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 7.1 INTRODUCTION
 Mankind has regarded the sun as the source of life and energy
 since time immemorial. In fact, our traditional energy resources (like
 oil and coal) are all products of photosynthesis. With the increasing
 energy crisis, man is again looking towards the prime energy giver, the
 sun. Harnessing solar energy has therefore attracted the attention of
 the scientists, technologists, economists, sociologists and politicians.
 All the solar energy convertors utilize the radiations received from the
 sun. Hence, an understanding of the nature of these radiations is
 imperative.
 Among the several ways of collecting solar energy, the
 photovoltaic, the photochemical, the photoelectrochemical, the
 photothermal and the photosynthetic are some of the better known
 routes to achieve energy conversion. Out of all these ideas of
 converting solar energy directly into the chemical energy or electrical
 energy by use of photoelectrochemical systems has rapidly gained
 popularity in recent years. A number of review articles [1-23] have
 been published in the field of photoelectrochemical conversion. Many
 efforts have been directed towards different solar energy conversion
 devices for almost two to three decades. Again the emergence of the
 field of photoelectrochemistry has created a link between photovoltaic
 devices and electrochemical devices and subsequent developments
 such as photoelectrochemical solar cells (PEC) and photodiodes have
 served to further strengthen the field.
 A photoelectrochemical (PEC) cell is a device in which a
 semiconductor electrode is illuminated in a suitable electrolyte
 causing electrochemical reaction at both electrodes. The other
 electrode is used as a reference electrode. There are two types of PEC
 solar cells, one which converts the solar energy directly into electrical
 energy called as photovoltaic or photoelectrochemical cell and the
 other which converts incident solar energy into chemical energy. For a
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 PEC cell to be effective in the conversion of solar energy to useful
 electrical or chemical energy, the net cell reaction occurring during
 illumination must be endoenergetic. In this thesis, use of solid-liquid
 junction has been made in accordance with the strategy adopted by
 Gerischer [3] for accordance of incident solar energy into electricity.
 Transition metal dichalcogenides (TMDCs) have been widely
 used for solar energy conversion in photoelectrochemical (PEC) solar
 cell due to their small band gap and high chemical stability [24-25]. In
 addition to their use in photoelectrochemical solar cells, they are also
 used as electrode materials for cheap batteries offering a rather high
 energy density [26], by utilizing the pronounced ability of these
 materials to intercalate a wide range of different guest atoms within a
 gain of free energy. An extensive selection of transition metal
 dichalcogenides based on specific properties such as maximum dd
 splitting and smallest metal-metal distances yielded MoS2, WS2,
 MoSe2 and WSe2 as the most promising materials. From PEC studies
 on TMDCs the most efficient system based on the n-MoSe2 and n-
 WSe2 /I-/I2 junctions, but the results are very sensitive to crystal
 selection and orientation [27-32].The TMDCs specially MoSe2 and
 WSe2 do have a potential to yield good photoconversion behaviour
 provided the loss of photogenerated carriers arising from the
 recombination as the exposed surface of the cell can be minimized. In
 the present work, we have carried out the photoelectrochemical
 characterization of CrxMo1-xSe2 (x=0.25, 0.50, 0.75) single crystals.
 7.2 BASIC INFORMATIONS
 7.2.1 Modes of Solar Energy Utilization
 Modes of utilization of solar energy can be classified into two
 categories.
 i. The direct use of solar radiations incident on the surface of the
 earth known as direct Methods.
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 ii. The radiations incident on the earth leads to the water power,
 wind power, biomass etc. This is, in turn used by mankind
 known as the indirect methods.
 Figure 7.1 Modes of solar energy utilization
 There are various processes involved in the solar energy
 conversions; it can be seen from Figure 7.1. These processes depend
 on the region of the incident solar energy spectrum which is being
 used to accomplish the process. For example, if the infrared regions
 have been chosen for the applications then the solar energy can be
 converted into thermal energy, whereas if the visible regions have
 been chosen for the applications then the solar energy can be
 converted into electrical energy. The classification of direct use of solar
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 energy has been explicably shown in Figure 7.2. This specifies the
 range of wavelengths incident radiations used in photo-conversion
 processes.
 Figure 7.2 Classification of the solar energy conversion processes
 using directly the solar radiations The present work is based on the solar energy conversion
 devices using the concept of “photo effect in semiconductor” so these
 classes of devices have been discussed in more detail. The concepts
 developed here will be used later in the study on the photoresponse of
 PEC solar cells fabricated using chromium mixed molybdenum
 diselenides single crystals as photoelectrodes.
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 7.2.2 Classification of Solar Energy Conversion Devices
 Generation of electromotive force on illumination of a rectifying
 junction is known as photovoltaic effect. It is well known fact that at a
 rectifying junction there excites an internal electric field. Solar cells
 depend upon the photovoltaic effect for their operation. This was first
 observed by Becquerel in 1839 for electrolyte cells and in 1876 for the
 solid state systems [1, 2].
