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Abstract

In this work an attempt was made to enhance the optical and morphological properties and tune
the band gap of ZnS and CdS nanoparticles for application in SSDSSCs (solid state dye
sensitized solar cells) as the photoactive materials on blending with a renowned organic
polymer P3HT (Poly(3-hexyl thiophene)). In order to achieve this goal engineering of these
nanoparticles was done by various ways i.e. varying the synthesis scheme, composite making,
photo sensitization and doping. ZnS and CdS nanoparticles were synthesized by two different
schemes i.e. simple co-precipitation procedure and hot injection method, their binary
composites were prepared using GO (graphene oxide), photo sensitization was done by grafting
three bench mark Ruthenium (Ru) dyes i.e. i.e. N3 [cis-Bis (isothiocyanato) bis (2,2’bipyridyl-4,4’-dicarboxylato ruthenium(II))], N719 [Di-tetrabutyl ammonium cis-bis
(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium (II)] and Z907 [cis-Bis
(isothiocyanato) (2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-di-nonyl-2’ bipyridyl) ruthenium
(II)] over the surface of these nanoparticles and their graphene composites. Doping of ZnS and
CdS nanoparticles was done with Eu (Europium) using single source molecular precursors i.e.
dialkyldithiocarbamates via hot injection technique.
ZnS, CdS, ZnS/rGO (reduced graphene oxide ZnS nanocomposites) and CdS/rGO (reduced
graphene oxide CdS nanocomposites) with an approximate particle size of 15 ± 1 nm, 26± 1
nm, 5 ± 0.5 nm, 6 ± 0.5 nm were prepared by facile co-precipitation method using DMF (N,
N-Dimethyl formamide) as a solvent. It also served as reducing agent in the reaction. These
nanoparticles and composites were characterized by X-ray diffraction (XRD), Elemental
dispersive X-ray analysis (EDX), Field emission scanning electron microscopy (FE-SEM),
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Transmission electron microscopy (TEM), Fourier transform infra-red (FT-IR), Raman,
Photoluminiscence (PL) and UV-Visible (UV-Vis) spectroscopy.
Grafting of the renowned Ruthenium ((Ru) dyes i.e. N3, N719 and Z907) on the surface of
ZnS, CdS, ZnS/rGO and CdS/rGO was studied comprehensively including concentration and
functional group effects. UV-Vis, Photoluminiscence (PL) and Fourier transform infra-red
(FT-IR) spectroscopy confirms the successful grafting of these dyes over ZnS, CdS, ZnS/rGO
and CdS/rGO composites via carboxyl moiety. Low-energy metal-to-ligand charge-transfer
transition (MLCT) bands of dyes are mainly aﬀected on grafting over the nanoparticle surface.
Current voltage (I-V) plots and resulting solar cell parameters of Ru dye grafted ZnS and CdS
nanoparticles when applied as photo active material in SSDSSCs confirm the efficiency
enhancement owing to effective sensitization of this material with Ru dyes and helps in finding
the optimum dye concentration. 0.3mM concentration of the dye was found optimum for
sensitization probably due to dye aggregation at higher concentrations. Ru dye grafted
nanoparticle reduced GO ternary composites were found as effective photo active materials for
application in SSDSSCs. 0.3mM N719/ CdS/rGO-P3HT has shown a maximum output
efficiency of 1.01% which is two times in comparison to the reference device i.e. CdS-P3HT
under the same experimental conditions. This report also throws light on the charge transfer
mechanism in the nanocomposite. Synergic effects of nanoparticles, rGO, Ru dye, fitting of
the Ru dyes LUMO in between LUMO of P3HT and the conduction band of nanoparticles and
formation of cascaded energy levels for rGO /nanoparticle/ Ru ternary composites resulted in
their enhanced efficiencies when employed as photo active materials in SSDSSCs.
One of the major challenge in nanomaterial research is the incorporation of dopants with optical
and magnetic functionalities into the colloidal nanocrystals. Chalcogenide sulphides such as
ZnS and CdS are an important class of host materials for a variety of luminescent dopants
8|Page

including both transition metals and lanthanide ions. Doped ZnS and CdS nanoparticles have
a broad spectrum of applications however the major hurdle towards their development is the
lack of synthetic methodologies. In the second part of this work we have reported the single
source precursor approach using dialkyldithiocarbamate precursors for synthesizing Eu-doped
ZnS and CdS nanoparticles. It was aimed to study the enhancement in the optical properties of
ZnS and CdS nanoparticles upon doping. All the doped and undoped nanoparticles synthesized
using single source precursors were than characterized by XRD, TEM, FT-IR, XPS (X-Ray
photo electron spectroscopy) and UV-Vis spectroscopy. Presence of Eu as a dopant in ZnS and
CdS nanoparticles was confirmed by XPS. Addition of Eu metal as a dopant effectively tuned
the band gap of chalcogenide nanoparticles from 3.5 to 3.2 eV for ZnS and 2.4 to 2.2 eV for
CdS. However at higher dopant concentration for CdS slight widening of the band gap is
observed probably due to Burstein-Moss phenomenon. Significant enhancement in the
absorption spectrum of ZnS and CdS nanoparticles and tuning of their band gap towards visible
solar spectrum upon doping with Eu showed their potential applications in SSDSSCs. When
applied as the photoactive material in SSDSSCs ZnS-Eu 5-P3HT and CdS-Eu 3-P3HT were
found 1.13 times and 2.25 times more efficient than the reference devices i.e. ZnS-P3HT and
CdS-P3HT respectively.
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Chapter 1:

Introduction
The current world is badly running short of major energy reservoirs like coal, natural gas and
petroleum which are the biggest threat for the incoming generations. Development of solar
cells is hot research topic since decades. Researchers are striving to overcome the shortage of
energy, finding alternate renewable energy sources for future generations and to get rid of
hazardous environmental effects caused by the conventional energy resources [1]. Recurrent
oil spills and alarming effects of greenhouse effect caused chiefly by fossil fuel combustion are
major threats to our environment. In result of researcher’s efforts to find an alternative,
renewable, environmental friendly energy source, concept of Solar cells has emerged as a great
idea as future energy resource. Solar cells basically work on the principle of converting freely
available solar energy into electricity. Moreover it was considered as a great idea as well
because light is a gigantic energy source i.e. 3 x 1024 joules a year that is ten thousand times
greater than the total population energy requirement. In other words by covering 0.1% of this
planet with solar cells would meet our current energy requirements [2]. But no doubt trapping
solar energy has emerged as a great idea and development of solar cells is a hot research topic
since decades. Dye sensitized solar cells is a hot and promising research domain and has shown
radical progress owing to the introduction of new materials and device structures [3]. In DSSCs
any dye absorbing visible portion of the solar spectrum is adsorbed over the surface of
semiconducting nanoparticles usually titania to enhance the light capturing ability of the
semiconductor material. Using titania based DSSCs efficiencies up to 11-12% have been
reported. But the major issue which limits their commercialization is their corrosive and
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volatile nature owing to the presence of liquid electrolyte. The solution to this problem came
in the form of SSDSSCs where the liquid electrolyte is replaced with some polymer hole
conducting material usually PEDOT: PSS or poly(3,4,-ethylene dioxythiophene) polystyrene
sulfonate. SSDSSCs although more durable and portable than liquid electrolyte based DSSCs
still have low efficiencies. However enhancing the light harvesting potential of photo active
materials in these cells either by using modified dyes, composite or doped materials could do
wonders. Researchers are actively working on these grounds and very recently an efficiency
boost from 5 to 15% has been reported for SSDSSCs. This tempted the researchers to make a
mark towards their commercialization [4, 5]. Titania has been studied as one of the widely used
anode material for making these cells but its efficiency figures have not been remarkably
improved despite a lot of research on it. Therefore need of the day is to find some cheap
alternative materials for titania in solar cells. Scientists are actively working on electrode
engineering not only for efficiency enhancement but also on controlling cost of these
photoactive devices. Chalcogenides i.e. group II-VI semiconducting materials have recently
emerged as one of the substituent photo active materials for application in solar cells with
numerous published good results and is tempting the researchers’ interest.

1.1. Zinc Sulphide
ZnS a direct bandgap and an n-type semiconductor has been reported as an important
photoactive material and has a wide spectrum of applications owing to its distinctive properties
like large values of extinction coefficients, tunable band gaps, fast production of charge carriers
upon light exposure and good stability [6]. These nanoparticles have the potential to replace
expensive titania and silicon solar cells owing to their fast electron-hole pair generation, very
negative reduction potential of the excited electrons and fast electron movement in comparison
to zinc oxide and titania [7].
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1.1.1. Zinc Sulphide in Photovoltaics
Although much literature is available showing enhancement in the photo response of important
photovoltaic materials like zinc oxide, titania, cadmium selenide and cadmium telluride on
coupling with zinc sulphide [8-10]. However very few reports are available with zinc sulphide
as active anode material in solar cells and has low efficiencies owing to its limited photo
activity with the radiation provided by solar light. Abdul Kareem et al has reported a maximum
efficiency of 0.032% for zinc sulphide nanoparticles in bulk heterojunction solar cells [11].
Luckily this issue of limited efficiency can be resolved by engineering its surface either by
composite making or sensitization with a variety of dyes. Enhancement in the efficiency of
nanocrystalline ZnS based solar cells has been reported by its successful adsorption with
organic dyes like fluorescein, crystal violet and methylene blue [12].

1.2. Cadmium Sulphide
CdS, one of the group II-VI material has a band gap of 2.42eV and is an n-type semi-conductor.
It is being widely applied in optoelectronics [13], photo catalysis [14], LEDs [15], laser, gas,
IR detectors [16] and in different types of solar cells because of its most suitable properties like
tunable bandgap [17], large surface area to volume ratio [14], low cost, wide band gap, nonlinear optical effects [18] and luminescent properties [19].

1.2.1. Cadmium Sulphide in Photovoltaics
CdS has been successfully applied as thin layer in graded band gap solar cells
(glass/FTO/CdS/CdTe/Au) with an efficiency of 8% [10]. Different sized CdS nanoparticles
coated on titania surface via chemical bath deposition have successfully increased the
photocurrent efficiency of DSSC by 1.6 times (2.81%) [20]. Pralay K. Santra et al. has reported
the maximum power conversion efficiency of 3% using luminescent ternary cadmium
chalcogenides in Tandem-layered quantum dot solar cells [21]. CdS quantum dots have been
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widely applied as sensitizers for capturing the visible solar spectrum and improving efficiency
of DSSCs [22, 23]. Syed Mansoor Ali et al has reported an efficiency boost by growing high
surface area CdS quantum dots on nano urchin titania [24]. Although excellent results have
been published using CdS nanoparticles in various kinds of solar cells but the maximum
efficiency obtained up till now using them is still not sufficient to meet our energy needs.
Moreover it is subject to photo-corrosion. These issues could partially be overcome by
engineering the synthesis schemes, making nanocomposites or sensitizing them with dyes [25]
and invites further research. Safenaz M. Reda et al has reported an efficiency enhancement for
CdS and ZnS based solar cells sensitized with different organic dyes [12].

1.3. Graphene
Graphene, a zero band gap semiconductor is known to be the world’s thinnest, toughest and
most conductive material shown in Fig 1.1. It has appeared as a two dimensional, one cell thick
material consisting of sp2-bonded C atoms in 2004 [26] This interesting two dimensional
carbon allotrope has greatly attracted the researchers for composite making owing to its unique
physiochemical properties like huge surface area (2630 m2 g −1), excellent thermal
conductivity (>3000 W mK−1), exceptionally high Young’s Modulus (1 TPa) [27], outstanding
transparency and chemical stability [28]. Despite being new it has proved itself as a functional
material with a wide spectrum of applications in bio sensors [29], waste water treatment [18],
photo catalysis [30] and photovoltaics [31] owing to its remarkable properties of good
transparency, excellent electron mobility, flexibility, nature friendly, high surface area, low
cost and abundant nature [32].
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Figure 1.1. Chemical structure of graphene. [33]

1.3.1. Graphene and its composites in Photovoltaics
In a very short period graphene has appeared as one of the most potential material for
photovoltaic application with a maximum theoretical efficiency of 12% [34]. Owing to its
outstanding features it has shown it’s potential to replace ITO and has also been applied as
anode [35], counter electrode [36], sensitizer or a substrate for the synthesis of photovoltaic
material [37]. Hybrids of semiconductor materials with graphene are known to reduce
aggregation of graphene layers thus increasing its surface area for dye adsorption or removal
of pollutants from aqueous solutions [38].
Literature review gives a clear insight into how graphene has emerged as a hot composite
material in the last decade in a variety of fields. Kian Ping Loh et al has reported the role of
graphene for various optical applications [39]. Fen-Yen Kong et al has reported the application
of graphene titanium nitride hybrid for simultaneous determination of aceto amino and 4-amino
phenol [40]. Graphene and its composites have also shown their active application in enhancing
photovoltaic efficiency either by matching its work function with the neighboring components
or engineering its work function [26]. Transparent, few layer, highly conductive graphene have
been successfully employed as anode for application in solar cells [35]. PCBM-graphene
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composites have been reported to significantly boost the output efficiency of solid state solar
cells by improving open circuit voltage and enhancing short circuit current density. 2% increase
in efficiency of titania dye sensitized solar cell has been reported on graphene oxide
incorporation. 21.8% boost in the conversion efficiency of hierarchical titania mesoporous
sphere graphene composite by Juili Chang has been reported [41]. Menghua Zhu et al has
reported the incorporation of two dimensional graphene sheets to titania electrode by
hydrothermal method as the key factor for improvement in photo generated electron transfer
and suppression in charge recombination [42]. Thus the introduction of conductive materials
like graphene has emerged as a promising approach for boosting the photovoltaic performance.
Although ZnS has shown broad spectrum of applications in the field of catalysis, sensors and
photovoltaics [6]. But unfortunately this semiconductor still have some limitations like limited
photo activity with the radiation provided by solar light and has yet not reached the desired
level of efficiency in photovoltaics, however graphene and its derivatives have now emerged
as a potential material to overcome this limitation and is a hot research area. Moreover the work
function of graphene (-4.42eV) lying between the conduction band of chalcogenides zinc and
cadmium sulphide and Indium doped SnO2 predicts rapid electron transfer without energy
barrier and is grasping the researchers interest. Introduction of graphene nano sheets have been
reported to greatly improve the electro catalytic behavior, durability and stability of
ZnS/graphene nano sheet hybrid materials in a current report by Feng Zhen Liu [43].
Significant

increase

in

the

photocurrent

efficiency

has

been

reported

for

graphene/ZnS/Polypyrrole ternary composite prepared by layer by layer electrophoretic
deposition [7]. M. Sookhakian et al has very recently reported the significant enhancement in
photocurrent for composites of ZnS reduced graphene oxide prepared by facile solvothermal
method [44]. In order to harvest the benefits of joining one-dimensional (1-D) materials with
two-dimensional (2-D) graphene sheet various methods have been applied for their synthesis.
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Siqi Lui applied the Electrostatic self-assembly method, followed by hydrothermal reduction
process for the synthesis of CdS nanowires-reduced graphene oxide nanocomposites [45].
Microwave assisted solvothermal method using ionic liquid precursors has been widely applied
for the synthesis of CdS/rGO nanocomposites [46]. Many researchers have reported the one
pot hydrothermal [47] and in-situ solvothermal procedures for the synthesis of these
composites [48]. We have however, used the simple most co-precipitation procedure to
synthesize ZnS/rGO and CdS/rGO nanocomposites owing to its benefits of being facile and
fast. Thus these semiconductor materials ZnS and CdS when combined with the distinctive
properties of graphene have the potential to do the wonders but unfortunately very few reports
are available, their role in photovoltaics still remain unclear and need further investigation.
Moreover to the best of our information no literature for the application of Ru/ZnS/rGO and
Ru/CdS/rGO nanohybrid materials in SSDSSCs has yet been reported. In this research work
we have therefore synthesized ZnS/rGO and CdS/rGO nanocomposites via facile coprecipitation procedure, have studied in detail their optical properties, morphological features
and application in SSDSSCs.

1.4. Ruthenium dyes
Ruthenium dyes are a benchmark for serving as excellent sensitizer materials and boosting
solar cells efficiency due to their favorable electrochemical properties, highly stable oxidized
states [49] and wide absorption spectrum covering visible and near IR regime [50]. High
efficiency and excellent stability has been reported by the application of Ru complexes as
sensitizers in DSSCs [50]. Efficiency enhancement of 1.6 times has been reported by the
sensitization of different sized quantum dots with N719 in DSSCs [20]. Xiaoping Zou et al. has
reported the efficacious application of CdS/N719 co-sensitized titania photo electrode in
DSSCs to overcome the issues of photo corrosion of CdS and electrolyte corrosion
accompanied with a 22.3% enhancement in efficiency [51].
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Scheme 1.1. Chemical structure of Ru dyes N3, N719 and Z907.

N3, N719 and Z907 are most renowned members of Ruthenium family with structures shown
in scheme 1.1. Two thiocyanates (NCS) and two bi pyridine ligands are present in N3 dye. In
N719 two tetrabutylammonium ion (TBA+) groups are present instead of H+ at two carboxyl
sites. Z907 has a different structure containing long hydrophobic chains than N3 and N719.
These structural changes are responsible for change in conjugation system and epsilon values
of dyes and have the potential of altering grafting extent and output efficiency when employed
as sensitizer in DSSCs [52]. Although serious efforts have been made to find alternative for Ru
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dyes in DSSCs like non-metal organic ligands [53], iron and zinc based dyes [54], platinum
and iridium dyes [55] but still their efficiency is inferior to Ru dyes. Although these dyes have
been comprehensively studied and successfully applied as sensitizer in titania [56] and ZnO
[57] based DSSCs. But up till know according to our information there has been no detailed
report on the sensitization of ZnS, CdS nanoparticles and their graphene composites with
ruthenium dyes N3, N719 and Z907 and their potential application in SSDSSCs. To bridge this
gap we have therefore studied in detail grafting of Ru dyes on ZnS, CdS nanoparticles and their
graphene composites, their structure activity relationship and its impact on their photovoltaic
application. Their optical properties and successful grafting is reported in detail using UVVisible and IR spectroscopy.

