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ABSTRACT

Iron pyrite, also known as iron disulfide, has been classified as one of the most promising
I

materialsfor both thin film and photoelectrochemical (PEC) solar cells. In this study, iron pyrite was

grown on tin oxide coated glass substrate. Iron oxide was first grown by spray pyrolysis and then

sulfurizedto convert the iron oxide into iron pyrite. The deposition parameters were optimized. Iron

pyritewas characterized 'with respect to its optical and structural properties. Finally, a PEC solar cell

was fabricated with iron pyrite as photoanode.

Theoptimized deposition parameters were: spray rate « 14 ml/min, substrate temperature > 370.0

°C for iron oxide and 420.0 "C for tin oxide, spray distance 30-35 cm. Annealing the iron oxide in

sulfur vapour was done with the following optimized parameters: heating rate 4-5 °C/min, up to a

temperature of350.0 "C, cooling rate of 1-2 °C/min down to below 80.0°C. The sample was then

dipped in carbon disulfide and rinsed with distilled water.

Optical studies of iron pyrite gave an absorption band edge of about 1.0 ev, and an absorption

coefficient in the range of 104 ern:'. The thermoelectric effect measurement failed to show whether

the films were clearly n or p type. However, the current direction in thePEC solar cell indicated the

films to be n type.

The PEC solar cell gave a short circuit current density of about 40.0 uAzcrrr' and an open circuit

voltageof about 64.5 mv for a vacuum-annealed photoanode and 2.4 u.Azcrrr' (short circuit current

density)and 11.0 mv (open circuit voltage) for a non-vacuum-annealed photoanode.The efficiency

of the vacuum annealed photoanode was 2.71xl0-4% while that of the non-vacuum annealed

photoanode was 1.83xl0-6%.
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CHAPTER ONE

1 INTRODUCTION

The great and growing demand for energy has caused great importance tc be attached to the

exploration of new sources of energy. Solar energy is one of the major areas of new energy

exploration.

The solar age promises to slow our dependence on the increasingly expensive, scarce and

environmentally unfriendly fossil fuels and nuclear energy. The materials and principles involved

in solar energy generation are intrinsically more manageable than those associated with large scale

nuclear reactions. Solar energy represents an inexhaustible energy resource that can be utilized to

supplyman's energy needs for all time. The land required to provide all our energy needs is a small

fractionof the land area required to produce food, and moreover, the land best suited for collecting

solar energy is the land least suited for other purposes [Williams, 1977].

Solar energy's most attractive aspects include its comparative simplicity, benign nature, diversity

and the promise of a lessened dependence on other sources of energy. For several years now, there

has been considerable hope and keen interest centered on the development and fabrication of

photoelectrochemical (PEe) solar cells due to their several advantages over the use of solid state

cells. These advantages include their being: (i) easy and simple to make (ii) insensitive to gross

defects (iii) low cost of manufacturing compared to p-n
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junctionsolar cells (iv) large single crystals are not necessarily to be grown (v) p-njunction forms

spontaneously on the semi-conductor making contact with the electrolyte (vi) no need for front

metallization as in p-n photovoltaic solar cells (vii) no need for a transparent epitaxial layer

[Lokhandeand Dhumre, 1993; Heller and Miller, 1980].

The basic setup of these devices is the illumination of a semi-conductor electrode in an

electrolyte.At the semi-conductor liquid junction, reduction takes place while oxidation takes place

atthecounter electrode-liquid junction. This happens for a p type material. The reverse is true for

anntype material. This process continues with no net change in the electrolyte since a reduction in

oneelectrode is counteracted by oxidation in the other. This leads to electric power generation when

thetwo electrodes· are connected via a load.

One of the most recent candidates and a potential material for solar energy production is iron-

disulfide.It is a new solar material currently under active research [Ennaoui. et al, 1986; Ferrer and

S'anchez,1991; Hopfner et al, 1993; Fleming, 1988; Birkholz et aI, 1990]. It has several advantages

comparedto other materials. These include:(i) material elements which are cheap, abundant and non

toxic(ii) the energy gap of approximately 1.0 ev is sufficient for solar energy applications.

(iii)its absorption coefficient (in the range of l Ovcm for hv ) 1.3 ev) makes it attractive for use in

bothPEe and thin film solar cells [Ennaoui. et al, 1985] (iv) high electron mobilities
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(230 crrr' (V_S)"l)good for electrical conduction [Shuey, 1975] (v) the high contribution of d-states

tothevalence energy band is very important in PEC applications, thus pyrite promises to be of good
I

stabilityin terms of corrosion [Tributsch, 1982] (vi) high quantum efficiencies (approximately 90%)

inI1I- solution [Ennaoui, 1985].

A number of researchers [Ennaoui et al, 1986; Ennaoui and Tributsch, 1984] have used iron

pyriteas a photoelectrode in the design of PEC solar cells. The results have been encouraging and

thereare indications of a bright future for PEC solar cells.