 Different solar energy conversion devices are broadly classified
 in two categories:
 i. Solid-Solid junction cells
 ii. Solid-liquid junction cells
 Figure 7.3 Classification of solar energy conversion devices
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 These cells are subdivided into some other devices which are
 shown in Figure 7.3. The solid-solid junction devices are generally
 effectively used by the photosensitive junctions like as p-n junction,
 Schottky junction, Metal–Oxide–Semiconductor (MOS) structure,
 Metal–Insulator–Semiconductor (MIS) structure and Semiconductor–
 Insulator–Semiconductor (SIS) structure. Whereas the solid – liquid
 junction devices may be of photovoltaic type cells or photoelectrolysis
 cells in which solid –liquid interface may also be used. These devices
 have been briefly discussed below.
 7.2.2.1 Solid-solid junction
 (a) p-n junction devices
 A p-n junction using semiconducting materials has been used
 as a photosensitive material on both the sides of the interface in the
 photovoltaic cells. Here the light may be absorbed by both the sides of
 semiconducting material across the junction. The effective transport of
 photo generated carriers takes place in either direction.
 (b) Schottky junction devices
 The semiconductor metal rectifying interface gives rise to the
 Schottky junction devices. Such devices also be used to harness the
 solar energy and hence these devices are known as Schottky junction
 solar cells. The Schottky junctions are fabricated using the rectifying
 contact between metal and semiconductor. Since, one side of the
 junction is metal, the absorption of incident radiation and consequent
 photo-generation of charge carriers essentially take place in the
 semiconductor regions.
 (c) Metal-Oxide-Semiconductor (MOS) devices
 Metal-Oxide-Semiconductor (MOS) junctions can also be used
 in the solar energy conversion process. Here also, major absorption of
 light takes place in the semiconductor thereby generating the charge
 carriers. So, the efficient absorption of incident radiation by
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 semiconductor primarily governs the photogeneration mechanisms of
 charge carriers.
 (d) Metal-Insulator-Semiconductor (MIS) devices
 Metal-Insulator-Semiconductor (MIS) devices are more or less
 analogous to the MOS devices. Here also the effective photogeneration
 of the charge carriers takes place in semiconductor dominate the
 overall photoconversion process.
 (e) Semiconductor-Insulator-Semiconductor (SIS) devices
 The Semiconductor-Insulator-Semiconductor (SIS) structure is
 also used for the conversion of the solar energy into electricity. Here
 the insulator is being sandwiched between two semiconductor regions
 and the photo-generation of charge carriers mainly occurs in the
 semiconductor region.
 7.2.2.2 Solid – liquid junction
 (a) Photoelectrochemical (PEC) solar cells
 Here Photoelectrochemical (PEC) solar cells belong to the
 category of photovoltaic cells. Photo-generated electron-hole pairs are
 separated by the internal inbuilt electric field within the cells
 anticipating the photovoltage or the photocurrent.
 The existing technology is very much successful in reducing the
 high cost and simplifying the high degree of sophistication in the
 fabrication of p-n junction solar cell. However, a challenging problem
 in harnessing and usage of solar energy is solar energy storage.
 Recent activities reveal that instead of using p-n junction device, the
 solar energy conversion can easily be achieved by using PEC solar cell,
 where the problem of solar energy storage can be overcome.
 (b) Photoelectrolysis solar cells
 The solid liquid interface used in the solid liquid structure
 devices can be used for the electrolysis of water which consequently
 generates the hydrogen and oxygen. Here the photo-generation of

Page 8
						

Chapter 7
 Priyanka F. Desai/Ph.D. Thesis/Department of Physics/S. P. University/March 2014 174
 carriers takes place in semiconductor region only. Whereas the
 electrolyte is supposed to be transparent to the incident solar
 radiations.
 7.2.3 Semiconductor - Electrolyte Interface
 The charge transfer across the semiconductor- electrolyte
 interface in dark or under illumination results in the flow of current
 through the junction of the electronically conducting solids and
 ionically conducting liquids. This is the main concept in the working
 of PEC solar cell. The detailed analysis of semiconductor-electrolyte
 interface can be obtained from the review by Brattien and Garrett [33].