1.5. Photovoltaics
Photovoltaics mainly utilizes the ability of photons falling on the semiconductor surface to
produce electron-hole pairs. These photons can produce electric potential when applied at a
junction [58]. Literature survey has revealed revolutionary developments in modifying solar
cells. Initially solar cells was dominated by inorganic solid state materials mostly doped or
crystalline silicone. Afterwards compound semiconductors i.e. III/V compounds marked their
importance and copper-indium-sulphide/selenide materials were known for low cost, thin film
solar cells. Other noticeable improvements in the field of solid state solar cells was the
introduction of nano crystalline and conducting polymer devices which contributed in reducing
their production cost and increased their use in domestic, architectural and decorative
applications. Although 74% of total solar cell production is accounted by crystalline solid state
solar cell but major barrier to their commercialization is their high cost [59, 60]. To overcome
this problem modern researcher started looking for their low cost alternatives and development
of photo electrochemical solar cells proved to be a great success in this regard.
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1.5.1. Photo electrochemical Solar Cells
In photo electrochemical solar cells semiconductor is placed in contact with the electrolyte.
Photoactive semiconductor either n or p type works as working electrode and second electrode
made up of either any metal or semiconductor serve as counter electrode. They are further
divided in to regenerative type and photosynthetic type.
1.5.2. Regenerative Cells
When a ray of photon falls on the photoactive electrode electron-hole pairs are produced. When
immersed in electrolyte strong electric field established at the solid-liquid interface serve to
separate electrons and holes from each other and enable them to do work in the form of redox
reactions. Holes move towards the electrolyte where they are scavenged by the reduced specie
which in result gets oxidized via following method: h+ + R → O. Whereas the electrons move
via external circuit and re-enter the counter electrode to reduce the oxidized moiety produced
in result of scavenging holes as follows: e- + O → R. In these cells light is converted into
electrical energy without any net chemical change with (∆G= 0) therefore they are known as
regenerative cells.
1.5.3. Photosynthetic cells
Photosynthetic cells are another important type of photo electrochemical solar cells. They work
on the similar principle of electron hole pair production by photons and movement of electrons
in the external circuit. The difference with regenerative type cells is this that two redox systems
are involved at electrode surfaces utilizing photo generated energy of electrons and holes to
produce chemical energy (with ∆G = O). One redox system reacts with holes at the surface of
working electrode and the other reacts with the electrons re-entering the counter electrode
which leads to the synthesis of chemical products. They are further classified into two types
i.e. photocatalytic and photo electrolytic cells. Photocatalytic cells have ∆G value less than
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zero and here photons only serve to accelerate the reaction rate. Example included here
involves the oxidation of water at photo anode surface by the addition of holes and reduction
of water at counter electrode by addition of electrons. In short water is cleaved into oxygen and
hydrogen in photosynthetic cells. Working principle of these cells is shown in Fig 1.2.

Figure 1.2. Working principle of photo electrochemical solar cells made of n-type
semiconductors (a) Regenerative- type cells, (b) Photosynthetic- type cells. [2]

Favored semiconductor employed for this purpose was titanium dioxide reported by Fujishima
and Honda. Major drawback with the use of TiO2 was its large band gap i.e. 3-3.2 eV. In
consequence its absorption was limited to the ultraviolent region of solar spectrum which
resulted in its low conversion efficiencies. Man has been thriving hard to increase conversion
efficiencies of this type of solar cells either by shifting spectral response of TiO2 to visible
region or by replacing it with alternative oxides which supported water catalysis by absorbing
the visible spectrum of radiation.
Initially no success was achieved on these grounds because some oxides which were
photoactive in the visible region due to their narrow band gap were subject to photo corrosion.
Whereas those which were stable to photo corrosion like metal oxides of niobium and titanium
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were insensitive to visible light due to their wide band gaps. However this problem was solved
with the discovery of dye sensitized photo electrochemical solar cells.
1.5.4. Dye sensitized solar cells DSSCs
Human efforts to find stable and visible light sensitive photo electrochemical solar cells lead
to their discovery. In these cells a photoactive dye was coated over the surface of
semiconductor. These dyes were selected for coating whose band gap supported absorption of
visible light.

Error! Reference source not found.Figure 1.3. Working principle of carrier generation at (a)
the semiconductor–liquid interface, (b) the semiconductor–dye sensitizer–liquid interface [61].

Their working principle has been elaborated in the Fig 1.3. In normal semiconductor light falls
and produce electron-hole pairs in the semiconductor surface whereas in dye sensitized solar
cells light falls on the surface of dye to produce electron-hole pairs. Holes produced via this
manner oxidize the reduced moiety present in the electrolyte at dye-electrolyte interface.
However electrons are injected from the conduction band of dye to semiconductors conduction
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band. This movement is favored because Fermi level of semiconductor lies at low potential
level in comparison to dye. These electrons are than exported via external circuit and reach at
counter electrode where they complete the redox couple. In this way visible light was harnessed
by DSSCs without compromising their stability. Thus sensitization of photo electrochemical
solar cells with dye was a great step ahead towards increasing their conversion efficiency. In
DSSCs charge separation is carried out by the kinetic competition as in photosynthesis in
contrast to semiconductor p-n junction solar cells where charge separation depends on the
junction built in the electric field. But the problem with wet DSSCs is the liquid electrolyte
which is responsible for their corrosive and volatile nature and makes their transport difficult.
The idea of using some solid state polymer hole conducting material instead of liquid
electrolyte provided a solution to this problem resulting in more durable, corrosion free and
portable SSDSSCs.
1.5.5. Solid State Dye sensitized Solar Cells
SSDSSC is a DSSC solar cell in which a fluid electrolyte is substituted with some solid hole
conducting substance. Small molecules with wide band gaps like spiro-OMeTAD and
semiconducting polymers like PEDOT or P3HT are commonly used as hole conducting
materials [62].
In SSDSSCs light falling on the sensitizer dye creates an electron hole pair. This electron than
moves from the dyes LUMO to the conduction band of semiconductor material and reaches the
ITO electrode. Whereas the holes produced in the dye moves to the HOMO level of hole
conductors and from here charge eventually enters into the counter electrode. They have the
advantage of fast dye regeneration of the order of picoseconds [62] and safe transport in
comparison to corrosive liquid electrolyte, which entails vigilant packaging. Over potential of
only 200mV is considered efficient for hole regeneration. Presuming 100 mV potential loss on
the electron-transfer side in SSDSSCs they are believed to provide more than 20% efficiency
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in the near future [63]. Although this much output has not yet been attained owing to their
incomplete light harvesting and lower internal quantum efficiency for Y123, a spiro-OMeTAD
system [64]. Unfortunately less than 1% conversion efficiency was observed for first SSDSSCs
but not to lose hope its efficiency has been raised up to 15% by recent researches [4, 5].
Although DSSCs still have low light to electricity conversion efficiencies in comparison to the
finest thin film Si solar cells but they have advantages of being cheap and feasible for printing
on flexible substrate. Moreover these cells degrade over time and their efficiencies also get
down if the sunlight keeps hitting them at some definite angle. Whereas SSDSSCs are more
durable, work at wide angles and efficiently even in indoor light owing to the presence of
adsorbed dye which can absorb both diffuse sunlight as well as fluorescent lighting.
This class of solar cells is yet underdeveloped due to absence of set rules for doping, hole
conductor design, dye modifications and additive requirements. However critical literature
survey reveals that SSDSSC can emerge as useful class of DSSCs with outstanding efficiency
in the nearby future by introducing new photo active materials, modifying their synthesis
schemes, making composites with wonder materials like graphene, using sensitizer dyes and
doping to fix the efficiency limiting factors. Owing to its importance we have worked on these
grounds in this research. Although yet now SSDSSCs have not reached the efficiency output
as high as typical crystalline semiconductor solar cells but it is believed owing to their low
manufacturing cost, durable, corrosion free and environment friendly nature that one day they
alone can take over the role of classical solid state materials. Economical and durable SSDSSCs
will certainly take their share in the solar cell industry challenging the customary thin film solar
technologies

by making developments

on nonvolatile electrolytes, nano porous

semiconducting electrodes and organic dyes.
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1.6. Solar Cell Parameters
Conversion efficiency is a parameter which determines the extent of fixation of light energy
into electricity in solar cells. Total output efficiency of a dye sensitized solar cell is calculated
by using this formula.



J SCVOC FF
Pi

Eq. 1.1

Where JSC stands for photocurrent density measured at short circuit, Voc for the open-circuit
photo-voltage, FF for the the fill factor of the cell and Pi for the intensity of the incident light
which is equal to 100 mW/cm2 under A.M 1.5 conditions. These efficiency controlling factors
JSC, Voc, FF, and Pi can be evaluated from an I-V curve displaying a diode behavior. Fig. 1.4
shows the I-V plot of a representative solar cell. Current of the fabricated SSDSSCs in dark is
shown by solid black line in Fig 1.4 and is designated as dark current. Minority charge carriers
are responsible for this dark current. Upon connecting the solar cell device with a source
(forward bias) i.e. the n-type material with the negative terminal and p-type material with the
positive terminal, electrons within the n-type material are repelled whereas holes are attracted.
Likewise holes within the p-type material are repelled whereas electrons are attracted towards
the terminal. Consequently a small amount of current flows which is designated as dark current.
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Figure 1.4. A representative I-V plot for a solar cell displaying a diode behavior.

However the situation is different for a device under sunlight. The I-V for this situation is
shown by dashed red line in Fig. 1.4. The light falling on the cell creates an electron-hole pairs
in the substance. These electrons can than flow through the negative terminal and reaches the
counter electrode at zero value of applied voltage. However the dark current starts to flow on
applying external voltage. Direction of dark and photo-generated current are opposite to each
other. Jsc stands for short circuit current which is the maximum value of photocurrent at zero
voltage. The photocurrent is maximum at zero voltage and is termed as short circuit current
(Jsc). The Jsc decreases on increasing voltage whereas the dark current increases till the two
currents nullify each other’s effect. This voltage at zero current and maximum resistance is
termed as open circuit voltage (Voc). Voc is the highest voltage of the solar cell at given light
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intensity. Other important parameters for characterizing solar cell are maximum voltage (Vmax)
and maximum current (Jmax) product of which gives the maximum obtainable power from a
device abbreviated as Mpp. It is used for calculating the Fill factor (FF). FF is an important
parameter for specifying the overall capabilities of a cell and explains well the ideality and
quality of a solar cell. It is defined as maximum generated power Mpp to the product of Jsc and
Voc i.e. theoretical power maximum and is represented by following equation:

FF 

J max  Vmax
J SC  VOC

Eq. 1.2

Efficiencies of solar cells are directly related to FF values. Commonly its value range from
0.3-0.9. Open circuit voltage (Voc) is an important controlling factor for FF. For low Voc values
FF values are also low resulting in decreased efficiency of device. FF, Jsc and Voc controls the
efficiency of a solar cell. Solar cells efficiency is defined as the ratio of maximum generated
power to electrical input power from the light source. The equation is:



J SCVOC FF
Pi

Eq. 1.3

Normally cell conversion efficiencies are calculated at AM 1.5 conditions which shows
measurements carried under incident solar intensity of 100mW/cm2. AM 1.5 is the typical solar
spectrum on the surface of earth with an irradiance of 1kW/m2 on a clear shiny day. The sun is
at an elevation of 48.20 from the horizon. Moreover the sunlight path in this condition is 1.5
times longer than in AM 1 situation where the sun is exactly overhead in the mid noon. It
corresponds to the shortest path length in the atmosphere. Cos θ and air mass are inversely
proportional to each other here θ stands for angle measured from the zenith.
AM = 1 / Cos θ

Eq. 1.4
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Air mass can be calculated using the length of shadow S casted by a vertical structure of height
h and then using the following formula;

𝑆

𝐴𝑀 = √1 + (ℎ)2

Eq. 1.6

Standard spectrum for efficiency measurements can also be achieved using artificial solar
simulators. Xenon arc lamps in conjunction with a spectral correction filter are used in these
simulators for achieving terrestrial solar spectrum.
Output efficiency in solar cells is also limited by ohmic resistances which could be either series
resistance (RS) or parallel resistance (RSh). Resistance for current flow due to the intervening
component layers of the cell is known as series resistance e.g. a resistance experienced by the
electrons at the metal semi-conductors interface. Whereas current leakage at the donor-acceptor
interface or p-n junction is responsible for parallel resistance also known as shunt resistance.

1.7. Band gap modulation
Nanostructures materials is one of the active research area for scientists owing to their unique
properties in contrast to macroscopic ones. Nanoparticles display novel optical, magnetic,
electronic, structural and magnetic properties owing to surface and quantum size effects
because of which they have a wide range of technological applications. Controlling the size
and morphology of nanoparticles is a prolific field in nanomaterials as these are the responsible
factors for their properties and applications. Researchers are now actively working in this field
and it is still a big ground to play with their properties by various ways such as with doping,
addition of capping agents and altering synthesis methodologies.
Optical, electrical and magnetic properties of the nanocrystals can be tuned by doping some
foreign ions as impurities in them. Variety of luminescent doped materials Mn +2, Cu +2, Ce +3
and Eu +2 in bulk materials are reported to have broad spectrum of applications owing to their
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benefits of having high thermal stabilities, good luminescent quantum efficiencies and
saturated emission colors. They are being employed as phosphorous for color conversion in
LED based lightning, displays [65], as nontoxic afterglow nano labels for background free
biomedical imaging and in luminescent solar concentrators for background free biomedical
imaging [66].
Owing to the rich spectral properties and emission life time of Europium ion it has found
marked applications in plasma display panel, cathode ray tubes, flat panel displays, LEDs and
fluorescent lamps [67]. Literature survey highlights the applications of Eu-doped materials in
the field of optical amplifiers, lasers, electro luminescent devices and biological sensors [68].
Rare earth ions like Eu as dopant in rare earth luminescent materials (Y2O3) have shown
significant reduction in their particle size accompanied with the pronounced influence on the
decay of emitted excited states and a marked effect on overall luminescence efficiency. Eu +3
doped yttrium oxide is one of the most frequently employed source for modern optoelectronic
devices [69]. Eu+3 doped calcium and hydroxyl apatite’s have been reported as good biological
probes owing to their low toxicity and stable luminescence [70]. Eu as a dopant is also known
to increase photo luminescence in some semiconductors. Rare ions doped chalcogenides have
been reported not only as a probe for investigating local centers and energy but also for
inducing changes in their optical behavior.
Transition metal ion doped semiconductor nanocrystals shows high quantum efficiency,
surface enhancement effect in clusters and tunable optical properties by altering the preparation
methodologies. New chemical approaches and host materials are major challenges for
nanoscience and nanotechnology.
Photoluminiscence and preparation of II/VI semiconductor nanoparticles has been widely
studied. Wide band gap chalcogenides such as ZnS and CdS are known as excellent host for
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dopant materials [66]. Incorporating the dopant ions into the nanocrystals is not always the bed
of roses. Commonly employed synthetic routes for the synthesis of doped nanoparticles include
co-precipitation and hydrothermal methodologies which resulted in the formation of relatively
large sized particles with ill-defined shapes. However development of this class of materials is
hampered owing to the lack of synthetic procedures for monodispersed and well defined doped
nanocrystals. Potential applications of these doped nanoparticles and lack of synthetic
procedures is growing researchers’ interest in the development of new types of doped colloidal
nanoparticles and new doping methodologies.
Owing to the lethargic efforts of the researchers in this field recently some new doping
strategies have been reported. These doping methods include cation exchange [71], diffusion
doping [72], growth doping [73] in which attachment is followed by shell overgrown,
nucleation doping which appeared successful for doping those host dopant combinations which
were not feasible via traditional methods and single source precursor decomposition method
[66].
Initially single source precursor approach was employed to synthesize II/VI semiconductor
nanocrystals and has recently shown potential for nanocrystals doping [66]. Much literature is
available for the preparation of transition metal doped semiconductor nanoparticles using
single source precursors via hot injection technique however little work is reported for
lanthanide doping in chalcogenide nanoparticles using this technique. Doping of the lanthanide
ions into the II/VI nanocrystals have always been a challenging task owing to the differences
in their sizes, preferred anion coordination and charge between divalent host cation and
substituting lanthanide dopants.
Owing to the uses of Eu as a dopant, formation of monodispersed nanocrystals via hot injection
method and its potential applications in optoelectronics we doped ZnS and CdS nanocrystals
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with Eu using single source dialkyl dithiocarbamate precursors in this part of the research work.
To the best of our knowledge Eu-doped ZnS and CdS nanoparticles using single source
dialkyldithiocarbamate precursors via hot injection have yet not been reported. It is expected
that this study will contribute effectively to the existing pool of knowledge in the field of
nanocrystalline materials and their optical properties.

1.8. Aims and Objectives
The first part of this research study shows the synthesis of ZnS and CdS nanoparticles and their
reduced graphene oxide composites by facile co-precipitation procedure. It is aimed to


Investigate the effect of reduced graphene oxide incorporation on band gap and light
capturing potential of ZnS and CdS nanoparticles.



To study the influence of composite formation on the efficiency of SSDSSCs using
P3HT as a solid electrolyte.

The second portion of this dissertation grafting of Ru dyes on the surface of ZnS and CdS
nanoparticles and their reduced graphene oxide composites was carried out with the objective
to


Enhance the absorption potential of the latter (ZnS and CdS nanoparticles and their
reduced graphene oxide composites) for the visible region. Carboxylic acid
functionalized Ru-based dyes were chosen to achieve this objective.



In this work our objective was to combine the individual benefits of ZnS and CdS as
photo active material, graphene as efficient electron transporter and a recombination
suppressor, Ru dyes as visible spectrum sensitizers by making Ru dye grafted ZnS/rGO
and CdS/rGO ternary composites. To the best of our knowledge no such ternary
composites for application in SSDSSCs are reported so far.
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Three different Ru dyes are used in composite making with an objective to examine the
role of functional groups of dyes on the magnitude of photosensitization.

The last part of the research deals with the synthesis of Europium doped ZnS and CdS
nanoparticles via hot injection technique using single source molecular precursors.


It was done with the objective to enhance the absorption of visible light spectrum by
tuning bandgap of ZnS and CdS nanoparticles and study their potential as photoactive
materials in SSDSSCs.
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Chapter 2:

Experimental Background
2.1. Chemicals employed for synthesis
List of the chemicals used in this research work are listed in the Table 2.1 along with their
structural formulas, abbreviations, percentage purities and suppliers.
Table 2.1. List of chemicals, dyes and solvents used in the synthesis procedures.
Compound

Structure/Formula

Abbreviation

CAS No
% Purity
company

Zn(CH3COO)2.2H2O

Zn (II)acetate
dehydrated

-

5970-45-6
99.9%
Sigma Aldrich

Cd(NO3)2.4H2O

Cadmium(II)nitrate
tetrahydrated

-

10022-68-1
99.99%
Sigma Aldrich

Na2S

Sodium Sulphide

-

99.99%
Sigma Aldrich

COOH

[cis-Bis(isothiocyanato)
bis(2,2’-bipyridyl-4,4’dicarboxylato
ruthenium(II))]

COOH

HOOC
N
N

N3

95%

Ru
N
C

141460-19-7

N

N

Sigma Aldrich

N

S

COOH
C

S
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COOH

COOTBA

[Ditetrabutylammoniumcisbis(isothiocyanato)bis(2,
2’-bipyridyl-4,4’dicarboxylato)
ruthenium (II)]

COOH

207347-46-4

N
N

N

N719

Ru
N
C

N

95%
Sigma Aldrich

N

S

COOTBA
C

S

C9H19

[cisBis(isothiocyanato)(2,2’bipyridyl-4,4’dicarboxylato)(4,4’-dinonyl-2’-bipyridyl)
ruthenium (II)].