One of the major drawbacks of photoelectrochemical (PEC) semi-conductor devices is the

chemicalinstability of the semi-conductor electrodes. Suggestions like the use of cycle-based

reversibleredox reactions of egosulfur on cadmium sulfide semi-conductor electrode have been tried

[Bolton,1977]. The use of polysulfides has also been suggested [Backus, 1977]. The polysulfides

activelyparticipate in fast electron transfer processes or even precipitate on the electrode surface and

thusimprove the stability of the light sensitive surface. However, these suggestions and techniques

areonly applicable for a short period of time and do not represent a long term solution to the

instabilityproblem. Conceptually, we will have achieved a great deal by the manufacture of stable

photoelectrochemicaldevices. The present study involved and accomplished the following study

objectives:(i) the growth of iron disulfide thin film on a glass substrate by spray pyrolysis (ii) the

3



optimizationof deposition parameters in an endeavor to grow good films (iii) characterization of the

preparediron disulfide film.fiv) use of iron disulfide as a photoelectrode in a photo electrochemical

(PEe) solar cell studies. Spray pyrolysis as a thin film growing technique was used due to its low

costand suitability for large scale film production.
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1.1 LITERATURE REVIEW

This section is devoted to the general review of the work researchers have done as regards to

photoelectrochemical solar cells. This is quite a new field of research in search for other forms of

energy along side solid state devices. Discussion is made of the different types of

photoelectrochemical solar cells that have been tried and the shortcomings of the these types of solar

cells.

1.1.1The Photoelectrochemical solar cell

Solid-liquid junction solar cells can be classified into three:

a) photoelectrochemical (PEC) solar cells

b) photoelectrolysis solar cells.

c) photogalvanic solar cells

Inthe PEC solar cell first pioneered by Fujishima and Honda [Fujishima and Honda, 1972] there

was no net chemical reaction in the electrolyte for oxidation at one electrode was accompanied by

reductionat the other. Thus only electric current was generated. Conversion of light energy into

electricalby the use of photoelectrochemical solar cell is through the semi-conductor-electrolyte

interface.The photoelectrolysis solar cell comprises photoelectron decomposition of water i.e

opticalenergy is converted into chemical energy. Thus hydrogen and oxygen are liberated at the

electrodes[Bolton, 1977; Fujishima and Honda, 1972; Tokio, 1979 ]. In photo galvanic solar cells,
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molecular species in solution absorb the incident light and electrical power is generated by charge

transferfrom excited species to the electrodes in contact with light absorbing system.

2 Progress in semiconductor-liquid junction solar cells

Alot of research on iron-disulfide as a solar cell material has been done and solar energy

conversionefficiencies of the order of 1% and lower for 1"112synthetic FeS2 under an illumination

intensityof 800 mW/cnr' have been reported [Ennaoui and Tributsch, 1984]. Further, they obtained

astraight line graph power output curve with a negative temperature gradient. This indicated a poor

valuefor the fill factor, a low photovoltage and a high series resistance. The cell had an average

quantumefficiency of 33% with visible Xenon light (intensity 40 mW/crn"). However, the cell did

notshow any decay within a twenty four hour period.

LaterEnnaoui and others [Ennaoui et al, 1986] attempted to fabricate a PEC solar cell with 0.5

MN~S04 as electrolyte under an illumination of 4-5 W/cm2. They observed a relatively high dark

anodiccurrent (l0 rrtAzcrrr') at l.0 v. A significant anodic corrosion was also observed.

Theytried other electrolytes such as: S2·/Sn2-,Fe(CN)6 3-14-, Fe2+/3
+, Br/Br., Cl"/CI2and Ce3-/4-. A shift

ofthe onset of photo currents with the redox potentials for each electrolyte was observed. They

attributedthis behaviour to unpinning of energy bands (Fermi level pinning) by the presence of

surfacestates. A redox solution of 1.0 M Ca12,4.0 M HI and 0.05 M 12under a 4-5
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W/cm2illumination intensity by a W-halogen lamp with n-FeS2 as photo anode gave a photo current

densityof between 1-2 ntAzcm" However, in this case the electrode was etched in an aqueous

solutionof 0.5 M H2SO/H202(30%) mixed in the ratio of 1:1 [Ennaoui et al, 1986]. Mo~ based

PECsolar cells using non-aqueous solutions, have low efficiencies but good stability. An equivalent

stabilityand high efficiency for MoSe2 with a redox system of acetonitrile solution containing CUCl2

canbe obtained. With a single crystal of n-WSe2 in iodide-triodide redox solution and using a carbon

counterelectrode, Heller and Miller [Heller and Miller, 1980] report efficiencies of 10%. Furen and

others[Furen et al, 1980] have reported an efficiency of 14% for the same system but using a

platinumcounter electrode and on replacement of the redox couple with bromide-bromine, the

efficiencydrops to 11%. The low absorption by Br.Br gave a high short circuit current but a lower

fillfactor and open circuit voltage.

Chemically deposited CdSe films as photoelectrodes have also been used in PEC solar cells.