 The equilibrium concentration of carriers and hence the chemical
 potential of let us take for example n-type semiconductor and the
 electrolyte are originally different when they are brought in contact
 with each other. As a result transfer of electrons takes place from the
 conduction band of the semiconductor to the ionic species in the
 electrolyte. Accepting these electrons, the ionic species near the
 interface get reduced. The reaction can be given as;
 XeX
 (7.1)
 This process continues till the equilibrium is set up when the
 chemical potentials of the semiconductor and the electrolyte become
 same and no further flow of electrons from the semiconductor to the
 electrolyte takes place. As a result of this charge transfer, the
 semiconductor region near the interface gets depleted of electrons,
 giving rise to a positively charged space charge layer. Corresponding
 to this layer at the interface, there is a sheath of negatively charged
 ions in the electrolyte, which is known as the HelmhÖltz layer. The ion
 density in the HelmhÖltz layer is high and gradually decreases as the
 distance in the electrolyte from the interface increases. Thus this
 layer, in general, is diffused rather than discrete in nature. The
 diffused nature of this layer is due to the fact that the preferential
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 electrostatic is force responsible for building up of the HelmhÖltz layer
 which decreases with increasing distance towards the electrolyte from
 the interface. The denser layer within the sheath of ions in the
 electrolyte is known as the first HelmhÖltz layer or simply the
 HelmhÖltz layer whereas the ions in the diffused part form an outer or
 second HelmhÖltz layer normally termed as Gouy layer. The ions in
 this layer are somewhat mobile though restricted compared to the
 ions in the interior of the electrolyte. At equilibrium, the energy bands
 in the semiconductor are bent upward and Fermi levels of the
 semiconductor and redox level of the electrolyte align. The general
 structure of the n-type semiconductor electrolyte interface and the
 corresponding energy band diagram are shown in Figure 7.4.
 Figure 7.4 Structure of the n-type semiconductor electrolyte interface and the corresponding energy band diagram
 Thus the complete picture of the semiconductor electrolyte
 interface can be summarized as
 i. Diffused space charge layer in the semiconductor
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 ii. HelmhÖltz layer
 iii. Diffused ionic layer (Gouy layer)
 7.2.4 Requirements of Semiconducting Materials Used As
 Photoelectrodes
 The semiconductor photo-electrode is the heart of a PEC solar
 cell. Overall performances of PEC solar cell mainly depend on the type
 of material chosen for the fabrication of semiconducting electrode and
 its parameters. For the achievement of good performance it should
 satisfy the following requirements:
 The optical absorption coefficient of semiconductor photo-
 electrode material should be high.
 The band gap (Eg) of the photo-electrode material should be
 optimum so as to match with maximum span of solar spectrum
 (Eg=1.2 to1.8 eV).
 It should be of direct band gap type with high optical absorption
 coefficient.
 The diffusion length for minority carriers should be as long as
 possible.
 The width of the space charge layer must be large.
 Photoelectrode should be stable in the electrolyte and should
 not get corroded during illumination.
 Thickness and area of the photoelectrode should be large
 enough to absorb all the incident radiation.
 Series resistance Rs should be as small as possible and shunt
 resistance Rsh should be large enough. Ideally Rs=0 and Rsh=∞.
 Cost of the material manufacturing process and efficiency
 should be acceptable.
 7.2.5 Properties of the Electrolyte
 Another important parameter in PEC solar cell is the electrolyte.
 An electrolyte is a liquid substance which acts as a medium to
 conduct electricity. Electrolyte consists of the oxidized and reduced
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 species. These species are ionic species, which help in transferring the
 photo-generated holes from photo-electrode to counter electrode.
 Requirements of properties of the electrolyte, which PEC solar
 cell should satisfy, are listed below:
 The charge transfer rates due to redox system at both
 semiconductor and counter electrode should be high or
 effective.
 The electrolyte should have minimal optical absorption.
 Oxidized species, reduced species and solvent components
 should have photo and thermal stability throughout usable
 solar spectrum and operational temperature range.
 Oxidized species, reduced species and supporting electrolyte
 concentration in solvent should be adequate to reach required
 current densities.
 Ionic conductance of electrolyte should permit negligible ohmic
 losses.
 Electrolyte should not react with the semiconductor electrode
 and should be non-corrosive to the electrode and container
 material.
 Cost, toxicity and environmental aspect should be preferably
 low.
 7.2.6 Requirements of the Counter Electrode
 A counter electrode is the third part of the PEC solar cell. The
 requirements of counter electrode for better performance in PEC solar
 cell are as follows:
 The counter electrode should not react with the electrolyte i.e. it
 should be chemically inert.
 The counter electrode must be electrically active i.e. the charge
 transfer between the counter electrode and redox species in the
 electrode must be fast.
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 The area of the counter electrode must be larger than that of the
 semiconductor electrode. This improves the collection efficiency
 and avoids the concentration polarization.
 When a counter electrode is immersed into the electrolyte, the
 half cell potential of the semiconductor electrode should match
 with the half cell potential of the semiconductor electrode.
 Counter electrode should have low over potential for the
 reduction reaction.
 Counter electrode must be cheaper, platinum and graphite are
 more widely used. Many counter electrode materials have been
 evaluated electrochemically by Allen and Hickling [34].
 7.3 EXPERIMENTAL
 7.3.1 Preparation of Semiconductor Electrode
 A glass rod of 0.5 cm in diameter and 10 to 12 cm in length with
 a narrow bore of diameter 0.05 cm was used to prepare the electrode.
 One end of this narrow bore glass rod was flattened by hot gas blow.