COOH

C9H19

502693-09-6

N
N

N

Z907

Ru
N
C

95%
Sigma Aldrich

N
N

S

COOH
C

S

796034
99.9%

Graphene Oxide
GO

Aldrich

N, N-Dimethyl
formamide

DMF

68-12-2

Ethanol

-

Sigma Aldrich

HO
Butylamine

64-17-5
Sigma Aldrich

CH3(CH2)3NH2

-

109-73-9
99.5%
Aldrich

Carbon disulfide

CS2

-

75-15-0
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99.0%
Aldrich
NaOH

Sodium Hydroxide

-

1310-73-2
98%
Sigma Aldrich

EuCl3 · 6H2O

Europium chloride

-

13759-92-7
99.9%
Sigma Aldrich

2,2′-bipyridine

-

366-18-7
98%
Alfa Aesar

Trioctyl phosphine
4731-53-7
TOP

97%
Sigma Aldrich

-

Oleylamine

112-90-3
70%
Sigma Aldrich
07805

S

Zinc
diethyldithiocarbamate

S

14324-55-1

Zn
CH3

N

N

S

S

CH3

[Zn(diethdtc)2]

CH3

Sigma Aldrich

CH3

S

Sodium
diethyldithiocarbamate

20624-25-3
-

Na
S

97%

N

98%

CH3

Alfa Aesar
CH3
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2.2. Synthesis of Materials
2.2.1. Synthesis of ZnS nanoparticles
ZnS nanoparticles were synthesized by facile co-precipitation procedure [74]. 0.2 M solution
of zinc acetate (Sigma Aldrich 99.99%) was prepared in N, N Dimethyl formamide (DMF)
(Sigma Aldrich 99.99%) and allowed to stir for 10 minutes. Then equimolar sodium sulphide
(Sigma Aldrich 99.99%) prepared in doubly distilled water was added dropwise to the prepared
solution under continuous stirring for further two and a half hours. This resulted in the
formation of ZnS nanoparticles. The precipitates obtained were then centrifuged and washed
thrice with deionized water and distilled methanol for removing any precursor remnants and
impurities. Finally they were dried at 80°C in the oven. Centrifuged and washed ZnS
nanoparticles were than stored in the dark. Nanoparticles of ZnS suspended in analytical grade
ethanol were used for optical characterization.

2.2.2. Synthesis of CdS nanoparticles
0.05M (25ml) solution of Cd(NO3)2 (Sigma Aldrich 99.99%) was prepared in DMF solvent
and stirred for 10 minutes. Then 0.05M (25ml) of freshly prepared aqueous sodium sulphide
(Sigma Aldrich 99.99%) was added slowly under continuous stirring. The mixture was then
kept on stirring for two and a half hours. This resulted in the formation of yellow colored CdS
nanoparticles. The reaction was then stopped. After nano particle formation, it was centrifuged
and washed thrice with methanol, dried at 60°C in the oven stored in dark. Schematic
illustration for synthesis of ZnS and CdS nanoparticles is shown in Scheme 2.1.
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Scheme 2.1. Schematic representation for the synthesis of ZnS and CdS nanoparticles via coprecipitation method.

2.2.3. Synthesis of ZnS/rGO and CdS/rGO nanocomposites
A

rGO/ZnS

ZnS
B

CdS

rGO/CdS

Figure 2.1. Visible color change of ZnS with ZnS/rGO (A) and CdS with CdS/rGO
nanocomposites (B).
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Scheme 2.2. Schematic representation for the synthesis of ZnS/rGO and CdS/rGO
nanocomposites.

For the preparation of ZnS/rGO and CdS/rGO nanocomposites 0.05 M solution of zinc acetate
and Cadmium nitrate were prepared in DMF separately followed by 10 minutes stirring. 6ml
of 2g L-1 of graphene oxide (Sigma Aldrich 99.99%) synthesize in deionized water was added
to the solutions prepared in the first step under ultra-sonication for 15minutes. Then equimolar
(0.05 M) freshly prepared aqueous sodium sulphide was added slowly under continuous
stirring. These mixtures were then allowed to stir for further two and a half hours. It resulted
in the formation of grey colored ZnS/rGO and greyish yellow colored CdS/rGO
nanocomposites. The resulting nanocomposites were than centrifuged and washed thrice with
distilled methanol and dried at 60°C in the oven. All the thoroughly washed nanoparticles were
than stored in the dark. A visible color change was noticed shown in Fig 2.1 which
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differentiated ZnS and CdS nanoparticles from their reduced graphene oxide nanocomposites
i.e. ZnS/rGO and CdS/rGO.
2.2.4. Synthesis of nano-hybrid assembly
A photoactive nano-hybrid assembly was synthesized by grafting three Ru dyes i.e. N3, N719
and Z907 over the surface of ZnS, CdS nanoparticles and their graphene composites i.e.
ZnS/rGO and CdS/rGO. These three different Ru dyes have slight variation in their chemical

Scheme 2.3. Schematic illustration for the synthesis of Ru dye grafted ZnS and CdS
nanoparticles and their graphene composites.

structures which is shown in Table 2.1. For grafting Ru dyes over chalcogenide nanoparticles
and their graphene composites the following procedure was adopted. Three different dye
concentrations i.e. 0.1, 0.3 and 0.5mM of each of the dye solutions were prepared in methanol.
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Optimized concentration of nanoparticles selected for grafting purpose was 1mg/mL. 5ml of
each of the dye concentration was mixed with 5ml of nanoparticle solution and stirred for 24
hrs at room temperature. All grafted samples were prepared in distilled methanol and subjected
to optical characterization on proper dilution and after centrifugation in order to get rid of the
negligible fraction of un-grafted dye molecules. Exactly similar procedure was adopted for
grafting Ru dyes over ZnS/rGO and CdS/rGO composites. Scheme 2.3 shows the grafting of
Ru dyes over ZnS, CdS nanoparticles and their graphene composites i.e. ZnS/rGO and
CdS/rGO. The binary and ternary nanohybrid materials prepared after grafting were labelled
as Ru/ZnS, Ru/CdS, Ru/ZnS/rGO and Ru/CdS/rGO. These binary and ternary nanohybrid
composites were optically examined after centrifugation.

2.2.5. Synthesis of nanoparticles by hot injection technique
Single

source

molecular

precursors

[Zn(diethdtc)2],

[Cd(dibutyldtc)2][75]

and

[Eu(diethdtc)3(bipy)] [76] were employed for the synthesis of Eu-doped ZnS and CdS
nanoparticles.

For

the

synthesis

diethyldithiocarbamate [Zn(diethdtc)2]

of Eu-doped

ZnS

nanoparticles

10g of zinc

with 0%, 1%, 3% and 5% weight percent of

tris(diethyldithiocarbamate)Europium(III)2,2-bipyridine [Eu(diethdtc)3(bipy)]were dissolved
in 6ml of TOP and sonicated well until dissolved. These samples were named as ZnS , ZnS-Eu
1, ZnS-Eu 3 and ZnS-Eu 5 respectively. In a reaction assembly 10ml of Oleylamine (70%
Aldrich) was added in three necked round bottom flask and dried under vacuum at 180°C for
30min before use to remove any traces of oxygen and moisture. Afterwards its temperature was
raised and maintained at 300°C. Then reaction mixture prepared in TOP was added by coinjection which resulted in temperature drop to around 280°C. Temperature was again
maintained at 300°C and reaction mixture was allowed to stir for 6 hours. Afterwards reaction
was stopped and precipitates of nanoparticles were centrifuged and washed thrice using
methanol. Similar procedure was adopted for the synthesis of Eu-doped CdS nanoparticles
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using cadmium dibutyldithiocarbamate [Cd(dibutyldtc)2] as a cadmium source and the
prepared samples were labelled as CdS , CdS-Eu 1, CdS-Eu 3 and CdS-Eu 5 with 0%, 1%, 3%
and 5% weight percent of Eu precursor [Eu(diethdtc)3(bipy)] added initially.

Scheme 2.4. Synthesis scheme for preparation of Eu-doped chalcogenide nanoparticles.

2.3. Device fabrication
Fabrication of SSDSSCs was achieved by the following steps:

2.3.1. Preparation of P3HT solution and active blend
In order to prepare P3HT solution its 25mg were dissolved in 1ml of methanol at 60˚C for 15
minutes under argon atmosphere. Then the already prepared binary and ternary nanohybrid
materials were dissolved in methanol with the concentration of 58.33 mg/ml. For the
preparation of active blend equal volumes of nano-hybrid and P3HT solutions were mixed
together. By this mixing the concentration of ZnS, CdS, ZnS/rGO and CdS/rGO in the nano-
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hybrid assembly is reduced to 29.16 mg/ml and that of P3HT to 12.5 mg/ml. Thus the ratio of
70:30 was maintained between the nanocomposites and P3HT.

2.3.2. Substrate treatment
Indium tin oxide coated glass (ITO) of 4 × 3 cm2 were used for solar device fabrication. Itching
of the small portion (1/3) of the ITO was done using HCl for 1 hour. Rest of the substrate was
protected from acid effect using scotch tape. After itching the substrates were cleaned with
water several times in order to wash off any acid remains. Substrates were than left for drying
overnight. After this the scotch tape was removed. Slides were again washed with acetone and
iso-propyl alcohol using ultrasonic bath.

2.3.3. Deposition of Active layer
Active layer consisting of Ru dye sensitized ZnS, CdS nanoparticles or ZnS/rGO and CdS/rGO
and P3HT (70:30 wt. ratio) was deposited on ITO surface by spin coating at the rate of 1800
rpm and an acceleration of 1600 rpm/min for 20 s. It was then followed by another spin at 600
rpm in order to evaporate the solvent traces.

2.3.4. PEDOT:PSS spin coating
PEDOT:PSS or poly (3,4-ethylenedioxythiophene)polystyrene sulfonate is a p-type transparent
conductive polymer made up of two ionomers namely sodium polystyrene sulfonate and poly
(3,4-ethylenedioxythiophene).

A

thin

layer

of

PEDOT-PSS

[Poly

(3,4-

ethylenedioxythiophene)] polystyrene sulphonate was then applied at the rate of 4000 rpm for
50s. After this cells were annealed at 100 ̊c for 25 minutes. This was done to improve the
surface morphology.
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2.3.5. Cathode deposition

Figure 2.2. Design of the fabricated solid state dye sensitized solar cell.

Pt- coated glass was employed as a counter electrode for completing the circuit. For getting
even morphological distribution of the active blend fabricated cell was annealed at 85˚C for 25
minutes in the end. The diagrammatic representation of the cell is shown in Fig. 2.2. These
SSDSSCs with an active area of 1cm2 were used to carry out I-V measurements. A source
meter (Keithly model 2400) attached to a Solar simulator [with a tungsten halogen lamp
(150W) and AM1.5G (Oriel 81086 filter)] was employed for carrying out the I-V
measurements in the air.

2.4. Instrumentation
The instruments employed for characterization of materials and device fabrication are listed in
the Table 2.2 along with their specifications:
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Table 2.2. List of instruments with specifications employed for characterization, device
fabrication and I-V measurements.
Technique

Instrument model & specifications

UV-visible spectroscopy

double beam, Shimadzu-1601

Fluorescence emission spectroscopy

Gliden Photonics floroSENS-9000

Fourier transform infra-red spectroscopy Perkin

Elmer

System

2000

series

spectrophotometer (USA) in a 4000-600cm-1

(FT-IR)

range
X-ray diffraction spectroscopy (XRD)

Philips B.V (CuK- radiation λ = 0.154 nm)

Transmission electron microscopy (TEM) FEI-Tecnai T20 G2
Scanning electron microscopy (SEM)

FE-SEM-Hitachi SU1500

X-ray photoelectron spectroscopy (XPS)

O-micron model

Raman spectroscopy

LabRAM HR800

Spin coater

KW- 4A (Chemat technology, inc)

Hot plate

Modelkw-4AH (Chemat technology, inc)
Solar simulator with tungsten halogen lamp

Current-voltage measurements (I-V)

(150 Watt) and AM 1.5 G (Oriel 81086) filter
Source Meter (Keithley Model 2400)

External

quantum

measurements (EQE)

efficiency Cornerstone monochromator (cornerstone TM
130 1/8m)

2.5. Theoretical Background of Experimental Techniques
Following techniques have been used in this work for characterization of the synthesized
materials. XRD to check crystallinity and sample purity, with a scan rate of 0.02 deg/s in 2θ
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range from 5º to 80º). FE-SEM to have a look on composite morphology and particle size.
TEM to reveal minor structural and morphological details. EDX attached with FE-SEM to give
insight into the number and type of elements present. Information obtained from laser Raman
spectrophotometer added evidence to the composite formation. UV-Visible spectrophotometer
(UV-Vis) and Photoluminiscence spectrophotometer (PL) have been used for studying their
optical properties. Fourier Transform infrared analysis (FT-IR) in a 4000-600cm-1 range has
provided evidence of dye grafting on the surface of composites. Samples for SEM and TEM
analysis were prepared after ultra-sonication in methanol.

2.5.1. UV-visible absorption spectroscopy
UV-visible absorption spectroscopy refers to the absorption of light by a sample in the visible
and adjacent ranges (near ultraviolet and near infrared region). Perceived color of the samples
involved is directly affected by the light absorbed by them in the visible region. UV-Visible
region ranges from 190-800 nm in which most of the compounds are transparent. Estimation
of electronic properties of materials such as band gap of nanoparticles can be easily evaluated
using data obtained from absorption spectroscopy. Moreover interaction between two
components in the solution phase can be easily studied using this fundamental technique.
Moreover it can be employed as a complementary technique for comparing results with other
techniques. Chromophores are a group of atoms holding excitable electrons in a material which
absorb a light of particular wavelength. Alterations in the energy and intensity of absorptions
resulted in bathochromic (red), hypochromic (blue), hyperchromic (increasing intensity) and
hypochromic (decreasing intensity) effects were observed on interaction of chromophore with
some other compounds.
π-electrons and non-bonding electrons (n-electrons) in the molecules absorb light energy either
in the UV or Vis region and got excited to the higher anti-bonding molecular orbitals. Lesser
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the energy gap (i.e. Energy difference between the HOMO and the LUMO levels) easier would
be the electron excitation and longer would be the wavelength of the absorbed light. Four types
of transition are observed based on this fact i.e. π-π*,n-π*,σ-σ*,n-σ*.The energy requirements
of these transitions obey the following order σ-σ*>n-σ*>π-π*>n-π*.
UV/Vis spectrophotometer is the instrument employed for carrying out ultraviolet-visible
spectroscopy (Fig 2.3). The synthesized samples were first studied using optical absorption
spectroscopy. It was done in order to study the band gap modulation of ZnS and CdS
nanoparticles on the formation of their composites with reduced graphene oxide as well as on
their doping with Europium. Moreover UV-visible spectroscopy was also used as an
elementary method for studying the interaction of Ru dyes with ZnS, CdS nanoparticles and
their graphene composites.

Figure 2.3. A UV-Vis spectrophotometer.
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2.5.2. Fluorescence emission spectroscopy
Florescence from a sample is analyzed by an electromagnetic spectroscopic technique called
as Fluorescence emission spectroscopy or fluorimetry. Devices employed for measuring
fluorescence are termed as fluorimeters and the one employed in our research work is shown
in the Fig 2.4. Electronic and vibrational states of molecules are involved in Fluorescence
emission spectroscopy. Numerous vibrational states are present in the ground state (i.e. lowest

Figure 2.4. A photoluminescence emission spectroscope.

energy state) as well as in the excited state (i.e. highest energy state). Molecules occupy ground
states at room temperature however on light absorption of a specific wavelength they are raised
to higher vibrational levels. Electrons lose energy by a process called as internal conversion to
reach the lowest vibrational level of the first excited state [77].
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Quenching is a phenomenon which results in a reduction of the intensity of fluorescence
emission. This decrease in emission intensity is because of the interaction of the excited state
of fluorophore with some other molecules. Thus emission spectroscopy can be employed as an
elementary technique for studying interaction between molecules if one of them is fluorescence
active. Influence on electron transfer and recombination rate by graphene incorporation in
nanoparticles as composites can be efficiently studied via fluorescence emission spectroscopy.
In the present research study it was used to understand the influence of dyes adsorption on
nanoparticles surface and to study the effect of graphene incorporation in ZnS and CdS
nanoparticles to form their composites.

2.5.3. Fourier transform infra-red spectroscopy (FT-IR)
In FT-IR spectroscopy IR radiations are used for the sample analysis. Every molecule absorb
radiation of specific wavenumber whereas the rest are transmitted. It is one of the elementary
technique for sample characterization as the resulting absorption or emission is the molecular
fingerprint of the sample. No two compounds can show exactly similar FT-IR spectra. The
emission or absorption peaks in the IR spectra actually refer to the vibrational frequencies of
different bonds of a molecule. This technique also provides quantitative information using peak
intensity [78]. Instrument used to carry out this technique are termed as FT-IR spectrometers
and the one we have used in the present research is shown in the image (Fig 2.5). The
characteristic vibrational frequencies used in the current research for chemical bond
identification are listed in the Table 2.3.
FT-IR spectrum of each sample was measured from 400 to 4000 cm-1. Formation of reduced
graphene oxide chalcogenide composites and the adsorption of Ru dyes over ZnS, CdS
nanoparticles and their composites ZnS/rGO, CdS/rGO were studied using this technique by
comparing the vibrational spectra of pure dyes with dye functionalized nanoparticles.
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Table 2.3. List of the characteristic IR frequencies used in the present research work.
Nature of chemical bond
C-N stretching
C=C stretching (aromatic)
O-H stretch (alcohol)

Vibrational frequency
(cm-1)
1631
1600-1585
3392 (broad)

O-H stretch (carboxylic)

2541-3040 (broad)

C=O stretch ( carboxylic)

1687-1712

C=C bend

1572

O-H bend

1439

C-O stretch

1261

Figure 2.5. An overview of FTIR spectrophotometer.

2.5.4. X-ray diffraction spectroscopy (XRD)
Crystal structure of compounds can be easily studied by a technique known as X-ray diffraction
spectroscopy. Instrument employed for carrying out this technique is termed as X-ray
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diffractometer (Fig 2.6). It also provides information about sample purity. Moreover the
influence of composite making and doping can be easily studied using this technique on
comparing the XRD pattern of pure nanoparticles with composites and doped material with undoped ones. Crystallite size of the synthesized material can be easily calculated by this
technique using De-bye Scherrer formula:

𝜏=

Κ𝜆

Eq. 2.1

βcosθ

In this equation 𝜏 refers to the particle size, λ stands for X-rays wavelength, β for full width
half maximum i.e. width of the XRD peak at half of its maximum and θ for the Bragg angle
obtained from the peak position. Κ stands for shape factor and its value is around 1.

Figure 2.6. An X-ray diffractometer.

Peak positions are denoted by 2θ values in XRD which are representative for specific phase of
the sample used. Peak intensity gives information about samples crystallinity. The higher the
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crystallinity of the material greater would be the peak sharpness. Doping may result in
reduction of the peak intensity showing reduction in crystallinity for doped samples. Broadness
of the XRD spectra shows reduction in crystallite size. We have employed this technique in the
current research work for analyzing crystal structure of ZnS and CdS nanoparticles, calculating
their crystallite size, studying the effect of composite formation and doping on crystal structure
and crystallite size.

