a function of photon energy for ZnSe thin films deposited at
(a) 350 °C (b) 400 °C and (c) 450 °C and 500 °C

v

Figure 10. Plot of (αhν)2 as a function of photon energy for PbS thin films deposited at
(a) 400 °C (b) 450 °C and (c) 500 °C

Figure 11. Plot of (αhν)2 as a function of photon energy for PbS nanocrystals grown at
(a) 180 °C (b) 210 °C and (c) 240 °C
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Figure 12. Plot of (αhν)2 as a function of photon energy for PbSe thin films deposited at
(a) 400 °C (b) 450 °C and (c) 500 °C

vii

Figure 13. Plot of (αhν)2 as a function of photon energy for CuInS2 thin films deposited
at (a) 400 °C (b) 450 °C and (c) 500 °C

Figure 14. Plot of (αhν)2 as a function of photon energy for CuInS2 nanocrystals grown
at (a) 180 °C (b) 210 °C and (c) 240 °C
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Figure 15. Plot of (αhν)2 as a function of photon energy for CuInSe2 thin films
deposited at 450 °C

Figure 16. Plot of (αhν)2 as a function of photon energy for CuInSe2 nanocrystals grown
at (a) 180 °C (b) 210 °C and (c) 240 °C
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Figure 17. Plot of (αhν)2 as a function of photon energy for CuGaS2 thin films deposited
at (a) 400 °C (b) 450 °C and (c) 500 °C

Figure 18. Plot of (αhν)2 as a function of photon energy for CuGaS2 nanocrystals grown
at (a) 180 °C (b) 210 °C and (c) 240 °C

x

Figure 19. Plot of (αhν)2 as a function of photon energy for CuGaSe2 thin films
deposited at 450 °C

Figure 20. Plot of (αhν)2 as a function of photon energy for CuGaSe2 nanocrystals
grown at (a) 180 °C (b) 210 °C and (c) 240 °C

xi

Figure 21. Tauc plot [(ahʋ)2 vs hʋ plot] showing band gap for CuFeS2 nanoparticles
grown at 210 °C and (b) 240 °C

Figure 22. Tauc plot [(ahʋ)2 vs hʋ curve] showing band gap for CuFeSe2 nanoparticles
grown at (a) 210 °C and (b) 240 °C

xii

Figure 23. Plot of (αhν)2 as a function of photon energy for Cu2SnS3 nanocrystals grown
at (a) 180 °C (b) 210 °C and (c) 240 °C

Figure 24. Plot of (αhν)2 as a function of photon energy for Cu2SnSe3 nanocrystals
grown at (a) 180 °C (b) 210 °C and (c) 240 °C

xiii

Figure 25. Plot of (αhν)2 as a function of photon energy for CuIn0.6Ga0.4S2 thin films
deposited at (a) 400 °C (b) 450 °C and (c) 500 °C

Figure 26. Plot of (αhν)2 as a function of photon energy for CuIn0.6Ga0.4S2 nanocrystals
grown at (a) 180 °C (b) 210 °C and (c) 240 °C

xiv

Figure 27. Plot of (αhν)2 as a function of photon energy for CuIn0.7Ga0.3Se2 thin films
deposited at (a) 400 °C (b) 450 °C and (c) 500 °C

Figure 28. Plot of (αhν)2 as a function of photon energy for CuIn0.7Ga0.3Se2 nanocrystals
grown at (a) 180 °C (b) 200 °C and (c) 220 °C and (d) 240 °C

xv

Figure 29. Plot of (αhν)2 as a function of photon energy for Cu2ZnSnS4 thin films
deposited at (a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C

xvi

Figure 30. Plot of (αhν)2 as a function of photon energy for Cu2ZnSnSe4 thin films
deposited at (a) 350 °C (b) 400 °C (c) 450 °C and (d) 500 °C

Figure 31. Plot of (αhν)2 as a function of photon energy for Cu2ZnSnSe4 nanocrystals
grown at (a) 180 °C (b) 210 °C and (c) 240 °C
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