 The flat portion was used as a platform for resting the crystal. The
 narrow bore was used as a passage for traversing a good conducting
 copper wire. The copper wire was flattened at one end for getting a
 contact with the crystal.
 In the present work, a semiconductor electrode was fabricated
 in such a way that the contacting material (adhesive silver paste)
 provided good ohmic contact between the copper wire and the
 backside of the crystal. The whole assembly was then kept in an oven
 for few hours at 100 ºC for baking. After proper setting of the crystal
 on the copper wire terminal, the semiconductor was covered with an
 epoxy resin (araldite) leaving a light exposed an area of 2-5 mm2 for
 exposure to light source. The so prepared complete device
 semiconductor electrode is shown in Figure 7.5.
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 Figure 7.5 The semiconductor electrode
 7.3.2 Counter electrode
 A counter electrode in PEC solar cells is required to complete
 the electrochemical reactions in a cell for better performance of PEC
 solar cell. Generally Platinum or graphite is widely used material for
 the same. Many materials have been investigated electrochemically as
 counter electrode materials, by Allen and Hickling [34]. Platinum is
 the standard counter electrode for PEC systems but its widespread
 use is impractical due to high cost and limited supplies. We can also
 use copper grid, tungsten Carbide etc. In the present investigations,
 copper grid has been used in place of platinum as the counter
 electrode.
 7.3.3 Selection of Appropriate Electrolyte
 The selection of electrolyte in a PEC solar cell is extremely
 important because it actually is a source for the electrochemical
 reactions leading to the photo-effects. The electrolyte consists of the
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 oxidized and reduced species. These species should be ionic in nature,
 which help in transfer of photo-generated carrier from the photo-
 electrode to the counter electrode. To obtain a workable
 photoconversion from PEC solar cell, the selection of suitable
 electrolyte is very important. The electrolyte decides the band bending
 in the semiconductor near the interface and hence the efficiency of
 photoconversion.
 Among all electrolytes listed in Table 7.1, it was observed that
 electrolyte with the composition 0.3M K4[Fe(CN)6]+0.15M K3[Fe(CN)6]
 gave the minimum dark voltage & dark current and as well provided
 the maximum value of photocurrent (Iph) & photovoltage (Vph) for the
 electrodes which are used to fabricate PEC solar cell in present
 investigations.
 In this case, a mixture of K4[Fe(CN)6] and K3[Fe(CN)6]was
 employed as an electrolyte. All the chemical products were of reagent
 grade and the electrolyte solutions were prepared using triple distilled
 water. The solutions were not stirred during the measurement. Here
 photoelectrodes have been prepared using CrxMo1-xSe2 (0.25, 0.50,
 0.75) single crystals having visibly smooth surfaces.
 Table 7.1: List of prepared electrolytes for present work
 0.025M I2+2M KI+0.5M Na2SO4
 0.5M KI+0.5M Na2SO4
 0.025M I2+2M NaI
 0.1M FeCl3+0.1M FeCl2
 0.01M FeCl3+0.1M FeCl2
 0.1M K4[Fe(CN)6]+1MK3[Fe(CN)6]
 0.3M K4[Fe(CN)6]+0.15MK3[Fe(CN)6]
 1M K4[Fe(CN)6]+0.1MK3[Fe(CN)6]

Page 15
						

Chapter 7
 Priyanka F. Desai/Ph.D. Thesis/Department of Physics/S. P. University/March 2014 181
 7.3.4 Experimental Set-up of Photoelectrochemical Solar Cell for
 I-V Characteristics
 The semiconductor electrode prepared in the manner outlined
 above was immersed in an appropriate electrolyte contained in a
 corning glass beaker. A copper grid (3 cm × 3 cm) was used as the
 counter electrode. A schematic diagram of the photoelectrochemical
 solar cell is shown in Figure 7.6.
 Figure 7.6 The schematic diagram of PEC solar cell used to
 measure I -V characteristic
 The cell was illuminated with light from a Xenon lamp from
 different intensities. The intensity of illumination was altered by
 changing the distance between the light source and the electrode. The
 incident intensity of illumination was measured using „Suryampi‟ or
 Solar meter (TES electrical electronic corporation TES 1332A).
 Photocurrent and photovoltage were recorded using digital
 multimeters (Protek, 506 & RISH multimeter, 18S) with accuracy of
 0.1 mV/μA. To vary the power point on the V-I characteristics, a
 series of variable resistance of different values has been used.
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 In ideal cases and practical cases, the V-I characteristics of PEC
 solar cell is as shown in Figure 7.7. The V- I characteristics of
 practical cases largely deviate from ideal characteristics.
 Figure 7.7 Ideal and Practical I-V characteristic of solar cell.
 7.3.5 Characteristic Parameters of PEC Solar Cells
 There are various parameters available from which we can judge
 or evaluate the performance of PEC solar cell [35]. The most general
 parameters, which are used in even day to day life for deciding the
 quality of the PEC solar cells, are efficiency, current and voltage
 specifications. Besides these, there are some other parameters which
 one must study in detail to improve the performance of such cells.