2.5.5. Scanning & transmission electron microscopy (SEM & TEM)
Scanning and transmission electron microscopy employ high power microscopes known as
scanning electron microscope and tunneling electron microscopes for image formation and
those microscopes on which images were taken for this research work are shown in Fig 2.7.
These techniques work under vacuum, employ electron beam for image formation and then
magnifies this image using electromagnetic lenses [79]. SEM and TEM reveals minor details
about samples morphology owing to the fact that they use much shorter wavelength of electrons
in comparison to visible light for simple microscope. On increasing the accelerating voltage of
the electrons their wavelength decreases hence resulting in higher resolution. Basic difference
between the two techniques lies in the fact that SEM gives three dimensional image using
secondary electrons whereas in TEM electrons pass through a thin specimen displaying a two
dimensional image [79]. In short TEM provides image of high resolution whereas SEM has its
own benefits linked with the 3D image like shape of the material.
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Figure 2.7. Scanning (A) and transmission electron microscopes (B).

2.5.6. X-ray photoelectron spectroscopy (XPS)
XPS is a fundamental technique for the analysis of chemical composition of surfaces. Electron
spectroscopy for chemical analysis (ESCA) is it’s another commonly used name. The devices
used in this technique are called as X-Ray photoelectron spectrometers.
Elastically scattered photoelectrons give rise to sharp signals seen in the XPS spectrum.
Unpaired electrons are responsible for the multiplet splitting also known as spin orbital
splitting. It arises mainly because of the coupling of magnetic fields of spin and angular
momentum in the unfilled p and d orbitals. Its value is distinctive of each compound and is
therefore employed for distinguishing the chemical environment of an element e.g. for Eu the
spin orbital splitting of Eu3d signals is 30 eV.
p3/2 and p1/2 are the doublet peaks for p orbital and d5/2 and d3/2 are the doublet peaks for d
orbital. When an outgoing electron interact with the valence electron to excite it to higher
energy level some other peaks known as shake up peaks are observed. Thus during this process
core electrons energy is reduced and a satellite peak appears positioned a few eVs lower than
the core level peak in the XPS spectrum. [80, 81]. This important technique also gives insight
into the oxidation state of the element [82]. Summarizing increased binding energy suggests
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higher oxidation state for the element [83]. XPS is an important analytical technique and can
also be used for quantitative examination but the procedure is lethargic and needs much
attention.

2.5.7. EDX
EDX stands for Energy Dispersive X-Ray Spectroscopy. It is a chemical microanalysis method
employed commonly in combination with scanning electron microscopy (SEM). It is useful in
characterizing the elemental composition of the sample.
Its working principle is to analyse the characteristic X-Ray radiations emitted from each
element present in the sample under study. For EDX measurements sample under study is first
bombarded by the SEM's electron beam as a result of which some electrons are expelled from
the atoms present on samples surface. Consequently some electron vacancies are created and
electrons from the higher levels jump down to fill these vacancies. As a consequence X-Ray
radiations equivalent to the energy change between the two electrons' states are produced.
The detector attached with the EDX system displays the relative abundance of emitted x-ray
radiations against their energy. It is a solid state device commonly made up of lithium-drifted
silicon. Incident x-rays striking on the detectors surface generates a charge pulse proportional
to their energy. Then a charge-sensitive preamplifier transforms this charge pulse into voltage
pulse retaining its proportionality with the incident x-ray energy. After this a multichannel
analyser arrange these by voltage. This information is then directed to a computer system for
visual presentation in the form of spectrum of x-ray energy against counts for examining the
elemental composition of the sample under study.

2.5.8. Raman spectroscopy
It is an important spectroscopic technique used for observing vibrational, rotational and low
frequency modes in a system and is used for identifying molecules. Most of the photons have
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same energy and wavelength after scattering from a molecule such scattering is termed as
elastic scattering or Rayleigh scattering. However some photons are scattered at different
energies and wavelengths than the incident light they are termed as scattered photons and the
phenomenon is called as Raman effect. Raman spectroscopy is based on Raman scattering i.e.
Inelastic scattering of the monochromatic light within the visible, near IR or near UV range.
Raman spectrometer is used for studying Raman spectroscopy (Fig 2.8).
It is an important analytical technique used for characterizing carbon based materials such as
graphene owing to the fact that conjugated and double bonded structures show high Raman
intensities. Graphene displays two main bands in the Raman spectrum termed as D band and
G band. D band displays the disruption of graphitic hexagonal lattice whereas G band appears
by the in-plane stretching of symmetric sp2 C-C bonds [42]. Disorder level in graphene can be
studied using the peak intensities ratio i.e. ID/IG. Two different behaviors are shown by ID/IG
ratio on increasing disorder in graphene. ID/IG ratio rises in a regime of low defect density owing
to the fact that elastic scattering increases by increasing defect density. This rise in the ID/IG
ratio occurs up to the regime of high defect density afterwards this ratio starts decreasing
because at this point rise in defect density results in more amorphous carbon structure
attenuating all Raman peaks [84].
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Figure 2.8. A Raman spectrometer.

2.5.9. Source meter and solar simulator

Figure 2.9. Experimental set up for I-V measurements under simulated light.

I-V measurements for the fabricated solar cells were carried out using the experimental setup
shown in the Fig 2.9. 150W tungsten halogen lamp was used as the light source. For obtaining
simulated sunlight spectrum its emission spectrum was modulated using filter AM 1.5 G (Oriel
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81086). The light coming out from the lamp is collimated with the help of lenses. The
collimated light then passes through the filters and become concentrated on passing through
the second lens. Optical crown glass biconvex lenses are employed for this purpose in order to
minimize any radiation loss. Keithly model 2400 was used as a voltage source and an
amperometer. Sample under study is connected with the measuring instrument (Keithly model
2400) via tungsten contacts. Monocrystalline Silicon solar cell (OrielTM PN 91150 V SN
10510-0063) was used to check the intensity of incident solar light. This was found to be 65
mW/cm2. However new monocrystalline Silicon solar cell was used for I-V measurements of
ZnS based samples with an intensity of 100 mW/cm2. Current-voltage plots were recorded on
a software known as LabVIEW. This programme was very helpful in extracting characteristic
solar cell parameters such as Jsc, Voc, FF and Mpp from the I-V plot. Fig 2.10 shows the front
view of this LabVIEW software.

Figure 2.10. Front view of Lab view (software) used for I-V measurements.
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Chapter 3:

Graphene Composites and Ru dye grafted ZnS and CdS
In this chapter characterization of the synthesized material and its applications in SSDSSCs is
discussed. For optical characterization UV-visible, fluorescence emission, Raman and Fourier
transform infer-red (FT-IR) spectroscopic techniques were employed. Surface and
morphological studies of the synthesized nanoparticles and composites were carried out using
X-ray diffraction (XRD) spectroscopy, transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Elemental dispersive X-Ray (EDX) analysis provided information
about atomic and weight percentages of elements in samples and its purity. I-V plots were
examined for evaluating the solar cell parameters and efficiency of SSDSSCs.

3.1. Characterization of ZnS & ZnS/rGO prepared by co-precipitation
3.1.1. Characterization by X-Ray Diffraction spectroscopy
XRD pattern for ZnS nanoparticles is shown in Fig 3.1. This pattern is in accordance with the
ICDD standard code 00-005-0566. Sharpness of peaks evidenced the formation of single
crystalline phase material and absence of any extra signal shows the purity of the sample [85].
Signals for ZnS appearing at 28.7o, 48.2o and 57.0o with hkl values (111), (220) and (311)
shows the cubic phase and their broadness indicate the nanoparticle formation. Debye Scherrer
formula [86] shows the average crystallite size of 2.87nm for ZnS nanoparticles.
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Figure 3.1. XRD pattern of ZnS (A) ZnS/rGO (B) and rGO (C).

Pure GO shows a prominent XRD signal at 2θ° = 10.2° (fig 3.12). Large interlayer distance of
pure GO is probably due to the existence of epoxy, hydroxyl and carboxyl groups [87]. The
diffractogram of rGO is found at 2θ° = 24.2° corresponding to the d-spacing of 0.38nm along
the (002) plane. This broadening in the XRD spectra, shift from the XRD position of GO alone
and reduction in d-spacing could be because of the removal of oxygen containing functional
groups on formation of rGO [88].
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Almost similar XRD pattern was noticed for ZnS/rGO composite as blank ZnS displaying that
the presence of rGO has no effect on the growth of crystal orientations of ZnS and it only
served as a substrate for the growth and nucleation of ZnS nanoparticles. No obvious
characteristic signal for rGO was seen from the XRD pattern probably owing to its low
concentration and the crystal growth of zinc sulphide nanoparticles between the interlayers of
rGO which destroyed the regular layer stacking causing exfoliation of rGO with a very low
diffraction peak intensity [44].

3.1.2. Morphological studies by SEM and TEM

Figure 3.2. SEM image of bare graphene oxide.

Surface morphologies of the prepared nanoparticles and nanocomposites were analyzed by FESEM. Fig 3.2 displays the FE-SEM image for pristine graphene oxide and FE-SEM images
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Figure 3.3. SEM images of ZnS nanoparticles at 2 µm (A), at 500 nm (B) and ZnS/rGO
nanocomposites at 5 µm (C) and at 1µm (D).

of ZnS nanoparticles and ZnS/rGO are shown in Fig 3.3. Clean layered and flake like
morphology was observed for pristine graphene oxide. Almost spherical particles with tight
aggregation of primary crystallites was seen from the FE-SEM image of ZnS nanoparticles [41,
89]. Surface reactivity and large surface to volume ratio is responsible for this agglomeration
[90]. Heavy loading and a uniform distribution of ZnS nanoparticles is observed over the
surface of reduced graphene oxide with a decrease in extent of agglomeration in ZnS/rGO
composite in contrast to pure ZnS nano particles. Typical wrinkle like features of graphene
oxide are still visible at the bottom boundary of the sheet evidencing its presence in the
composite but no large areas without ZnS are observed displaying good distribution of the
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particles over reduced graphene oxide surface synthesized by a simple coprecipitation
methodology. Thick coating of the nanoparticles and flexible structure of graphene could offer
efficient electron transfer from nanoparticle to graphene and then to photo anode film.

Figure 3.4. TEM images of ZnS nanoparticles at 20nm (A), at 10nm (B) and SAED pattern
(C).

TEM images give insight into the surface morphology of the prepared samples. ZnS
nanoparticles are somewhat spherical in form and are of various sizes. An average diameter of
15 ± 1 nm has been observed for ZnS nanoparticles (Fig 3.4 A, B). Aggregation of primary
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crystallites also occurred in the prepared sample (Fig 3.4 A). Surface reactivity and large
surface to volume ratio are the major factors responsible for this agglomeration [90]. Well
defined bright rings in the selected area electron diffraction (SAED) image confirmed the
crystallinity of ZnS nanoparticles (Fig 3.4C).
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D

Figure 3.5. TEM images of ZnS/rGO at 200nm (A), at 50nm (B) at 20nm (C) and SAED
image (D).

Fig 3.5 displays the typical TEM images for ZnS/rGO. Sheet like morphology of graphene
with obvious elevations and depressions is quite obvious from the TEM images of the
synthesized composites. ZnS nanoparticles were found uniformly distributed over the surface
of graphene substrate with an average particle size of 4.91nm. Presence of clear lattice fringes
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in the TEM image (Fig 3.5C) revealed that ZnS nanoparticles retained their crystallinity even
on the formation of their composite with rGO.

3.1.3. EDX measurements

Figure 3.6. EDX spectra of ZnS/rGO nanocomposite.
Table 3.1. Weight and Atomic composition percentages for ZnS/rGO nanocomposite.
Element

ZnS/rGO
Weight%

Atomic%

CK

27.62

47.72

OK

24.87

32.26

SK

14.98

9.69

Zn K

32.54

10.33

Totals

100.00

100.00

EDX spectra of ZnS/rGO nanocomposite sample is shown in Fig 3.6 and its resulting atomic
and weight percentages are listed in the Table 3.1. This semi quantitative analysis by EDX was
done using five iterations for more accurate results. 1:1 atomic ratio is found for Zn:S from
EDX for ZnS/rGO nanocomposites which is in consistence with the stoichiometric ratio for
ZnS nanoparticles. Moreover existence of C and O from EDX results for this sample further
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supported the graphene presence in the composite. Additionally absence of any stable impurity
confirms the purity of the prepared sample (Fig 3.6).

3.1.4. Characterization by FTIR
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Figure 3.7. FTIR spectra of GO (A), ZnS (B) ZnS/rGO(C).
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FTIR spectra obtained for ZnS, ZnS/rGO and GO are displayed in the Fig 3.7. FTIR signals
are observed at 3341cm-1, 2360cm-1, 2341cm-1, 1558 cm-1 , 1406cm-1 , 1116cm-1 , 1005cm-1 ,
668cm-1, 650cm-1 and 617cm-1 for ZnS nanoparticles. Presence of moisture over the ZnS
particles surface is responsible for the appearance of broad band at 3341cm-1 and 1342 cm-1.
Band at 1406cm-1 characterizes C-H bending vibration and the one at 1558cm-1 could be
associated with N-O stretching vibration owing to the presence of some solvent traces. Bands
seen at 1005cm-1 and 650cm-1 are because of C-O stretching and bending vibrations
respectively. The representative bands of Zn-S stretching vibrations are present at 1116 cm-1,
668 cm-1 and 617 cm-1 complementing well with the reported literature values [91]. Fig 3.7
displays all the characteristic bands of graphene oxide at 3396cm-1 for OH stretching vibration,
at 1727cm-1 for the C=O stretching vibration of carboxyl and carbonyl group, at 1624 cm-1 for
the stretching vibration of sp2 hybridized C=C, at 1412cm-1 for the OH bending vibration of
C-OH-1, at 1218cm-1 for the C-OH stretching and at 1048 cm-1 for the C-O stretching vibration
[92].
Whereas for the composite samples i.e. ZnS/rGO some characteristic peaks of graphene oxide
i.e. 1727cm-1 for the C=O stretching vibration of carboxyl moiety and 1218cm-1 for the C-OH
stretching completely disappeared whereas others have undergone significant shift from 1048
cm-1 to 1005 cm-1 for C-O stretching vibration displaying strong reduction of graphene oxide
by N,N Dimethyl formamide, the solvent used in this process with good reduction ability [93,
94]. Reduction of graphene oxide to graphene during composite formation was also supported
by the color change from yellowish-brown to blackish of the synthesized composite (Fig 2.1)
[95]. Appearance of a new band at 876 cm-1 due to the bending mode of aromatic C-H groups
on graphene surface and presence of characteristic bands of ZnS at 1116 and 668cm-1 supported
the formation of synthesized composites with graphene.
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3.1.5. Raman spectroscopic studies
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Figure 3.8. Raman spectra of GO (A), ZnS/rGO nanocomposites (B) and pure ZnS
nanoparticles (C).

Raman spectroscopy has emerged as an excellent analytical technique for characterizing
graphene based materials owing to the reason that conjugated and C-C double bonds show high
Raman intensities. Fig 3.8 presents the Raman spectra’s for ZnS, GO and ZnS/rGO. Two high
intensity peaks for C containing materials were seen in the Raman spectra of GO i.e. at 1354
and 1605 cm-1 which are named as the D band assigned to the breathing mode of κ-point
phonons of A1g symmetry and G band allocated to the E2g phonon of sp2 bonds of carbon
atoms, respectively [96]. For ZnS/rGO composite both D and G bands have undergone slight
shift to 1348 and 1598 cm-1 respectively indicating the reduction of GO on the formation of its
composite with ZnS [97]. Moreover rise in the intensity ratio of ID/IG band owing to the
decrease in the average size of the sp2 domains further supported the formation of rGO in the
79 | P a g e

ZnS based composites [98]. Rise in disorder, formation of new graphitic domains on graphene
reduction and functionalization with ZnS in the composites are the major reasons for this
increase in the intensity ratio ID/IG band [99]. Such results have also been reported for the
formation of titania based reduced graphene oxide composites from graphene oxide [100].

3.1.6. Electronic Absorption studies
Fig 3.9 shows the overlayed UV-Visible absorption spectra of ZnS and ZnS/rGO
nanocomposite materials. For freshly synthesized ZnS particles absorption maximum is
observed at a wavelength of 270 nm. Observed intense band with a steep edge also shows
typical absorption behavior of wide band gap semiconductor nanoparticles. From the
absorption edge optical band gap was calculated using Tauc plot [101] which came out to be
3.96eV in accordance with the reported literature values for ZnS nanoparticles [6], [102] and
3.68eV for ZnS/rGO nanocomposite (Fig 3.10). Significant rise in the absorption intensity in
both UV and Visible region accompanied with the red shift in the absorption edge is observed
on the formation of its composite with graphene. This reduction in the bandgap and remarkable
enhancement in the visible light capture for ZnS/rGO composite sample is the result of good
coupling between ZnS and graphene [57]. This rise in the absorption intensity could effectively
promote the visible light response of ZnS/rGO composite sample i.e. one of our desired goals
for photovoltaic applications.
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Figure 3.9. Absorption spectra for ZnS nanoparticles (black) and ZnS/rGO nanocomposites
(gray).
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Figure 3.10. Tauc plots for ZnS nanoparticles (A) and ZnS/rGO nanocomposites (B).
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3.1.7. Florescence studies
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Figure 3.11. Emission spectra for ZnS nanoparticles (black) and ZnS/rGO nanocomposites
(gray) excited at their respective lambda max.

Fig 3.11 displays the florescence spectra for pure ZnS nanoparticles and its graphene
composite. Florescence emission spectra’s were recorded by exciting ZnS at 270nm and an
asymmetric broad emission band was observed between 400-600nm which can be divided into
two florescence peaks at 423nm and 487nm. Surface states are responsible for this blue
emission peak at 423nm whereas green peak present at 487nm is either because of structural
defects like point defects inducing deep level emission or the transfer energy between sulphur
and zinc vacancies [57, 103]. Similar but quenched PL spectrum was observed for ZnS/rGO
composite owing to the increased photo generated electron transfer from ZnS to reduced
graphene oxide surface. Thus this composite formation of ZnS with graphene by facile co82 | P a g e

precipitation method very efficiently separates the electron-hole pairs in the ZnS excited state
and reduces their recombination. This could further enhance their photovoltaic performance
and show their potential to serve as a new class of photo active material for application in
DSSCs.

3.2. Characterization of CdS & CdS/rGO prepared by co-precipitation
3.2.1. Characterization by X-Ray Diffraction spectroscopy
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Figure 3.12. XRD pattern of pure CdS nanoparticles (A), CdS/rGO nanocomposites (B) and
GO (C).
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XRD has been applied as the elementary technique for the characterization of CdS
nanoparticles and its composites. Fig 3.12 displays the stacked XRD pattern of CdS, GO and
their composite i.e. rGO/CdS. XRD pattern obtained for CdS matches well with the ICDD code
00-001-0647 confirming the formation of cubic phase nano particles. Intense and sharp XRD
signal is observed at a 2Ɵ° = 10.2° for pure GO. For CdS/rGO composite absence of any extra
signal for graphene oxide or other impurities support the purity of the prepared sample and
could be linked to the reduction of graphene oxide in the process [104]. XRD pattern for
CdS/rGO composite in (Fig 3.12) displays all prominent signals for CdS however no obvious
signal can be seen for rGO in the composite. This could be ascribed to small amount and growth
of CdS nanoparticles within graphene interlayers which could possibly affect the regular
stacking leading to its exfoliation [90] ,[105]. Moreover the presence of all the characteristic
CdS signals in the composite evidenced that it retained its phase and crystallinity even in the
composite i.e. presence of graphene has not disturbed its growth and only served as a substrate
for the formation of nanoparticle [106]. Slight broadness in the XRD signals for CdS/rGO
composite could be related to the reduction in the crystallite size of CdS nanoparticles formed
over the graphene sheet [44]. Crystallite size calculated by Debye Scherrer’s formula using
XRD results came out to be 2.5 for CdS alone and 2.1 for CdS on graphene surface respectively.

3.2.2. Morphological studies by SEM and TEM
FE-SEM results have been obtained for the prepared samples to have a look on their
morphology and particle size. Fig 3.13 displays the FE-SEM images of pure CdS nanoparticles
and their graphene composite at different magnifications. From the results one can clearly see
that almost spherical shaped CdS nanoparticles with an average particle size of 26nm have
been formed via simple co-precipitation procedure. Moreover they are present in the form of
large agglomerates. Large surface to volume ratio and high surface reactivity are the possible
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reasons for this agglomeration [90]. Fig 3.13 C and D display the FE-SEM images for CdS/rGO
composite at low and high magnifications respectively. In these images greyish sheet like
pattern with prominent elevations and depressions confirms the presence of graphene over the
surface of which CdS nanoparticles have been formed. FE-SEM image of the composite
displays the distribution of CdS nanoparticles over the surface of graphene substrate. Moreover
agglomeration of the CdS nanoparticles has been visibly reduced when they are formed over
the graphene surface in CdS/rGO composite. This diminution in the aggregation of particles
could prove pivotal in enhancing their optical properties. Average particle size of nanoparticles
when grown over graphene surface came out to be 6 ± 0.5 nm.

Figure 3.13. SEM images of CdS nanoparticles at 1µm (A), at 500nm (B) and CdS/rGO
nanocomposites at 500nm (C) and at 200nm (D).

TEM images were obtained for CdS/rGO nanocomposites to reveal minor details about their
structural morphology, particle size and crystallinity (Fig 3.14). TEM images revealed that
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graphene retained its flake like pattern even in the CdS/rGO nanocomposite over the surface
of which CdS nanoparticles are well distributed i.e. hardly any areas of graphene without CdS
decoration could be seen. Average particle size for CdS nanoparticles grown over the graphene
surface came out to be 6 ± 1 nm and the particles are found well separated from each other.
Distinct lattice fringes with an average separation of 0.33nm indexing (111) plane of cubic CdS
confirmed the crystal-like nature for CdS in the composite. Symmetrical SAED pattern
obtained for these nanocomposites further evidenced the composites’ crystallinity. Each ring
has been assigned to its corresponding crystalline plane. Moreover agglomeration extent of
CdS nanoparticles has been dramatically decreased by using graphene as a substrate for their
growth. Thus GO came out to be a valuable substrate material for growing CdS nanoparticles
and the growth of these nanoparticles prevented aggregation of graphene sheets as well [29].

Figure 3.14. TEM images of CdS/rGO nanocomposites at 200nm (A), at 50nm (B) at 20nm
(C) and its SAED image (D).
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3.2.3. EDX measurements
EDX analysis was performed to get insight into the composition and atomic ratio of the
prepared samples using five iterations (Fig 3.15). Approximately 1:1 atomic ratio is found for
Cd:S which is consistent with the stoichiometric ratio for CdS nanoparticles in CdS/rGO nano
composite sample (Table 3.2). High intensity signals for C and O in the composite add to the
evidence for graphene presence. Absence of any extra signal supported the sample purity.

Figure 3.15. EDX spectra of CdS/rGO nanocomposite.
Table 3.2. Weight and Atomic composition percentages for CdS/rGO nanocomposite.
Element

Weight%

Atomic%

CK

15.21

46.63

OK

5.30

12.19

SK

18.46

21.19

Cd L

61.03

19.99

Totals

100.00

100.00

3.2.4. Characterization by FTIR
Fig 3.16 presents the stacked IR spectra for CdS, GO, and CdS/rGO composite prepared in N,
N-Dimethyl formamide. For pure CdS nanoparticles bands observed at 3390cm-1 and 1389cm87 | P a g e
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display the O-H stretching and bending vibrations respectively due to adsorbed moisture [16].

Band at 1564 cm-1 is most probably because of N-O stretching vibration owing to the presence
of some solvent i.e. DMF, bands at 1115 cm-1 and 1006 cm-1 could be ascribed to C=O and CO stretching vibrations respectively whereas a strong band at 634cm-1 characterizes Cd-S
stretching [19, 107] vibration.
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Figure 3.16. FTIR spectra of GO (A), CdS nanoparticles (B) and CdS/rGO nano composites
(C).
88 | P a g e

For pure GO the following IR bands displayed the stretching vibrations for C=O (1721cm-1),
C-O (1050cm-1), OH (3396cm-1), sp2 hybridized C=C (1624 cm-1), C-OH (1220cm-1) and the
one at 1416cm-1 for the OH bending vibration of C-OH [92]. Whereas for the composite sample
dramatic diminution of the IR bands at 1721cm-1 (C=O) and 1218cm-1 (C-OH) and a shift of
the band at 1050 cm-1 (C-O) to 1005 cm-1 evidenced the reduction of GO. The appearance of
new IR band at 634cm-1 (characteristic of CdS) confirmed the formation of CdS/rGO composite
[96]. Bands at 1627cm-1 and 1390cm-1 are assigned to symmetric and asymmetric COOvibrations complexed with CdS [108]. Thus FTIR analysis supported the formation of CdS/rGO
composite and reduction of GO in the process using DMF as a solvent and a reducing agent.
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Figure 3.17. Raman spectra of GO (A), CdS/rGO nanocomposites (B) and pure CdS
nanoparticles (C).

3.2.5. Raman spectroscopic studies
Fig 3.17 presents the Raman spectra’s for GO, CdS/rGO and CdS alone. Characteristic D
(disorder) and G (graphitic) bands are observed at 1352cm-1 and 1600 cm-1 respectively for
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graphene oxide alone [109]. D band displays the disruption of graphitic hexagonal lattice
whereas G band arises by the in-plane stretching of symmetric sp2 C-C bonds [42]. Both D and
G bands are also observed in the CdS/rGO composite spectra at 1338cm-1 and 1593cm-1
respectively [110]. The observed blue shift on the formation of CdS/rGO composite is in
consistence with the results reported for the reduction of GO [87, 97]. However intensity ratio
for ID/IG band increases from 0.789 to 0.884 owing to the rise in disorder, formation of new
graphitic domains after graphene reduction [98] and functionalization with CdS in the CdS/rGO
composite [99].
Moreover all the characteristic Raman bands for pure CdS at 304cm-1, 601cm-1 and 902cm-1
can also be observed in the composite evidencing the formation of CdS/rGO composite [111].

3.2.6. Optical studies
Fig 3.18 presents the overlayed UV-Visible absorption spectra for CdS and CdS/rGO
composite. It is obvious from the UV-Vis absorption spectra that a significant red shift of about
20nm is observed in the absorption edge of CdS nanoparticles on the graphene surface in
CdS/rGO composite in comparison to pure CdS nanoparticles. Noteworthy rise in the
absorption intensity and bathochromic shift shows significant improvement in the optical
properties of the composite sample in comparison to CdS nanoparticles. This can prove
beneficial for enhancing the visible light capturing potential of the synthesized nanocomposite
and hence its applications in solar cells. Band gap when calculated for the synthesized samples
came out to be 2.32eV for CdS and 2.16eV for CdS/rGO using Tauc relation (Fig 3.19). A
reduction in the band gap of 0.16eV was observed on the formation of CdS/rGO composite.
Possible reason for this band gap reduction could be the interfacial interaction between CdS
nanoparticles and graphene substrate [112]. Such shifts in position and intensity have been
reported by researchers on graphene incorporation in the nanoparticle synthesis [29, 113].
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Figure 3.18. Absorption spectra for CdS nanoparticles (black) and CdS/rGO nanocomposites
(gray).
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Figure 3.19. Tauc plots for CdS nanoparticles (black line) and CdS/rGO nanocomposites
(gray).
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3.2.7. Florescence studies
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Figure 3.20. Emission spectra for CdS nanoparticles (black) and CdS/rGO nanocomposites
(gray) excited at their respective lambda max (470 and 490 nm).

Nanoparticle and composite samples were excited at their lambda max (470 and 490 nm
respectively) in order to study their emission behavior (Fig 3.20). For CdS nanoparticles broad
emission spectrum with three distinct peaks at 582, 637 nm and 690nm were observed. Near
band edge emission at 582nm is assigned to the recombination of free excitons. The other two
at 637nm and 690nm could be related to the presence of surface defects and vacancies in the
as-synthesized CdS nanoparticles [114]. Emission spectrum of the CdS/rGO is almost the same
as for CdS nanoparticles however red shift accompanied by the decrease in the emission
intensity is observed on the formation of CdS/rGO composite. Possible explanation for this
emission shift could be the Van der Waals forces of interaction between GO layers and
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electrostatic forces of interaction between the nanoparticle and GO in the composite.
Quenching of emission intensity observed for graphene containing composite is a signature of
good interaction between the nanoparticles and graphene and decreased recombination of
excitons when CdS nanoparticles are grown over the graphene substrate [115]. This is most
probably due to rapid electron transfer from the LUMO of nanoparticles to graphene sheet
which has been reported to serve as efficient electron carrier [116, 117]. PL studies highlights
that introduction of CdS nanoparticles on graphene substrate should enhance their photovoltaic
performance.

3.3. Characterization of Ru dye grafted ZnS & ZnS/rGO samples
3.3.1. FTIR characterization of Ru/ZnS and Ru/ZnS/rGO nanocomposites
Fig 3.21 displays the characteristic IR bands for all the three ruthenium dyes and dye grafted
ZnS samples. For selected Ru dyes characteristic band for ν(NCS) group is observed at
2104cm−1, for ν(C=O), and ν(C–O) groups are observed in the range of 1687-1715 and
1235cm−1. Asymmetric and the symmetric stretch of the carboxylate group are displayed by
the strong IR bands at 1560-1615 (−COO−as) and around 1400 (−COO−s) cm−1 together with
a ν(NC) of the cyanate anions at around 2000 cm−1 and of the thiocyanate anions at 2104 cm−1.
Bipyridyl ν(C=C) absorption is displayed by the absorption bands at 1611, 1543, and
1406cm−1. The band at1467cm−1 displays the δ(CH2) of the Bu 4N+ cations. Bands observed
at 2876 and 2964cm−1 displays the ν(C−H) of tetrabutyl ammonium symmetric and asymmetric
−CH2 and −CH3 groups respectively [118, 119].
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Figure 3.21. FTIR spectra of Ru dyes and Ru dye grafted samples N3 (A), N3/ZnS (B), N719
(C), N719/ZnS (D), Z907 (E) and Z907/ZnS (F).

For all the grafted samples characteristic C=O stretching vibration of carboxyl moiety in the
range 1687-1712cm-1 and the C-OH stretching at approximately 1218cm-1 almost disappeared.
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Figure 3.22. FTIR spectra of Ru dyes and Ru dye grafted ZnS/rGO samples N3 (A),
N3/ZnS/rGO (B), N719 (C), N719/ZnS/rGO (D), Z907 (E) and Z907/ZnS/rGO (F).
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Moreover some new signals at about 1419cm-1 and 1592cm-1 assigned to symmetric and
asymmetric stretch of COO− moiety appeared. Similarly Ru dyes anchorage over ZnS/rGO
composite samples was also confirmed from the disappearance of characteristic FTIR signal
for C=O stretching vibration in the range 1687-1712cm-1 and appearance of some new signals
characteristic of asymmetric stretch of COO− moiety (Fig 3.22). These changes confirmed the
Ru dye anchorage over ZnS nanoparticles surface via carboxyl functionality [120, 121].

3.3.2. Optical characterization of Ru/ZnS and Ru/ZnS/rGO nanocomposites
Fig 3.23 displays the absorption spectra for all the three Ru dyes used for grafting ZnS nano
particles. Absorption spectra of the pure dyes displays sharp spectral peaks indicating lack of
aggregation phenomenon in the solution which is an important feature for the effective dye
sensitization [122]. Loosely attached NCS groups on Ru dyes are responsible for their
enhanced absorption spectrum up to 800nm. For N3 dye the absorption bands centered at 303
and 315 with a shoulder at 253nm are assigned to intraligand (π-π*) charge-transfer transition
of dye molecules. Whereas the two broad bands at 395 and 534 nm displays the metal-to-ligand
charge-transfer origin. For N719 intraligand (π-π*) transitions are observed at 253, 303 and
315nm whereas metal-to-ligand charge-transfer transitions are observed at 386 and 524nm and
for Z907 absorption peaks are observed at 250, 294, 314nm (intraligand) and at 425 and 537nm
(metal-to-ligand charge-transfer transitions [56, 119].
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Figure 3.23. UV-Visible spectra of Ru dyes N3 (dash), N719 (solid) and Z907 (dot).

Fig 3.24(A-C) displays the overlayed absorption spectra of pure ZnS nanoparticles, Ru dye
grafted ZnS nanoparticles hybrid samples with increasing dye concentration (i.e. 0.1mM,
0.3mM and 0.5Mm) and pure dyes in methanol solvent. Enhancement in the absorption
spectrum accompanied with the red shift is observed for the Ru dye grafted samples in
comparison to bare nanoparticles and pure dyes. In order to optimize dye concentration for
grafting purpose influence of dye concentration on the grafting of nanoparticles has been
studied via UV-Visible spectroscopy. Rise in the enhancement of absorption spectrum
accompanied with the greater bathochromic shift is observed by increasing dye concentration
up to a maximum of 0.3mM dye. But with the further increase in the dye concentration
absorption of the grafted samples started to decrease. Thus 0.3mM Ru dye-nanoparticle hybrids
with enhanced spectral properties appeared most suitable for grafting purpose and this dye
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concentration was selected for further studies. At lower concentrations nanoparticle surface
might not be completely covered with the dye whereas at higher concentrations aggregation of
the dye molecules starts which is a most probable reason for the reduction in molar extinction
coefficient of grafted samples at higher dye concentration.
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Figure 3.24. UV-Visible spectra of pure ZnS, pure Ru dye and Ru dye grafted ZnS hybrid
samples [ N3(A), N719(B) and Z907(C)] at three different concentrations (0.1, 0.3 and
0.5mM).

Broadening in the absorption spectra and a significant red shift of 34nm for 0.3mM N719,
30nm for 0.3mM Z907 and 27nm for 0.3mM N3 grafted samples is observed in the absorption
edge (MLCT BAND) of the grafted samples (Fig 3.25). This remarkable increase in absorption
intensity and bathochromic shift represents adsorption of the dye on the nanoparticle surface
[123]. Appearance of new absorption bands in comparison to bare zinc sulphide nanoparticles
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and red shifted bands in contrast to pure dyes observed in the dye hybrid samples obviously
arises from the adsorption of the dye molecules [124].

Figure 3.25. UV-Visible spectra of pure ZnS (dash), pure Ru dye (dot) and Ru dye grafted ZnS
hybrid samples (solid) for N3 (A), N719 (B) and Z907 (C) at 0.3mM dye concentration.

Optical studies testify that sensitization with Ru dyes results in signiﬁcant enhancement of the
optical absorption of dye grafted composites as compared to nanoparticle alone adding to the
ﬁne structure of the QD absorption with a major shift in metal-to-ligand charge transfer
(MLCT) transitions. This shift is because of the change in the energy of the lowest unoccupied
molecular orbital (LUMO) of the ligand causing the π-π∗ and dπ-π∗ transitions to occur at
lower energies [125]. Moreover this observed rise in absorption coefficient for the grafted
sample and red shift in comparison to bare nanoparticles and dye alone can prove beneficial
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for enhancing the performance of solar cells [126]. Puhong Wen, Shoute, L and Nazeeruddin,
K have independently reported similar behavior for the sensitization of these Ru dyes on titania
surface [56, 127, 128].
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Figure 3.26. UV-Visible spectra of N3/ZnS (solid), N719/ZnS (dash) and Z907/ZnS (dot)
grafted samples.

Explicit comparison between the three different Ru dyes and ZnS nanoparticle hybrids at same
concentration shows that absorbance intensity rise and red shift is maximum for N719 dye
grafted sample (Fig 3.26) predicting its highest efficiency in solar cells.
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Figure 3.27. UV-Visible spectra of pure Ru dye (dot), Ru dye grafted ZnS composites (solid),
and Ru dye grafted ZnS/rGO ternary composites (dash) for N3 (A), N719 (B) and Z907 (C) at
0.3mM dye concentration.

Ru dyes (N3, N719 and Z907) were grafted on both ZnS nanoparticles and their reduced
graphene oxide composites and their comparative influence is displayed in Fig 3.27 (A-C) at
an optimum dye concentration of 0.3mM. Enhancement in the optical properties i.e. raised
absorption intensity and bathochromic shift is observed for Ru dye grafted ZnS/rGO samples
in contrast to ZnS alone. Highest coverage of visible light absorption range is observed for
0.3mM N719/ZnS/rGO ternary composite on explicit comparison. These enhanced properties
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800

are probably owing to the presence of graphene which served as an excellent substrate material
for composite samples and predict their potential applications in photovoltaics.

3.4. Characterization of Ru dye grafted CdS & CdS/rGO nanocomposites
3.4.1. FTIR characterization of Ru/CdS and Ru/CdS/rGO nanocomposites
Grafting of Ru dyes over CdS and CdS/rGO nanoparticles has been confirmed by the shifts and
changes in the IR spectra of grafted samples in comparison to pure dyes as shown in Figs 3.28
and 3.29. Characteristic IR signals for all the Ru dyes are observed at 2104cm−1 for ν (NCS)
group, at around 1687-1715 for ν(C=O), 1235cm−1 for ν(C–O) group, in the range of 15601615 for (−COO−as), around 1400 cm

−1

for (−COO−s) and at around 2000 cm−1 and 2104

cm−1 for ν (NC) of the cyanate and thiocyanate anions respectively. Bipyridyl ν(C=C)
absorption is shown by the absorption bands at 1611, 1543, and 1406cm−1. The band at
1467cm−1 displays the δ (CH2) of the Bu 4N+ cations. Whereas those at 2876 and 2964cm−1
displays the ν (C−H) of tetrabutyl ammonium symmetric and asymmetric−CH2 and −CH3
groups correspondingly [118].
Grafting of the Ru dyes over the nanoparticle and nanocomposite was evidenced by the strong
reduction in the IR stretching vibration bands at 1687-1712cm-1 (C=O) and 1218cm-1 (C-OH)
for grafted samples i.e. Ru/CdS and Ru/CdS/rGO in comparison to dyes alone (Fig 3.28, 3.29).
Additionally appearance of some new IR bands for grafted samples at about 1419cm -1 and
1592cm-1 allocated to symmetric and asymmetric stretch of COO− group confirmed that the
adsorption of Ru dyes over CdS nanoparticles and CdS/rGO nanocomposites occurred via
carboxyl moiety [121].
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Figure 3.28. FTIR spectra of Ru dyes and Ru dye grafted composites N3 (A), N3/CdS (B),
N719 (C), N719/CdS (D), Z907 (E) and Z907/CdS (F).