 Some important parameters which have been used in present
 investigation for characterization of as grown single crystal based PEC
 solar cell are given below.
 a) Short circuit current (Isc)
 b) Open circuit voltage (Voc)
 c) the maximum power
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 d) Fill factor (F.F.)
 e) Efficiency (η %)
 a) Short circuit current (Isc)
 The current measured directly across the electrodes in the
 absence of any load in the circuit is referred to as the short circuit
 current Isc. Mathematically the short circuit current can be expressed
 as;
 0
 B
 exp 1k
 ocsc
 eVI I
 T
 (7.2)
 Where, I0 = Reverse saturation current
 kB = Boltzmann constant
 T = Operating temperature (Room temperature)
 Voc = Open circuit voltage
 This parameter depends on the band gap of the semiconductor;
 smaller the band gap greater is the expected short circuit current.
 b) Open circuit voltage (Voc)
 The voltage measured across the electrodes when there is
 infinite load in the circuit is termed as the open circuit voltage Voc.
 The mathematical representation of open circuit voltage is given
 below;
 LB
 oc Ie
 TnkV ln
 (7.3)
 Where, n = the ideality factor
 Bk0.0259volt(at300K)
 T
 e
 IL = intensity of illumination
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 c) Maximum power (Pm)
 The product of current and voltage gives the output power i.e.
 Pout = V x I (7.4)
 For a particular load resistance value, this output power will be
 maximum. This point is referred as the maximum power point and the
 value is called the maximum power (Pm).
 d) Fill Factor (F.F.)
 Ideally a solar cell should have Vmp=Voc and Imp=Isc however,
 various loss mechanisms operating within the cell make it to deviate
 from the ideal behaviour. The term used to express this departure is
 known as the "fill factor" (FF) defined by
 ocsc
 mpmp
 VJ
 VJFF
 ..
 (7.5)
 Where, Jsc = short circuit current density
 Jmp = current density at maximum power point and
 Vmp = voltage at maximum power point.
 e) Efficiency ()
 The theoretical conversion efficiency of a solar cell at the
 maximum power point is given by
 %100..
 in
 scoc
 in
 mpmp
 P
 IVFF
 P
 IV
 (7.6)
 Where, Pin is the solar power input
 in
 mpmp
 P
 JV
 (7.7)
 Where, Jmp = Imp/Area
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 7.3.6 Mott-Schottky Evaluations
 7.3.6.1 Capacitance Measurements
 The capacitance of solid / liquid interface in the PEC solar cells
 varies from a few μF to pF. It becomes highly difficult to measure the
 values accurately using normal laboratory capacitance meters.
 To measure the space charge capacitance in the
 abovementioned range, the Hewlett Packard LCR meter was used. The
 schematic diagram for impedance measurements is demonstrated in
 Figure 7.8. A saturated calomel electrode (SCE) was used as a
 reference electrode and platinum grid as a counter electrode.
 Figure 7.8 Schematic diagram of impedance measurement
 The relation between the space charge capacitance and the
 space charge potential is represented by well known Mott-Schottky
 equation as
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 e
 Tk
 eNC
 Bsc
 Dssc
 0
 2
 21
 (7.8)
 Where, Csc is space charge capacitance
 ε0 is permeability
 εs is the dielectric constant of semiconductor
 e is charge of electron
 ND is Donor Density
 sc is space charge potential
 kB is Boltzmann Constant and
 T is absolute temperature
 According to this equation (1/Csc)2 versus sc plot is a straight
 line. However, sc cannot be measured directly, generally, in
 electrochemistry electrode potentials are measured against a reference
 electrode (usually a Normal Hydrogen Electrode (NHE)).
 The measured potential difference V corresponds to
 NHEscV (7.9)
 for sc = 0, there is no band bending corresponding to a flat band
 situation. Suppose the flat band potential is Vfb and the electrode
 potential is V then the Mott-Schottky equation can be written as;
 e
 TkVV
 eNC
 Bfb
 Dssc 0
 2
 21
 (7.10)
 Therefore, a plot of (1/Csc)2 versus electrode potential (V) will be
 a straight line. From Mott-Schottky plots one can find out type of
 semiconductor, flat band potential and donor density, band bending,
 depletion layer width and position of band edges etc.
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 7.4 RESULTS AND DISCUSSION
 7.4.1 Photoconversion Characteristic of CrxMo1-xSe2 (x=0.25, 0.50,
 0.75) PEC Solar Cells
 The photo-electrode fabricated using CrxMo1-xSe2 (x=0.25, 0.50,
 0.75) single crystals have been used as working semiconductor
 electrodes for the absorption of incident radiations. The electrolyte
 having concentration 0.3M K4[Fe(CN)6]+0.15MK3[Fe(CN)6] have been
 used as the ionic conduction medium to support the charge transfer
 mechanism for PEC solar cells. Copper wire used as a counter
 electrode. The Xenon lamp has been used as a source of
 polychromatic light for the investigation of the photoconversion
 characteristic of CrxMo1-xSe2 (x=0.25, 0.50, 0.75) based PEC solar
 cells. Figures 7.9-7.11 depict the photovoltage - photocurrent
 characteristics of CrxMo1-xSe2 (x=0.25, 0.50, 0.75) electrodes obtained
 at various intensities in the range 10mW/cm2 – 70mW/cm2.