103 | P a g e

0.048
0.032
0.016
0.000
0.063
0.042
0.021
0.000
0.0195
0.0130
0.0065
0.0000
0.204
0.136
0.068
0.000

F
1687

1218

E
D
1712

1218

C

Absorbance (a.u.)

0.057
0.038
0.019
0.000
0.141
0.094
0.047
0.000

B
1218

1697

A
3500 3000 2500 2000 1500 1000
-1

Wavenumber (cm )

Figure 3.29. FTIR spectra of Ru dyes and Ru dye grafted ternary composites N3 (A),
N3/CdS/rGO (B), N719 (C), N719/CdS/ rGO (D), Z907 (E) and Z907/CdS/ rGO (F).

3.4.2. Optical characterization of Ru/CdS and Ru/CdS/rGO nanocomposites
Stepping forward towards the goal of enhancing the application of CdS nanoparticles in
photovoltaics, CdS and its CdS/rGO composite were further sensitized with different Ru dyes.
Great rise in the absorption intensity with a pronounced bathochromic shift i.e. 23nm, 30nm
and 26nm for N3, N719 and Z907 respectively were observed on grafting of Ru dyes over the
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Figure 3.30. UV-Visible spectra of pure CdS (dash), pure Ru dye (dot) and Ru dye grafted
CdS hybrid samples (solid) for N3 (A), N719 (B) and Z907 (C) at 0.3mM dye concentration.

CdS nanoparticle surface (Fig 3.30). Besides this effect of dye concentration was also studied
and maximum absorption intensity was noticed for 0.3mM dye concentration for all the three
selected dyes (Fig 3.30). Therefore further studies for sensitization of composite samples were
carried out using 0.3mM Ru dyes.
Fig 3.31 shows explicit comparison between the three different Ru dyes grafted CdS
nanoparticle hybrids at same dye concentration. Maximum enhancement in the absorbance
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coefficient and red shift is found for N719 dye grafted sample predicting its highest efficiency
in solar cells.
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Figure 3.31. UV-Visible spectra of N3/CdS (dash), N719/CdS (solid) and Z907/CdS (dot)
grafted samples.

Fig 3.32 (A-C) shows the comparative influence of Ru dyes grafting (N3, N719 and Z907)
respectively on CdS nanoparticles and its CdS/rGO composite employing optimum dye
concentration of 0.3mM. It can be clearly inferred from these plots that the composite sample
CdS/rGO has shown greater improvement in optical properties i.e. higher absorption intensity
and bathochromic shift leading towards enhanced absorption in the visible light region in
contrast to nanoparticles alone for all the dyes possibly owing to the enhanced optical
properties of the rGO composite sample.
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Explicit comparison of three different Ru dye sensitized samples shows highest coverage of
visible light absorption range for N719 dye sensitized samples predicting its highest efficiency
for 0.3mM N719/CdS/rGO ternary composite when applied as photo active material in solar
cells.
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Figure 3.32. UV-Visible spectra of pure Ru dye (dot), Ru dye grafted CdS composites (black
solid), and Ru dye grafted CdS/rGO ternary composites (gray solid) for N3 (A), N719 (B) and
Z907 (C) at 0.3mM dye concentration.

3.5. I-V measurements of Solid state dye sensitized Solar Cells
3.5.1. I-V measurements using Ru/ZnS and Ru/ZnS/rGO nanocomposites
Current-voltage measurements were taken for fabricated solar cells using the mixture of Ru
dyes grafted ZnS nanoparticles with P3HT. Solar cell prepared by blending mixture of bare
ZnS nanoparticles with P3HT was employed as reference device. Figures 3.33-3.35 show the
I-V plots of the devices based on Ru dye grafted ZnS nanoparticles at different dye
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concentrations blended with P3HT in comparison to reference solar cells in dark and light.
Significant boost in efficiency i.e. almost 40-64% is observed for Ru dyes grafted ZnS-P3HT
composites as photoactive blend in solar cells in comparison to ZnS-P3HT (reference cell)
without dye. Output efficiency increased with the increasing dye concentration with a
maximum efficiency at an optimum concentration of 0.3mM and then decreases with a further
rise in dye concentration (Table 3.3). This decrease in the % efficiency of the cell at dye
concentrations above the optimum value is possibly due to the aggregation of the dye molecules
over the nanoparticles surface resulting in self-quenching. Increased internal resistance and
weak nanoparticle/electrode interfacial contact at higher dye concentration are other possible
reasons for efficiency loss [129].
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Figure 3.33. Current-voltage curves of N3 sensitized ZnS nanoparticles and P3HT based solar
cells at various concentrations, ZnS-P3HT dark (solid), ZnS-P3HT light (dash), 0.1 mM N3/
ZnS-P3HT (dot), 0.3 mM N3/ZnS-P3HT (dash dot) and ), 0.5 mM N3/ZnS-P3HT (short dot).
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Figure 3.34. Current-voltage curves of N719 sensitized ZnS nanoparticles and P3HT based
solar cells at various concentrations, ZnS-P3HT dark (solid), ZnS-P3HT light (dash), 0.1 mM
N719/ZnS-P3HT (dot), 0.3 mM N719/ZnS-P3HT (dash dot) and 0.5 mM N719/ZnS-P3HT
(short dot).
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Figure 3.35. Current-voltage curves of Z907 sensitized ZnS nanoparticles and P3HT based
solar cells at various concentrations, ZnS-P3HT dark (solid), ZnS-P3HT light (dash), 0.1 mM
Z907/ZnS-P3HT (dot), 0.3 mM Z907/ZnS-P3HT (dash dot) and 0.5 mM Z907/ZnS-P3HT
(short dot).
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Fig 3.35 shows the overlayed I-V plots for 0.3mM Ru/ZnS and 0.3mM Ru/ZnS/rGO ternary
composites. For all the three different dyes enhanced efficiencies were observed for
Ru/ZnS/rGO ternary composites in comparison to Ru/ZnS binary composites. This efficiency
boost for graphene containing ternary composites is owing to the presence of graphene, an
excellent electron acceptor which not only served as a substrate for the growth of ZnS
nanoparticles but also reduced the recombination rate of the photo generated electron hole pair.
Moreover the components of the nanohybrid assembly in terms of energy levels allowed for
the directed electron and hole flow and in consequence efficiency was boosted. For
Ru/ZnS/rGO ternary composites output efficiency is observed in the order 0.3mM
N719/ZnS/rGO > 0.3mM N3/ZnS/rGO > 0.3mM Z907/ZnS/rGO.
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Figure 3.36. Current-voltage curves of 0.3mM Ru dye sensitized ZnS nanoparticles and P3HT
based solar cells, ZnS-P3HT dark (solid), ZnS-P3HT light (dash), 0.3mM Ru/ZnS-P3HT (dot),
0.3mM Ru/ZnS/rGO-P3HT (short dot) for N3 (A), N719 (B) and Z907 (C).
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From these I-V plots typical solar cells parameters were evaluated listed in the Table 3.3.
Table 3.3. Parameters showing the performance of Ru dye sensitized ZnS-P3HT solar cells
under AM 1.5 conditions. Jsc = short circuit current density, Voc = open circuit voltage, F.F =
ﬁll factor, Pmax = Maximum power output and cell conversion efﬁciency.
Jsc

Voc

Pmax

Jsc * Voc

F.F

%

Device composition

(mA/cm2)

(V)

(mW/cm2)

(mW/cm2)

ZnS-P3HT-light

1.514

0.43

0.284

0.651

0.437

0.284

0.1 mM N3/ZnS-P3HT

2.548

0.39

0.394

0.993

0.396

0.394

0.3 mM N3/ZnS-P3HT

2.674

0.39

0.399

1.042

0.383

0.399

0.5 mM N3/ZnS-P3HT

1.897

0.41

0.336

0.777

0.432

0.336

0.1 mM N719/ZnS-P3HT

2.309

0.43

0.427

0.993

0.430

0.427

0.3 mM N719/ZnS-P3HT

2.465

0.43

0.466

0.966

0.482

0.466

0.5 mM N719/ZnS-P3HT

1.807

0.41

0.318

0.740

0.429

0.318

0.1 mM Z907/ZnS-P3HT

2.309

0.43

0.420

0.908

0.462

0.420

0.3 mM Z907/ZnS-P3HT

2.688

0.41

0.440

1.071

0.411

0.440

0.5 mM Z907/ZnS-P3HT

1.807

0.41

0.329

0.710

0.463

0.329

Efficiency

Binding mode of Ru dye anchorage over the surface of ZnS, CdS nanoparticles and their
graphene composites was investigated by FTIR results for both dye grafted and ungrafted
samples. For all the dye grafted studied samples disappearance of the characteristic C=O
stretching peak of the carboxylic group between 1687-1712cm-1 and appearance of two new
peaks at 1419cm-1 and 1592cm-1 assigned to symmetric and asymmetric stretch of COO−
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moiety confirmed the adsorption of all the three dyes N3, N719 and Z907 over the surface of
ZnS and CdS nanoparticles via carboxyl moiety [120].
This carboxyl group could bind over the surface of ZnS or CdS nanoparticles by either uni
dentate ester type linkage, bidentate chelating or bidentate bridging. The equivalency of the
two oxygen atoms would be removed in case of unidentate coordination and an ester type of
bond will be formed between the carboxylic acid functionality and ZnS or CdS surface.
Therefore such coordination is ruled out for Ru dye grafted ZnS and CdS samples[130]. Thus
Ru dyes N3, N719 and Z907 anchored over the surface of ZnS, CdS nanoparticles and their
graphene composites via either bidentate chelating or bidentate bridging. Ru dye anchorage
over these samples via carboxyl functionality thus enhanced the solar spectrum capture and
resulting output efficiencies of these composites when employed as active materials in
SSDSSCs.
LUMO levels of all the three selected dyes lie higher in position to the conduction band of
ZnS nanoparticles taken from literature [131-133] .This could facilitate efficient electron
movement from dye to the nanoparticle surface. Energy levels of the components of
nanohybrid material are depicted in Scheme 3.1.
Selected Ru dyes are chemically bonded to ZnS nanoparticles via carboxylate groups at one
side and the π- conjugation in their structures also help them interact efficiently with the
thiophene rings of P3HT on the other end [134]. This type of interaction probably build cascade
type energy levels in these hybrid systems which result in efficient electron flow from Ru dyes
to ZnS (Scheme 3.1). In these hybrid systems Ru dye sensitizers absorbs a photon and
generates an electron hole pair, this electron efficiently flows from the LUMO level of the Ru
dye to conduction band of ZnS reaches the ITO coated glass and then via external circuit to
the platinum coated counter electrode [135].
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Although P3HT can also serve as the light capturing element but owing to its low electron
mobility in comparison to Ru dyes it mainly serves as the hole transporting material [131] and
the holes travel up in the energy from the dye HOMO via hole transporting materials P3HT
and PEDOT:PSS to cathode. Thus fitting of the LUMO of Ru dyes in between P3HT and ZnS
nanoparticles could result in enhanced charge transfer, reduced charge recombination and
consequently improve efficiency of solar cells.

Scheme 3.1. Energy level diagram of the ITO/ Ru-ZnS-P3HT/PEDOT:PSS/Pt solar cell.

Output efficiency of the Ru Dye/ ZnS –P3HT hybrids in SSDSSCs is observed in the following
order N719> Z907>N3 with N719 having maximum and N3 lowest value [103] as predicted
by the UV-Visible studies. Maximum output efficiency in solar cells depends mainly on Jsc,
Voc, FF and Pmax which are themselves influenced by various other parameters. Jsc values
depend on the absorption spectrum range of the dyes whereas Voc depends on protons number
in the ruthenium dye [125]. Binding groups of the dyes containing protonated carboxylic acids
like N3 efficiently transfer most of their protons to nanoparticle surface on adsorption and
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results in positive shifts of its fermi level. Dye adsorption and electron transfer from the excited
state of Ru dye to ZnS conduction band is increased owing to the electric field accompanied
with the surface dipole produced by the positive charge thus eventually resulting in high
photocurrents. Whereas the positive shift in the fermi level of nanoparticle results in decreased
gap between hole transporting material (HTM) and nanoparticles Fermi level and results in low
open-circuit potential [136]. On the other hand decreased photocurrent and increased Voc
happens for dyes with no or less protonation like N719 and Z907. Thus optimum degree of
protonation of Ru sensitizer with the highest product of Jsc and Voc is required to get maximum
power conversion efficiency in the solar cells [52].
One important factor responsible for reducing solar cell efficiency is the recombination even
with cells using Ru dyes like N3 as sensitizers. Replacement of protons with long alkyl chains
has come out to be a fruitful solution to this problem [137]. That is why we have also used
Z907 dye as a sensitizer for ZnS nanoparticles for comparative study. The presence of alkyl
chains in this hydrophobic sensitizer dye interacted laterally to make an aliphatic network
which shielded [138] the nanoparticle surface from the hole transporting material and reduced
the recombination at this interface which is reflected in increased Voc and better output
efficiency of Z907 sensitized ZnS-P3HT hybrids in comparison to N3 sensitized hybrids [138,
139] . Water molecules can penetrate in the electrolyte and desorb the dye from the nanoparticle
surface. Greater stability of Z907 sensitized solar cells because of their hydrophobic nature in
comparison to N3 and N719 is their added benefit [140] . However in our study N719 dye still
has highest efficiency of 0.466% as sensitizer for ZnS nanoparticles in comparison to N3 and
Z907 (Table 3.3) most probably owing to its highest and wide range of visible solar capture,
long lived excited state with energy near the nanoparticle conduction band which in turns
provided efficient charge injection owing to better electron coupling and highest Pmax. Such
improvement in the efficiency has also been reported by the replacement of N3 with N719 and
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Z907 for titania based solar cells by Nazeeruzzin et al [141] and M. Y. A. Rahman [103]. In
addition to dye sensitization use of P3HT as active hole transporting material in the active blend
also proved beneficial for enhancing the efficiency of the hybrid materials.
Table 3.4. Parameters displaying the performance of Ru dye sensitized ZnS-P3HT and
ZnS/rGO-P3HT solar cells under AM 1.5 conditions. Jsc = short circuit current density, Voc =
open circuit voltage, FF = ﬁll factor, Pmax = Maximum power output and cell conversion
efﬁciency.
Material

Jsc

Voc

Pmax

Jsc*

%

F.F

Voc

Efficiency

ZnS-P3HT light

1.514

0.43

0.284

0.651

0.437

0.284

0.3mM N3/ZnS-P3HT

2.674

0.39

0.399

1.042

0.383

0.399

0.3mM N3/ZnS/rGO-P3HT

2.907

0.41

0.522

1.192

0.438

0.522

0.3mM N719/ZnS -P3HT

2.465

0.43

0.466

0.966

0.482

0.466

0.3mM N719/ZnS/rGO-P3HT

3.534

0.41

0.647

1.449

0.446

0.647

0.3mM Z907/ZnS-P3HT

2.688

0.41

0.440

1.071

0.411

0.440

0.3mM Z907/ZnS/rGO-P3HT

2.688

0.41

0.470

1.102

0.427

0.470
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3.5.2. I-V measurements using Ru/CdS and Ru/CdS/rGO nanocomposites
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Figure 3.37. Current-voltage curves of N3 sensitized CdS nanoparticles and P3HT based solar
cells at different dye concentrations, CdS-P3HT dark (solid), CdS-P3HT light (dash), 0.1mM
N3/CdS-P3HT (dot), 0.3mM N3/CdS-P3HT (dash dot), 0.5mM N3/CdS-P3HT (short dot).
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Figure 3.38. Current-voltage curves of N719 sensitized CdS nanoparticles and P3HT based
solar cells at different dye concentrations, CdS-P3HT dark (solid), CdS-P3HT light (dash),
0.1mM N719/CdS-P3HT (dot), 0.3mM N719/CdS-P3HT (dash dot), 0.5mM N719/CdS-P3HT
(short dot).
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Figure 3.39. Current-voltage curves of Z907 sensitized CdS nanoparticles and P3HT based
solar cells at different dye concentrations, CdS-P3HT dark (solid), CdS-P3HT light (dash),
0.1mM Z907/CdS-P3HT (dot), 0.3mM Z907/CdS-P3HT (dash dot), 0.5mM Z907/CdS-P3HT
(short dot).