 Figure 7.9 Photovoltage vs. Photocurrent characteristic for Cr0.25Mo0.75Se2 single crystal under different levels of
 illumination.
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 Figure 7.10 Photovoltage vs. Photocurrent characteristic for Cr0.5Mo0.5Se2 single crystal under different levels of illumination.
 Figure 7.11 Photovoltage vs. Photocurrent characteristic for
 Cr0.75Mo0.25Se2 single crystal under different levels of illumination.

Page 23
						

Chapter 7
 Priyanka F. Desai/Ph.D. Thesis/Department of Physics/S. P. University/March 2014 189
 It is quite apparent from Figures 7.9-7.11 that the photovoltage
 characteristic deviates from the expected ideal behaviour. Also it can
 be said that the characteristics show the diverging behaviour with
 increase in intensity. This is quite obvious because the increase in
 intensity of incident illumination directly means that the number of
 quanta of photons incident on the semiconducting materials surface
 increases. This leads to the absorption of the quanta in the
 semiconductor, which subsequently enhance the generation of
 electron-hole pairs. The similar behaviour is observed for all the
 electrodes.
 Various characterizing parameters like short circuit current (Isc),
 open circuit voltage (Voc), efficiency (η) and fill factor (F.F) for all the
 samples of CrxMo1-xSe2 (x =0.25, 0.50, 0.75) have been evaluated and
 given in Tables 7.2-7.4. The further investigations have been carried
 out to study the effect of incident illumination on various parameters.
 Table 7.2 Characteristic parameters of Cr0.25Mo0.75Se2 based PEC solar cell with intensity illumination
 Intensity
 (mW/cm2)
 Short
 Circuit
 Current
 Isc×10-5
 (Amp)
 Open
 Circuit
 Voltage
 Voc (V)
 Power
 Max.
 Pmax×10-6
 (Watt)
 Fill
 Factor
 (F.F.)
 Efficiency
 η (%)
 10 2.870 0.214 1.970 0.321 0.303
 20 3.540 0.247 2.910 0.332 0.223
 30 4.670 0.280 3.530 0.270 0.180
 40 6.080 0.296 5.810 0.323 0.223
 50 6.160 0.318 6.630 0.339 0.204
 60 7.120 0.342 9.000 0.370 0.230
 70 7.980 0.350 10.300 0.393 0.227
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 Table 7.3 Characteristic parameters of Cr0.5Mo0.5Se2 based PEC solar
 cell with intensity illumination
 Intensity
 (mW/cm2)
 Short
 Circuit
 Current
 Isc×10-5
 (Amp)
 Open
 Circuit
 Voltage
 Voc (V)
 Power
 Max.
 Pmax×10-6
 (Watt)
 Fill
 Factor
 (F.F.)
 Efficiency
 η (%)
 10 3.025 0.370 5.499 0.491 0.846
 20 3.203 0.392 5.984 0.476 0.460
 30 3.369 0.404 7.080 0.518 0.362
 40 3.470 0.421 8.230 0.563 0.316
 50 3.822 0.444 9.750 0.574 0.299
 60 4.080 0.482 11.700 0.592 0.298
 70 4.170 0.498 13.400 0.644 0.294
 Table 7.4 Characteristic parameters of Cr0.75Mo0.25Se2 based PEC solar cell with intensity illumination
 Intensity
 (mW/cm2)
 Short
 Circuit
 Current
 Isc×10-5
 (Amp)
 Open
 Circuit
 Voltage
 Voc (V)
 Power
 Max.
 Pmax×10-6
 (Watt)
 Fill
 Factor
 (F.F.)
 Efficiency
 η (%)
 10 3.980 0.193 2.610 0.339 0.401
 20 4.150 0.214 3.445 0.389 0.265
 30 4.550 0.237 4.324 0.400 0.221
 40 5.810 0.252 6.000 0.409 0.230
 50 6.883 0.262 6.720 0.372 0.206
 60 7.542 0.280 9.220 0.435 0.236
 70 7.980 0.287 9.960 0.435 0.218
 From the Tables 7.2-7.4 it can be seen that the fill factor
 does not show a large variation with the intensity of incident
 illumination.
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 Figures 7.12-7.14 show the variation of short circuit current
 with intensity of incident polychromatic illumination for all the grown
 samples.