I-V measurements were carried out for CdS nanoparticles sensitized with different Ru dyes (at
different concentrations) and mixed with P3HT as an active blend in fabricated solar cells.
These measurements overlayed with the reference in dark and light are displayed in the Fig
3.37-3.39. For all dye grafted samples rise in efficiency was observed with rising dye
concentration with a maximum at 0.3mM. Beyond this concentration the efficiency started
decreasing. Self-quenching by dye aggregation, increased internal resistance and weak
nanoparticle/electrode interfacial contact at higher concentration could be the possible reasons
of decrease in efficiency [129]. Rest of the I-V measurements were therefore carried out at an
optimum dye concentration of 0.3mM. Fig 3.40 displays the overlayed I-V plots for 0.3mM
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Ru/CdS and 0.3mM Ru/CdS/rGO ternary composites. Comparably higher efficiency was
obtained for Ru/CdS/rGO ternary composites in comparison to Ru/CdS binary composites at
0.3 mM concentration of dye. This efficiency enhancement could be associated with the growth
of CdS nanoparticles on graphene substrate which acted as an excellent electron acceptor and
reduced the recombination rate of the photo generated exciton. Additionally the components
of the nanohybrid assembly in terms of energy levels allowed directed electron and hole flow
and consequently efficiency was boosted.
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Figure 3.40. Current-voltage curves of 0.3mM Ru dye sensitized CdS nanoparticles and P3HT
based solar cells, CdS-P3HT dark (solid), CdS-P3HT light (dash), 0.3mM Ru/CdS-P3HT
(dot), 0.3mM Ru/CdS/rGO-P3HT (short dot) for N3 (A), N719 (B) and Z907 (C).
Table 3.5 and 3.6 summarizes all the characteristic parameters of solar cells calculated using
data from these IV plots. These parameters include Jsc, Voc, F.F, Pmax and cell conversion
efficiency. These parameters were calculated using the equations mentioned in the chapter 1.
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Table 3.5. Parameters showing the performance of Ru dye sensitized CdS-P3HT solar cells
under AM 1.5 conditions. Jsc = short circuit current density, Voc = open circuit voltage, F.F =
ﬁll factor, Pmax = Maximum power output and cell conversion efﬁciency.
Pmax

%

Jsc

Voc

Jsc * Voc

Device composition

(mA/cm2)

(V)

CdS-P3HT-light

2.43

0.43

0.33

1.04

0.41

0.52

0.1 mM N3/CdS-P3HT

2.88

0.37

0.39

1.06

0.37

0.60

0.3 mM N3/CdS-P3HT

2.655

0.39

0.40

0.41

0.39

0.61

0.5 mM N3/CdS-P3HT

2.12

0.35

0.28

0.74

0.38

0.43

0.1mM N719/CdS-P3HT

2.51

0.43

0.41

1.07

0.38

0.65

0.3 mM N719/CdS-P3HT

2.684

0.43

0.44

1.154

0.289

0.67

0.5 mM N719/CdS-P3HT

1.88

0.41

0.30

0.77

0.40

0.48

0.1mM Z907/CdS-P3HT

2.78

0.37

0.38

1.03

0.37

0.59

0.3 mM Z907/CdS-P3HT

2.882

0.37

0.39

1.066

0.36

0.60

0.5 mM N719/CdS-P3HT

1.76

0.41

0.31

0.72

0.43

0.48

(mW/cm2) (mW/cm2)

Efficiency

F.F

CdS/rGO binary composites were also grafted with all three Ru dyes to get Ru/CdS/rGO
ternary composites at an optimum dye concentration of 0.3mM. These composites were also
applied as active materials in solar cells and resulting solar cell parameters are listed in the
table 3.6.
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Table 3.6. Parameters displaying the performance of Ru dye sensitized CdS-P3HT and
CdS/rGO-P3HT solar cells under AM 1.5 conditions. Jsc = short circuit current density, Voc =
open circuit voltage, FF = ﬁll factor, Pmax = Maximum power output and cell conversion
efﬁciency.
%
Material

Jsc

Voc

Pmax

Jsc*

F.F

Efficiency

Voc

CdS-P3HT light

2.43

0.43

0.33

1.04

0.41

0.52

0.3 mM N3/CdS-P3HT

2.66

0.39

0.40

0.41

0.97

0.62

0.3mM N3/CdS/rGO-P3HT

3.12

0.37

0.43

1.17

0.36

0.66

0.3 mM N719/CdS-P3HT

2.69

0.43

0.45

1.15

0.29

0.68

0.3mM N719/CdS/rGO-P3HT

3.534

0.41

0.65

1.45

0.45

1.01

0.3 mM Z907/CdS-P3HT

2.88

0.37

0.40

1.06

0.36

0.60

0.3mM Z907/CdS/rGO-P3HT

2.89

0.41

0.48

1.18

0.40

0.74

Components of the nanohybrid assembly for CdS based solar cells were also chosen with a
view to allow uni-directional flow of electrons as desired in SSDSSCs (scheme 3.2). Values
of LUMO positions of all the three selected Ru dyes taken from literature [85, 131] lie higher
in position to the conduction band of the CdS nanoparticles. Electrostatic force of attraction
between nanoparticles and rGO, chemical bonding between CdS nanoparticles and Ru dye and
π-π interaction between Ru dye and P3HT (Fig 3.41) also suggested cascade type energy levels
in this hybrid system which could facilitate efficient charge transfer. For Ru dye sensitized
graphene containing composites the photo-generated electron produced on the absorption of
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light by the strongly absorbing Ru sensitizers are expected to be transported in a cascade
manner from the LUMO of dye to the conduction band of nanoparticles (CdS or ZnS) and then
via graphene sheet to the ITO coated glass. Holes on the other hand are transported from the
HOMO of dye to P3HT and then via PEDOT-PSS to Pt-electrode in a hopping manner [131].

Figure 3.41. Components of an ITO/Ru/CdS/rGO-P3HT/PEDOT:PSS/Pt solar cell with an
arrow highlighting the interactions in the active blend.

Three different Ru dyes selected for grafting have some structural changes which are in turn
responsible for changes in the extent of grafting and output efficiency when applied as
sensitizers in the solar cells. Two thiocyanates (NCS) and two bi pyridine ligands are present
in all the three Ru dyes. However protons of two out of four carboxylic groups present in N3
are replaced by tetra butyl ammonium ion (TBA+) groups in N719 and long hydrophobic chains
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in Z907. Jsc, Voc, FF and Pmax are the output efficiency controlling parameters in solar cells.
Absorption range of the dyes and number of denotable protons control Jsc and Voc values
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Scheme 3.2. Energy level diagram displaying charge flow in a ITO/Ru/CdS/rGOP3HT/PEDOT:PSS/Pt solar cell.

respectively [125]. Positive shifts in Fermi levels have been reported on adsorption of dyes
containing protonated carboxylic acids like N3 by efficient proton transfer to nanoparticle
surface on adsorption. Electric field accompanied with the surface dipole produced by the
positive shift of Fermi level in turn results in higher photocurrents i.e. Jsc owing to enhanced
electron transfer from the Ru dye to the nanoparticle conduction band on dye adsorption.
Whereas at the same time this positive shift of Fermi level is responsible for reduction in Voc
values due to decrease in gap between hole transporting material (HTM) and nanoparticles
Fermi level [136]. Reverse i.e. decreased Jsc and increased Voc happens for dyes with
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decreased protonation like N719 and Z907. Recombination one of the efficiency limiting
factors even observed using dyes like N3 as sensitizers in solar cells could be overcome by the
use of dyes with long alkyl chains like Z907. Alkyl chains containing sensitizers interact
Table 3.7. Table displaying % efficiencies of some ZnS and CdS based SSDSSCs.
Photoactive material

Efficiency

Reference

%
ZnS-P3HT

0.032

J. Nano- Electron. Phys. 2015, 7, 1-6[11].

ZnS-Fluoresene

0.05

J. Mater. Res. 2010, 25, 522-528[12].

CdS-P3HT

0.14

Int. J. Electrochem. Sci., 10 (2015) 5614 – 5623
[142].

CdS-Fluoresene

0.02

J. Mater. Res. 2010, 25, 522-528 [12].

CdS/MEH-PPV

0.035

X.Jiang et al., Sol. Energ. Mat. Sol. Cells 94 (2010)
338[143].

laterally making an aliphatic network which shielded the nanoparticle surface from the HTM
(hole transporting material) resulting in decreased recombination and as a consequence is
responsible for increased Voc and enhanced efficiency [138]. Moreover greater stabilities have
also been reported for Z907 sensitized solar cells in comparison to N3 and N719 owing to their
hydrophobic nature which hinders the water molecules from penetrating in the electrolyte
causing dye desorption [140]. However highest output efficiency in solar cells requires
optimum degree of Ru sensitizers’ protonation with the maximum product of Jsc and Voc. And
in our case output efficiency of the ternary composites employing three different Ru dyes in
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solar cells is in the following order 0.3mM N719/CdS/rGO > 0.3mM Z907/CdS/rGO > 0.3mM
N3/CdS/rGO complementing the UV-Vis results. Highest boost in output efficiency i.e. almost
twice in comparison to reference is observed for 0.3mM N719/CdS/rGO possibly owing to its
maximum absorption of the visible light spectrum, long lived excited state with energy close
to conduction band of the CdS nanoparticles and better electron coupling resulting in highest
Pmax. Observed output efficiencies for Ru dye sensitized rGO/ZnS and rGO/CdS composites
are found superior to those without dye and graphene composites reported in the literature
(Table 3.7 ). Other research groups have also reported enhanced efficiencies by replacing N3
with N719 and Z907 as sensitizers in titania based solar cells [103, 141].
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Chapter 4:

Eu-doped ZnS and CdS
4.1. Characterization of Eu-doped ZnS and CdS nanoparticles
ZnS and CdS nanoparticles containing Zn+2 and Cd+2 were synthesized by the thermal
reduction of single source dialkyldithiocarbamate precursors i.e. zinc diethyldithiocarbamate
and cadmium dibutyldithiocarbamate [Cd(dibutyldtc)2]. Formation of monodispersed, size
controlled EuS nanocrystals is already reported by the decomposition of its trivalent dialkyl
dithiocarbamate complex via hot injection technique [144]. Lanthanide complex seemed
promising source for the preparation of Europium doped nanoparticles. Therefore
tris(diethyldithiocarbamate)Europium(III)2,2-bipyridine [Eu(diethdtc)3(bipy)] was employed
in this work for doping Europium into ZnS and CdS nanoparticles.
4.1.1. TGA analysis
Fig

4.1

displays

the

TGA

curves

for

[Zn(diethyldtc)2],

[Cd(dibutyldtc)2]

and

[Eu(diethdtc)3(bipy)]. These TGA curves displays that the decomposition of the selected
complexes started at around 220°C with 80% weight loss for [Zn(diethyldtc)2] at 300°C and
around 350°C for [Cd(dibutyldtc)2] and [Eu(diethdtc)3(bipy)] indicating the formation of their
respective nanoparticles. Therefore 350°C temperature was maintained in the reaction flask for
the preparation of Eu-doped nanoparticles using these dialkyldithiocarbamate precursors.
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Figure 4.1. TGA curves for [Zn(diethyldtc)2] (solid), [Cd(dibutyldtc)2] (dash) and
[Eu(diethdtc)3(bipy)] (dot).
4.1.2. Characterization by XRD
Phase composition analysis of the obtained samples was performed using powder XRD
analysis. XRD pattern of the Eu-doped ZnS samples synthesized using co-injection of the two
single source precursors are displayed in Fig 4.2. The 2Ɵ values of the diffraction pattern for
ZnS and Eu-doped ZnS samples matches well with the JCPD standard pattern 00-036-1450
indicating the formation of hexagonal crystals for these samples. XRD pattern for CdS and Eudoped CdS samples overlapping with the JCPD card no 00-041-1049 confirmed the hexagonal
crystal shape for these nanoparticles Fig 4.3. XRD patterns observed for the doped samples
evidenced that presence of dopant has not disturbed the crystallinity of the samples and both
ZnS and CdS retain their crystallinity on doping with Eu in all the studied concentrations. No
signal is observed at the characteristic position of Eu2O3 regardless of Eu dopant concentration.
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Figure 4.2. XRD pattern of Eu-doped ZnS nanoparticles (A) ZnS (black), ZnS-Eu 1 (dark
gray), ZnS-Eu 3 (gray), ZnS-Eu 5 (dot), Enlarged region (B).

The absence of any extra signal in the XRD spectra of the Eu-doped samples shows the absence
of europium clusters, europium sulphide and europium oxide in these samples and evidenced
that nanoparticles are composed of pure phase and that Eu ions are uniformly distributed within
the host lattice without any cluster formation.
Broadening of the diffractions peaks show that the prepared samples are in the nanoparticle
region [145]. Average crystallite size of all these samples was calculated using Debye Scherrer
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formula and the results are listed in the Table 4.1. Average crystallite size observed for ZnS is
6.68 nm which is observed to decrease with the increasing Eu concentration i.e. 5.49 nm for
ZnS-Eu 5. Mean crystallite size of 16.96 nm came out for pure CdS sample. Reduction in the
crystallite size by 2.5nm is observed for 3% Eu-doped CdS sample.
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Figure 4.3. XRD pattern of Eu-doped CdS nanoparticles (A) CdS (black), CdS-Eu 1 (dark
gray), CdS-Eu 3 (gray), CdS-Eu 5 (dot), Enlarged region (B).
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Table 4.1. Table showing crystallite size calculation for Eu-doped ZnS and CdS nanoparticles.
Sample

2θ

θ

cosθ

β

τ (nm)

ZnS

47.474

23.737

0.915

1.300

6.68

ZnS-Eu1

47.515

23.757

0.915

1.302

6.66

ZnS-Eu3

47.515

23.757

0.915

1.500

5.78

ZnS-Eu5

47.515

23.757

0.9152

1.58

5.49

CdS

26.56

13.28

0.97

0.48

16.96

CdS-Eu1

26.56

13.28

0.97

0.54

15.11

CdS-Eu3

26.61

13.30

0.97

0.56

14.48

CdS-Eu5

26.55

13.28

0.97

0.47

16.11

Slight shifts in the 2Ɵ values observed for the doped samples are owing to the lattice mismatch
of ZnS and CdS nanoparticles with Eu present as a dopant [146]. For substitution of larger
radius rEu+3 (0.094nm) ion into Zn+2 (0.075nm) one expects a shift of diffraction signals to
lower values owing to the expansion of lattice parameters [147]. In our case for Eu-doped ZnS
samples at low dopant concentrations no significant shift in peak positions is observed [148].
However for ZnS-Eu 5 sample 2Ɵ shift to lower angles is observed due to lattice expansion
phenomenon. Ahemen I. et al has reported that substitution of much larger radius rEu+3 ion into
Zn+2 is known to be responsible for distortion of the periodic lattice of the host and in turn large
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lattice strain [67]. It could be seen from the Fig 4.3 B that peak positions of Eu-doped CdS
samples have slightly shifted to higher angles i.e. lower d values when compared with that of
pure CdS on increasing Eu concentration. It is probably owing to the lattice compression
phenomenon as a result of substitution of smaller Eu+3 (0.094nm) ion than Cd+2 (0.097nm)
[149]. The ionic radius similarity make CdS sample good host for Eu doping [70]. However
for CdS-Eu 5 a remarkable reduction in 2Ɵ is observed possibly owing to the interstitial doping
at higher concentrations of the dopant or it most probably shows that CdS-Eu 3 has the optimum
Eu concentration for band gap reduction of CdS nanoparticles.
4.1.3. Morphology and structure

A

B

C

D

Figure 4.4. TEM images of ZnS-Eu 3 nanoparticles at 100nm (A), at 50nm (B) at 20nm (C)
and its SAED image (D).
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TEM images were taken in order to get insight into the particle size and sample’s morphology.
TEM images for 3% Eu-doped ZnS nanoparticles at low and high magnification are displayed
in the Fig 4.4. These images display that almost spherical shaped particles with an average
diameter of 6nm were formed for 3% Eu-doped ZnS synthesized via hot injection method. Less
agglomeration is observed in the particles synthesized via hot injection procedure in
comparison to those prepared by co-precipitation method (Fig 3.3-3.4). Symmetrical SAED
image observed for ZnS-Eu 3 sample confirmed that doped ZnS nanoparticles have retained
their crystallinity.
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300
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201
110
102
101
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5

1/nm

Figure 4.5. TEM images of CdS-Eu 3 nanoparticles at 100nm (A) and its SAED image (B).

Similarly TEM images were taken for Eu-doped CdS nanoparticles to reveal minor details
about their structural morphology, particle size and crystallinity (Fig 4.5). TEM images
revealed that uniformly sized particles with an average diameter of 21nm is observed for 3%
Europium doped CdS nanoparticles. Moreover smooth surfaces are observed for these particles

131 | P a g e

indicating good passivation by the capping agent (oleyl amine) [65]. Well defined rings
observed in the SAED pattern of these nanoparticles evidenced the samples’ crystallinity. Each
ring has been assigned to its particular crystalline plane. CdS nanoparticles synthesized via hot
injection technique are found well separated from each other with dramatic reduction in
agglomeration extent in comparison to those prepared via co-precipitation method. This
reduction in agglomeration, formation of uniformly sized particles and band gap tuning could
prove beneficial in enhancing their optical and optoelectronic properties.
4.1.4. XPS measurements
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Figure 4.6. XPS survey scan for ZnS (black) and ZnS-Eu 5 (gray) samples (A) and XPS
survey scan for CdS (black) and CdS-Eu 5 (gray) samples (B).

XPS analysis gives insight into the oxidation state and chemical environment of the
incorporated elements in the crystal structure. It was performed for all the Eu-doped ZnS and
CdS samples. All peaks were corrected using 1s peak position of C at 284.8eV as a reference.
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Figure 4.7. XPS spectra for 2p positions of Zinc in Eu-doped ZnS samples, ZnS (solid),
ZnS-Eu 1 (dash), ZnS-Eu 3 (dot), ZnS-Eu 5 (dash dot dot).
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Figure 4.8. XPS spectra for Sulphur 2p positions in Eu-doped ZnS samples, ZnS (solid),
ZnS-Eu 1 (dash), ZnS-Eu 3 (dot), ZnS-Eu 5 (dash dot dot).
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Figure 4.9. XPS spectra for 3d positions of Cadmium in Eu-doped CdS samples, CdS
(solid), CdS-Eu 1 (dash), CdS-Eu 3 (dot), CdS-Eu 5 (dash dot dot).
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Figure 4.10. XPS spectra for 2p positions of Sulphur in Eu-doped CdS samples, CdS (solid),
CdS-Eu 1 (dash), CdS-Eu 3 (dot), CdS-Eu 5 (dash dot dot).
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Fig 4.6 displays the overlayed XPS survey scans for undoped ZnS and doped ZnS-Eu 5
samples. XPS signals observed at the representative positions of S 2p, Zn 2p and Eu 3d5/2 and
Eu 3d3/2 in the Eu-doped ZnS sample evidenced that it contains of Zn, S and Eu element.
Similarly XPS signals present at the characteristic position of S 2p, Cd 3d5/2 and 3d3/2 and Eu
3d5/2 and Eu 3d3/2 in the Eu-doped CdS samples evidenced that the composition of these
samples is Cd, S and Eu element [150]. Eu signal is absent in the pure samples showing absence
of dopant in the reference sample (Fig 4.6).
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Figure 4.11. XPS spectra for 3d positions of Europium in ZnS-Eu 1 (A), ZnS-Eu 3 (B) and
ZnS-Eu 5 (C) samples.

To get more information high resolution XPS emission spectra’s were taken at the
characteristic position of each element. Fig 4.11 and 4.12 displays the high resolution XPS
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emission spectra of Eu 3d electrons in the Eu-doped ZnS and CdS samples respectively. No
XPS signal is observed at the characteristic position of Eu2O3 (Eu 4d5/2; E 129.2eV) indicating
its absence in these samples. Eu 3d peak is found splitted into two sub peaks Eu 3d5/2 and Eu
3d3/2. The observed 3d5/2 and 3d3/2 peaks located at the characteristic positions of Eu+3 at around
1133eV and 1166eV respectively confirmed the presence of Eu+3 in these samples in
accordance with the literature [151] . Spin orbit doublet peaks are observed for each sample
with split off separation of approximately 30 eV from each other.
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Figure 4.12. XPS spectra for 3d positions of Europium in CdS-Eu 1 (A), CdS-Eu 3 (B) and
CdS-Eu 5 (C) samples.
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To our surprise a weak signal for the presence of Eu+2 at 1124 eV (3d5/2) and 1154 eV (3d3/2)
is observed in ZnS-Eu 5 i.e. at high dopant concentration. Two sets of structures correspond to
two different valence states (+2 and +3) of Eu ion in these samples at higher dopant
concentrations. It is known that Eu+2 oxidizes to Eu+3 in the presence of any moisture and
solvent traces however some ions might not have undergone this transformation. Some
researchers like Vercaemst et al have reported mixed valence behavior of Eu containing
compounds owing to inter-configuration fluctuation [147]. Moreover the relative peak intensity
of Eu 3d electrons in these samples is observed to rise with the rising initial dopant precursor
concentrations.
Table 4.2. Table displaying Atomic % of Zn, S, Eu and values of 3d3/2 and 3d5/2 positions of
Eu in Eu-doped ZnS samples by XPS.
ATOMIC PERCENTAGES
SAMPLE
ID
Zn %

S%

Eu %

Position(eV) Position(eV)
3d5/2

3d3/2

ZnS

50.462

49.537

0.00

-

-

ZnS-Eu1

50.065

49.524

0.7

1134.23

1162.6

ZnS-Eu3

49.407

48.246

1.5

1134.23

1163.8

ZnS-Eu5

46.440

49.068

4.0

1134.23

1163.8
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Cd and S lines seem undisturbed by the addition of dopant (Fig 4.7-4.10). This shows that Cd
(II) sites and S sites are not affected by the addition of Eu as an impurity ion in the lattice [152].
Approximately 1:1 atomic ratio is observed for Zn:S and Cd:S in the pure samples. Atomic
percentage of Eu and other elements present in these samples calculated using XPS data are
listed in the Table 4.2 and 4.3. A linear relationship is observed between the amount of Eu
present in these samples and % of Eu precursor added initially. However the dopant
concentration in the nanocrystalline samples is found lower than that of the percentage added
in the reaction mixture.
Table 4.3. Table displaying Atomic % of Cd, S, Eu and values of 3d3/2 and 3d5/2 positions of
Eu in Eu-doped CdS samples by XPS.
ATOMIC PERCENTAGES

SAMPLE

Cd %

S%

Eu %

ID

Position(eV) Position(eV)
3d5/2

3d3/2

CdS

50.46

49.54

0.00

-

-

CdS-Eu1

50.06

49.53

0.41

1134.45

1165.78

CdS-Eu3

49.41

48.25

2.35

1134.45

1164.50

CdS-Eu5

46.44

49.07

4.50

1134.45

1164.50
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4.1.5. Characterization by FTIR
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Figure 4.13. FTIR spectra of Oleyl amine.

IR spectra of oleyl amine used in the synthesis procedure is displayed in Fig 4.13. Similar IR
spectra is observed in our case as already reported for pure oleyl amine where IR bands are
observed at 3373cm-1 due to νas(NH2), 3006cm-1 because of δ (=C–H), 2922 cm-1 and 2854
cm-1 owing to νas(C–H) and νs(C–H) bands, 1647 cm-1 showing δ (–C=C), 1465 cm-1 for δ
(CH3), 1071 cm-1 for δ(C–Ν), 795 cm-1 displaying δ (ΝΗ2) and 722 cm-1 for δ (C–C) [153,
154].
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Figure 4.14. FTIR spectra of Eu-doped ZnS samples, ZnS (A), ZnS-Eu 1 (B), ZnS-Eu 3 (C)
and ZnS-Eu 5 (D) samples.

Fig 4.14 and 4.15 displays the IR spectra of Eu-doped ZnS and CdS nanoparticles synthesized
using dialkyldithiocarbamate precursors and pure oleyl amine. IR spectra of oleyl amine
capped nanoparticles have spectral similarity to that of pure oleyl amine. However some bands
are slightly shifted owing to the surface effects of nanoparticles when oleyl amine is capped
over them [155]. Capping of oleyl amine is observed in all the synthesized undoped and Eu-
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doped ZnS and CdS samples evidencing that the synthesized samples are capped with Oleyl
amine.
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Figure 4.15. FTIR spectra of Eu-doped CdS samples, CdS (A), CdS-Eu 1 (B), CdS-Eu 3 (C)
and CdS-Eu 5 (D) samples.
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4.1.6. Optical studies
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Figure 4.16. Absorption spectra for Eu-doped ZnS samples. ZnS (solid), ZnS-Eu 1 (dash),
ZnS-Eu 3 (dot), ZnS-Eu 5 (dash dot dot).
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Figure 4.17. Tauc plot for Eu-doped ZnS samples, ZnS (solid), ZnS-Eu 1 (dash), ZnS-Eu 3
(dot), ZnS-Eu 5 (dash dot dot).
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UV-Vis spectra of overlayed Eu-doped and bare ZnS nanoparticles are shown in the Fig 4.16.
Remarkable enhancement in the absorption spectra of ZnS nanoparticles is observed on its
doping with Eu accompanied with the bathochromic shift which increases with the increasing
dopant concentration. Band gap of these samples was also calculated using Tauc relation and
band gap tuning is observed on doping ZnS with Eu from 3.50 eV to 3.23 eV by raising dopant
concentration (Fig 4.17). Similarly significant enhancement in the absorption spectra and red
shift is observed on doping Eu into CdS nanoparticles (Fig 4.18). For Eu-doped CdS samples
bandgap is initially tuned from 2.4eV to 2.2 eV by raising dopant concentration (Fig 4.19).
This reduction in the band gap observed for the doped samples in comparison to undoped ones
is probably owing to defect tails created on the valence band side. However blue shift is
observed for CdS-Eu 5 sample. The blue shift in the absorption spectra observed for some
doped samples at higher dopant concentrations is explained by Burstein- Moss effect. In
accordance with this effect by raising the dopant concentration a point reaches when the charge
carriers are increased so much that they completely fill the fermi level lying in the conduction
band. Thereafter any additional excited electrons will enter into the conduction band (above
the fermi level). This situation is responsible for band gap widening and resulting
hypsochromic shift at higher dopant concentrations in some samples [156]. Thus shifts in the
absorption energy of the nanoparticles are not only due to changes in the particle sizes but the
chemical nature of the dopants and the difference between the ionic radius of the dopant and
host cation are also the deciding factors for shifts in bandgaps [67].
In our results mainly rise in the Eu concentration resulted in decreased band gap and
consequently increased short range disorder for clusters in the matrix.
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Figure 4.18. Absorption spectra for Eu-doped CdS samples. CdS (solid), CdS-Eu 1 (dash),
CdS-Eu 3 (dot), CdS-Eu 5 (dash dot dot).
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Figure 4.19. Tauc plot for Eu-doped CdS samples. CdS (solid), CdS-Eu 1 (dash), CdS-Eu 3
(dot), CdS-Eu 5 (dash dot dot).
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4.2. I-V measurements
Fig 4.20-4.21 displays the current-voltage measurements for SSDSSCs in which Eu-doped ZnS
and CdS nanoparticles synthesized via co-injection technique are employed as a photoactive
material. Resulting solar cell parameters are displayed in the Table 4.4. These nanoparticles
were intimately mixed with P3HT (Poly 3-hexyl thiophene) for the preparation of photo active
blend.

2

Current density (mA/cm )

15
10
5
0
-5

-0.8

-0.4

0.0
Voltage (V)

0.4

0.8

Figure 4.20. Current-voltage curves of Eu-doped ZnS nanoparticles and P3HT based solar
cells at different dopant concentrations, ZnS-P3HT dark (solid), ZnS-P3HT light (dash), ZnSEu 1-P3HT (dot), ZnS-Eu 3-P3HT (dash dot), ZnS-Eu 5-P3HT (short dot).

Typical diode behavior was seen for the reference devices (ZnS-P3HT) and (CdS-P3HT) in
dark. For ZnS-P3HT in light significant amount of Jsc was produced. However less Jsc and the
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output efficiency was observed for ZnS-Eu1-P3HT sample. On further raising the Eu dopant
concentration rise in the Jsc accompanied with the corresponding rise in output efficiency was
seen with a maximum for ZnS-Eu5-P3HT sample. Looking at these results output efficiency
of the fabricated SSDSSCs could be somewhat linked to the band gap of the photoactive
material used. The lower the band gap of the material used, the better are the output efficiencies
for fabricated solar cells. For Eu-doped ZnS samples maximum efficiency of 1.09% is observed
for ZnS-Eu5-P3HT sample (i.e. the sample with the smallest band gap).
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Figure 4.21. Current-voltage curves of Eu-doped CdS nanoparticles and P3HT based solar
cells at different dopant concentrations, CdS-P3HT dark (solid), CdS-P3HT light (dash),
CdS-Eu 1-P3HT (dot), CdS-Eu 3-P3HT (dash dot), CdS-Eu 5-P3HT (short dot).
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For Eu-doped CdS samples uniform rise in the Jsc accompanied with the increase in %
efficiencies was seen on raising Eu-dopant amount with a maximum for CdS-Eu 3-P3HT
sample (lowest band gap). On further raising the Eu concentration a fall in the Jsc and the
resulting output efficiency was seen for CdS-Eu 5-P3HT. This drop in the conductivity could
be probably due to scattering such as ionized impurity scattering at high dopant concentration
or could be linked to the raised band gap at this dopant amount. Uzma et al. has also reported
such results for Cd doped ZnS samples [157].
Table 4.4. Parameters displaying the performance of Eu-doped ZnS -P3HT and Eu-doped
CdS-P3HT based solar cells under AM 1.5 conditions. Jsc = short circuit current density, Voc
= open circuit voltage, FF = ﬁll factor, Pmax = Maximum power output and cell conversion
efﬁciency
Jsc

Voc

Pmax

Jsc * Voc

(mA/cm2)

(V)

(mW/cm2)

(mW/cm2)

ZnS-P3HT light

3.884

0.43

0.686

1.670

0.411

0.963

ZnS-Eu1-P3HT

4.104

0.39

0.626

1.600

0.374

0.949

ZnS-Eu3-P3HT

4.599

0.37

0.623

1.701

0.366

0.958

ZnS-Eu5-P3HT

5.277

0.37

0.709

1.952

0.363

1.09

CdS-P3HT

1.96

0.43

0.370

0.842

0.439

0.569

CdS-Eu1-P3HT

3.05

0.43

0.554

1.311

0.422

0.852

CdS-Eu3-P3HT

4.78

0.43

0.835

2.05

0.407

1.28

CdS-Eu5-P3HT

2.65

0.41

0.565

1.086

0.428

0.715

Device composition

F.F

%
Efficiency
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Thus efficiency boost observed for Eu-doped samples could be partially associated with the
band gap tuning towards the visible solar spectrum and partially to the raised conductivity of
the material on Eu addition up to the optimum dopant concentration. However efficiency drop
was observed for higher dopant concentration such as CdS-Eu 5-P3HT. It could be because at
higher dopant concentration presence of Eu as an impurity or an interstitial dopant could not
be ruled out and this would probably hinder charge transport in the photo active material
resulting in efficiency drop [158, 159]. It could also be assigned to the increased lattice defects
and dislocations at higher dopant concentration.
Luminiscent downshifting introduced by the presence of Eu as a dopant could also be
responsible for photovoltaic enhancement of Eu-doped ZnS and CdS samples. Broad band
luminescent down shifting layer containing multiple species of Eu-doped silicate phosphorous
has found applications for enhancement in photovoltaic performance of crystalline silicon solar
cells. Wen-Jeng Ho et al. has reported output efficiency rise of 19.39% for a solar cell treated
with two species of Europium [160]. Jihuai Wu et al. and coworkers have also reported 32%
boost in the conversion efficiency by the introduction of Eu ion doped Yttrium floride in titania
based DSSC [161]. They reported that Eu ion doped Yttrium floride, a conversion luminescent
medium was mainly responsible for transferring ultraviolet light to visible via down conversion
thus raising the light harvest, Jsc and consequently conversion efficiency of DSSC.
Enhancement in the output efficiency of copper indium gallium selenide solar cells,
commercial silicone and gallium phosphide solar cells have also been reported by the
incorporation of Eu complexes or Eu doped tellurite glass as photon downshifters respectively
[162, 163].
It is quite obvious from the tabulated parameters (table 4.4) that Eu-doped samples have
performed better than the bare reference anode materials in terms of both Jsc and output
efficiency. Enhanced Jsc proved out to be the major factor in raising overall output efficiency
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of the Eu-doped ZnS and Eu-doped CdS fabricated SSDSSCs. This rise in Jsc and resulting
output efficiency in our results for Eu doped samples could also be attributed to the downconversion luminescence of Europium ion from UV to visible light, raised conductivity and
enhanced charge transport at the interface by band gap modification. However other efficiency
controlling parameters such as Voc, Pmax and FF would also play their part and in turn are
responsible for the final out put efficiency of the device. Jsc drop observed for CdS-Eu5-P3HT
at higher dopant concentration is however attributed to the production of more phase, domain
and grain interfaces which could hinder charge carrier transport by capturing photo generated
electrons and holes.
Summarizing efficiency boost of 1.13 times and 2.25 times was observed on doping Eu in to
ZnS (ZnS-Eu 5-P3HT) and CdS (CdS-Eu 3-P3HT) respectively. This depicts that Eu as a
dopant could tune the band gap, absorption coefficient and opto-electronic properties of ZnS
and CdS nanoparticles respectively and these Eu doped samples have the potential applications
in solar cells with improved efficiencies.
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Chapter 5:

Conclusion

ZnS, CdS, and their composites with graphene ZnS/ rGO and CdS/rGO were successfully
synthesized by facile, up scalable, single step co-precipitation method with an average particle
size of 15 ± 1 nm, 26 ± 1 nm, 5 ± 0.5 nm and 6 ± 0.5 nm respectively. Reduction of graphene
and nanocomposite formation was evidenced by XRD, FE-SEM, TEM, EDX and FT-IR
spectroscopy results. XRD data confirmed the crystalline nature of the prepared samples.
Tuning of the bandgap of nanoparticles was noticed on the formation of their composites with
graphene. Composite formation brought a considerable decrease in particle size, reduction in
agglomeration extent and decrease in band gap. Detailed study using UV-Visible, PL and FTIR spectroscopy confirmed successful grafting of renowned Ru dyes (N3 and N719 and Z907)
on ZnS, CdS nanoparticles and their graphene composites. These dyes were effectively
chemisorbed on the surface of nanoparticles via carboxyl moiety using simple stirring
procedure. Boost in the efficiency of nanoparticles was observed upon their grafting with Ru
dyes when applied as active blend in solar cells. Enhanced Jsc, Voc and F.F are the major
factors responsible for this efficiency improvement on sensitization with Ru dyes. Among the
tested ruthenium dyes, N719 was found best with 61% efficiency enhancement than the
reference device CdS-P3HT under the same experimental conditions. Graphene modified
nanoparticles proved to be superior photoactive materials than bare nanoparticles (unmodified
nanoparticles). Ternary composite 0.3mM N719/CdS/ rGO-P3HT was found 98% more
efficient than the reference device (CdS-P3HT). Composite materials provided a cascade route
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to the flow of electrons in the desired direction. This work gives insight into the charge transfer
interaction and sensitization mechanism of prepared composites in solar cells. Good agreement
was found between the expected and obtained results.
Summarizing, all the merits of individual materials were successfully combined at one place
to achieve their maximum synergistic effect and overcome their individual limitations. GO
served as a suitable conductive ligand for supporting ZnS and CdS nanoparticles and their
perfect contact helped in reducing photo corrosion. Uniform distribution of ZnS and CdS
nanoparticles over graphene (an excellent electron acceptor) improved the life time of photo
generated electron hole pairs in the composites by suppressing their recombination and
consequently enhancing charge separation and charge transport. Effective sensitization of
nanocomposite by grafting with Ru dyes enhanced their potential of absorption in the visible
solar spectrum. When tested in SSDSSCs they increased the cells output efficiency by almost
two times. Thus Ru dye grafted ZnS/rGO and CdS/rGO nanocomposite proved as promising
photoactive materials for potential application in photovoltaics but much more is required and
to our benefit it’s a big ground to play with ZnS and CdS nanoparticles in solar cells owing to
their tunable nature.
In the second part of this work ZnS and CdS nanoparticles were successfully doped with Eu by
using single source molecular precursor’s technique. The doped and undoped nanoparticles
were characterized by XRD, TEM, XPS, Raman, UV-Vis and FT-IR spectroscopy. Hot
injection technique resulted in the synthesis of less agglomerated and mono dispersed
nanoparticles. Eu effectively tuned the band gap of chalcogenide nanoparticles from 3.5 to 3.2
eV for ZnS and 2.4 to 2.2 eV for CdS. CdS and ZnS nanoparticles retained their crystallinity
even after doping.

From the synthesis of Eu-doped nanoparticles using co-injection of

dialkyldithiocarbamate precursors it was concluded that this method could be widely applied
for doping transition metals and dopant ions into chalcogenide nanoparticles and allow for a
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flexible design of synthesis strategies. Their optical studies using UV-Visible spectroscopy
exposed them as potential materials for application in SSDSSCs. Results of I-V measurements
displayed these composites as efficient photoactive materials for application in SSDSSCs with
enhanced Jsc and output efficiencies.
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Future prospects
Composite formation of ZnS and CdS nanoparticles with graphene and their grafting with Ru
dyes resulted in multiple donor-acceptor systems with improved efficiencies in SSDSSCs
owing to the increased charge separation, decreased recombination and enhanced absorption
range of these materials. The efficiency enhancement of the SSDSSCs for rGO/ZnS and
rGO/CdS composites and Ru dye grafted samples has provided a route to check numerous
combinations of donor and acceptor substances. Thus this research could be extended in future
by using more than one donor and acceptor combinations, varying the dye structure, examining
their joint interaction and possibilities of different routes for the electron flow in the particular
direction. This search would further facilitate us for suppressing charge recombination
phenomenon, improving the morphology and enhancing the absorption coefficient of the
artificial light harvesting systems for achieving better efficiencies in SSDSSCs in comparison
to the commercial devices.
This study also provided ground for further research on tailoring electrode interface either by
varying the synthesis schemes or by the use of different dopants and different fabrication
procedures could also be adopted for broadening the absorption range and optimizing various
typical solar cell parameters i.e. Jsc, Voc, and FF. This would help improve the morphology of
the active layer and hence overall efficiency of the device. This concept will be further
investigated by our group in future.
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List of abbreviations
CdS/rGO

Reduced graphene oxide CdS nanocomposites

DMF

N, N-Dimethyl formamide

DSSCs

Dye sensitized solar cells

Eu

Europium

EDX

Elemental dispersive X-Ray

Eq

Equation

F.F

ﬁll factor

FT-IR

Fourier transform infer-red specroscopy

FE-SEM

Field emission scanning electron microscopy

GO

Graphene oxide

HOMO

Highest occupied molecular orbital

ICDD

International centre for diffraction data

I-V

Current voltage

Jsc

Short circuit current density

JCPDS

Joint committee for powder diffraction standards

LUMO

Lowest unoccupied molecular orbital

MLCT

Metal to ligand charge transfer

N3

cis-Bis (isothiocyanato) bis (2,2’-bipyridyl-4,4’-dicarboxylato
ruthenium(II))

N719

Di-tetrabutyl ammonium cis-bis (isothiocyanato) bis(2,2’-bipyridyl-
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4,4’-dicarboxylato) ruthenium (II)
PL

Photoluminiscence spectroscopy

Pmax

Maximum power output

P3HT

Poly 3-hexyl thiophene

rGO

Reduced Graphene oxide

Ru

Ruthenium

SSDSSCs

Solid state dye sensitized solar cells

SAED

Selected area electron diffraction

TEM

Transmission electron microscopy

UV-visible

UV-visible spectroscopy

Voc

open circuit voltage

XRD

X-ray diffraction spectroscopy

XPS

X-ray photoelectron spectroscopy

ZnS/rGO

Reduced graphene oxide ZnS nanocomposites

Z907

cis-Bis (isothiocyanato) (2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-dinonyl-2’ bipyridyl) ruthenium (II)]
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