 Figure 7.12 The variation of short circuit current (Isc) with the intensity of incident illumination for Cr0.25Mo0.75Se2
 single crystals
 Figure 7.13 The variation of short circuit current (Isc) with the intensity of incident illumination for Cr0.5Mo0.5Se2 single
 crystals
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 Figure 7.14 The variation of short circuit current (Isc) with the
 intensity of incident illumination for Cr0.75Mo0.25Se2 single crystals
 From the Figures 7.12-7.14, it is quite clear that the short
 circuit current increase with the intensity of incident illumination. But
 the important fact is observed that the increase is found to be nearly
 linear. This can be explained as follows.
 The absorption of incident radiations leads to the generation of
 electron-hole pairs within the semiconducting materials. It is always
 essential that the photogenerated carriers within the semiconductor
 should take part in the charge transfer mechanism through the
 electrolyte and the counter electrode. This process can be divided in
 two steps.
 The efficient generation of carriers within the semiconductor
 due to the absorption of incident radiations.
 The oxidation-reduction which can also be called charge
 transfer reaction at semiconductor – electrolyte interface and
 the electrolyte – counter electrode interface.
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 If both the processes occur at the same rate, then the
 photocurrent always increases linearly with the increase in the
 intensity of incident radiations. But if the charge transfer mechanism
 across the two electrodes becomes slower than the photogeneration
 mechanism, then there will not be a transfer of all photogenerated
 carriers from semiconductor electrode to the counter electrode. This
 results into the nonlinear behaviour of the characteristics which
 means that the short circuit current will start saturating after some
 intensity of light.
 Similarly the open circuit voltage with intensity of incident
 radiations for all the electrodes has been shown in Figures 7.15-7.17.
 It is quite clear from Figures 7.12-7.14 & Figures 7.15-7.17 that
 variation of short circuit current and open circuit voltage with
 intensity of incident polychromatic illuminations is more or less of
 similar nature. This is well expected.
 Figure 7.15 The variation of open circuit voltage (Voc) with the
 intensity of incident illumination for Cr0.25Mo0.75Se2 single crystals
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 Figure 7.16 The variation of open circuit voltage (Voc) with the
 intensity of incident illumination for Cr0.5Mo0.5Se2 single crystals
 Figure 7.17 The variation of open circuit voltage (Voc) with the
 intensity of incident illumination for Cr0.75Mo0.25Se2 single crystals
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 The variation in photoconversion efficiency with the intensity
 of incident polychromatic illumination is shown in Figures 7.18-7.20
 for all the electrodes. As expected the efficiency decreases with the
 intensity of illumination as per the above discussion. But the
 maximum efficiency in all the electrodes is found to be around10
 mW/cm2, which is not relevance with the discussion of charge
 transfer mechanism given above. Also, efficiency is maximum for
 Cr0.5Mo0.5Se2 single crystal electrode. So we can say that this electrode
 is more suitable for PEC solar cells‟ fabrication than the rest of others
 mentioned above.
 Figure 7.18 The variation of efficiency (η %) with the intensity of incident illumination for Cr0.25Mo0.75Se2 single crystals
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 Figure 7.19 The variation of efficiency (η %) with the intensity of
 incident illumination for Cr0.5Mo0.5Se2 single crystals
 Figure 7.20 The variation of efficiency (η %) with the intensity of incident illumination for Cr0.75Mo0.25Se2 single crystals
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 7.4.2 Mott – Schottky Plots
 Capacitance measurements were undertaken with CrxMo1-xSe2
 (x= 0.25, 0.50, 0.75) electrodes at various potentials. Capacitance data
 from these electrodes were carried out to construct the Mott Schottky
 plots (1/C2SC versus V). Figures 7.21-7.23 present such plots for
 CrxMo1-xSe2 (x= 0.25, 0.50, 0.75) single crystal electrodes respectively
 using the electrolyte (0.3M K4[Fe(CN)6]+0.15MK3[Fe(CN)6]).
 Figure 7.21 Mott - Schottky plot for Cr0.25Mo0.75Se2 single crystals

Page 32
						

Chapter 7
 Priyanka F. Desai/Ph.D. Thesis/Department of Physics/S. P. University/March 2014 198
 Figure 7.22 Mott - Schottky plot for Cr0.5Mo0.5Se2 single crystals
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 Figure 7.23 Mott - Schottky plot for Cr0.75Mo0.25Se2 single crystals
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 In the graphs of 1/C2SCE versus V, the voltage axis intercepts
 give the flat band potentials Vfb. The acceptor concentration (nA) can
 be determined from the slopes of the straight line portions of the Mott-
 Schottky plots using the formula;
 1
 02
 slopeenA (7.11)
 Where, „nA’ is the accepter concentration, „e‟ is the charge of electron
 taken as 1.62 ×10−19 Coulomb, ε is the dielectric constant of the
 material, ε0 is the permittivity with a value of 8.854 × 10-12 Fm-1.
 The dielectric constant ε for CrxMo1-xSe2 (x= 0.25, 0.50, 0.75)
 single crystals have been evaluated by using the relation;
 0
 A
 Cd
 (7.12)
 Where, „C‟ is the capacitance, „d‟ is the thickness of crystal, and „A‟ is
 the area of contact.
 7.4.2.1 Energy Band Location
 From the values of the band gaps for CrxMo1-xSe2 (x= 0.25, 0.50,
 0.75) single crystals the position of the valence band and conduction
 band edges for all the electrodes in the electrolyte reported can be
 estimated. The procedure for this estimation is outlined below:
 The difference between Ev and Ef can be obtained from the
 equation;
 kT
 EENn
 fvA
 A
 exp
 (7.13)
 Where, „nA‟ is the acceptor concentration (all acceptor impurities
 assumed to be completely ionized), „Ev‟ is he energy at the top of the
 valence band, „Ef‟ is the Fermi level energy and „NA‟ is the density of
 effective states in valence band which is given by ;
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 2
 3*
 32
 2kTm
 hN hA
 (7.14)
 Where, 𝑚*ℎ is the effective mass of holes.
 Taking the values of effective mass for CrxMo1-xSe2 (x= 0.25,
 0.50, 0.75) from TEP measurements described in Chapter 4, the
 values of NA have been estimated.
 A
 Avf
 n
 NkTEE ln
 (7.15)
 Using above relation, Ef – Ev has been evaluated and from the
 values of Vfb, the values of Ev for all the compounds have been
 determined. Now from the values of band gap for all the samples
 reported in Chapter 6, the position of conduction band minima for all
 materials has been obtained.
 The band bending, (Vb) is an important since it gives the
 maximum open circuit voltage (Voc) obtainable from
 photoelectrochemical cell. Vb and Vfb are related as;
 fbredoxfb VVV , (7.16)
 The values of Vf, redox have been measured using pH meter with
 SCE electrode. The values of Vb for all electrodes have been
 determined using this relation and are listed in Table 7.5.
 Further, substituting the values of nA and Vb into the
 equation;
 21
 02
 A
 b
 eN
 VW
 (7.17)
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 the width of the space charge region „W‟ has been evaluated for
 all the electrodes in given electrolyte. All the values are shown in Table
 7.5.
 Table 7.5 Summary of results obtained from Mott-Schottky plots for
 CrxMo1-xSe2 (x= 0.25, 0.50, 0.75) single crystals
 7.5 CONCLUSIONS
 On the basis of obtained results of the measurements performed
 and presented in this chapter some conclusions are drawn as below.
 1. From the Photovoltage – Photocurrent characteristic of all the
 electrodes at various intensities it can be seen that
 photoconversion characteristic shows the diverging behaviour
 with intensity and it deviates from the expected ideal behaviour.
 2. The short circuit current and open circuit voltage increase with
 intensity of illumination that is because of the fact that the
 charge transfer in those materials is due to the absorption of
 Properties Cr0.25Mo0.75Se2 Cr0.5Mo0.5Se
 2
 Cr0.75Mo0.25Se2
 Electrolyte 0.3M K4[Fe(CN)6]+0.15MK3[Fe(CN)6]
 Type p p p
 Flat Band Potential Vfb(V) 0.8910 0.8540 0.7890
 Band Bending Vb(V) -0.7020 -0.6650 -0.6000
 Carrier Concentration
 nA(m-3)
 1.18×1014 3.81×1015 1.35×1016
 Density of states in
 valance band NA(m-3)
 1.33×1019 3.96×1018 3.94×1017
 Depletion Width W (m) 1.58×10-3 6.18×10-4 7.89×10-4
 Conduction band edge Ec
 (eV)
 -1.0459 -1.1462 -1.0780
 Valance band edge Ev (eV) 0.2841 0.1938 0.3032
 Redox Fermi level of the
 electrolyte Ef,redox
 0.1890 0.1890 0.1890
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 incident radiations and the oxidation-reduction processes at
 semiconductor – electrolyte interface and electrolyte – counter
 electrode interface.
 3. The percentage efficiency decreases with increasing input
 intensity. The solar energy conversion efficiency is extremely low
 may be due to the p-type materials. The effective efficiency
 improvements can be achieved by,
 Reducing the reflectivity of the semiconductor electrode
 surface,
 Decreasing the surface and bulk recombination rate,
 Lowering the bulk resistivity of the material
 Minimizing the absorption losses in the electrolyte and
 Controlling the stoichiometry of constituent elements to
 obtain favorable values of band gap and resistivity.
 4. The type of Mott-Schottky plots firmly confirm the p-type
 behaviour of the single crystals of CrxMo1-xSe2 (x= 0.25, 0.50,
 0.75).
 5. From Mott-Schottky plots various parameters have been
 calculated. The Fermi energy level is close to the top of the
 valence band which again confirms that CrxMo1-xSe2 (x= 0.25,
 0.50, 0.75) single crystals having p-type semiconducting nature.
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