Photocurrent values of 0.19 mA and photovoltages of 150.0 mV were measured with 1.0 M KI as

electrolyteunder an illumination intensity of 100 mW/cm2 [Lokhande and Dhumre, 1992]. Other

materialslike n-Ag2S as electrodes in 1.0 M (NaOH-N~S-S) electrolyte have been used [Lokhande

andDhumre, 1993]. The values for the photo current and photovoltage were 0.256 mA and 95.0 mV

respectively.
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1.1.3 Semiconductor electrode materials for photoelectro-

chemical (PEe) solar cells

One of the most studied semi-conductor electrodes is GaAs. Being a direct band-gap semi-

conductor material, efficiencies obtained with it are as high as 19%. Its high cost is, however, a

drawback. GaP with an energy band gap of about 2.23 ev is more suited for use in photoelectrolysis

cellsthan in PEC due to this high energy gap. InP (1.3 ev) is likely to be unstable due to its low band

gap.InP has also been mentioned as being sensitive to water vapour and thus not suited for solar

cells [Boer and Piprek, 1994]. Efficiencies of 6.4% and 7.5% have been obtained with n-Culnfi,

andCulnxe, in polysulfide electrolyte [Weman et aI, 1989; Lona, 1997]. The performance of a PEC

solarcell depends on the preparation of the semi-conductor electrode. The characterization of such

thinfilm electrodes is thus very important and structural, optical and electrical properties of such thin

filmelectrodes are of paramount interest.

The main concern in the research is the studies of semi-conductor/electrolyte interface coupled

withthe development of efficient solar to electrical energy conversion systems and/or the production

ofchemical species from sunlight. It is the aim of researchers to discover inexpensive materials

whoseenergy band gap matches that of solar spectrum and which are stable in operation. Promising

candidates, according to Tributsch [Tributsch, 1982], are transition metal dichalcogenides. Their

general
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chemicalformula is MX2; M being the transition metal atom and X one of the chalco gens either S,

Seor Te. A total number of sixty exist in two classes: pyrite type and layered type. The layered type
I

semi-conductors according to studies [Tribusch, 1982] show laboratory efficiency and good stability

inredox solutions. Generally, elements in groups 4B and 6B columns show good semi-conducting

properties.

1.1.4Draw backs of ph otoelectrochemical solar cells

The advantages of PEe solar cells over p-n junction photovoltaic cells would be of little use if

reasonableefficiencies and stability cannot be achieved. As cited earlier, a 12% solar-to-electrical

conversionefficiency has already been obtained [Miller and Heller, 1980]. Even with the efficiency

of12% so obtained by Miller and Heller, 1980, the photo anode electrode was still unstable.

The approach to solve the instability problem has assumed many dimensions. The selection of

semi-conductor-redox couple solution pairs for which the self oxidation of semi-conductor is

kinetically overcome has been suggested [Heller and Miller, 1980]. One method is to have redox

coupleswith fenni level close to the conduction band i.e fenni level about 0.1-0.2 ev below the

conductionband. However, excess reduction drops the cell voltage and efficiency significantly. By

makingthe oxidation of the redox couple greater than that of the semi-conductor, the rate of
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holetransport (semi-conductor oxidation) can also be reduced. Miller and Heller, 1980, have noted

thatthe most stable semi-conductors to be used as photoanodes are those with large band gaps. This
I

impliesabsorption spectra which poorly overlap the solar spectrum.

It has been suggested [Hovel, 1975] that since it is not possible to apply an anti-reflection coating

at the semi-conductor-liquid junction, an alternative would be to build an appropriate surface

roughness into the interface. In a PEe solar cell, the redox process competes well with the anodic

dissolution when the energy states of the redox system are not located near the valence band but

somewhatabove it. This means that surface states, energy levels at the semi-conductor surface are

involved. In this case electrons are first transferred from the redox system into these states and

recombinewith the holes created by illumination of the photoanode. Such surface states can occur

as intermediate states in the photocorrosion reaction. Thus, holes move towards the surface and

causethe breaking of a surface bond. The remaining unpaired electron is then no longer in the

valenceband state but in energy state situated above the valence band. As soon as another hole is

trapped, the next bond may be destroyed and a surface group dissolved. Memming, 1980, has

suggested that the formation of another hole can be prevented if an electron is transferred from a

suitableredox system to a surface group at which one bond is already broken so that the bond is

restored.Thus the stabilization consists of a partial
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dissolution followed by a regenerative process.

Lokhande and Dhumre, 1993, have noted that since the photocorrosion is caused by accumulation

of holes at the photoanode, hole scavengers (negative ions and other molecules that have high

affinity for holes) can be introduced to neutralize the holes [Lokhande and Dhumre, 1993]. The

scavengerconcentration should always be high enough and the distance between the two electrodes

shouldbe small to increase the mass transfer rate. All the above suggestions have been tried in one

wayor the other and the results have been positive. Results obtained by Heller and Miller, 1980,

relatedto instability of n-GaAs in 1.0 M KOH PEC solar cell whose photoanode was prepared by

chemicaldeposition have been encouraging. Using CdSe as a hole-accepting ion, Heller and Miller,

1980, showed that the ratio of current going to corrosion to total current on increasing the hole-

acceptingion concentration fell from 1.0 at 0.0 M hole-accepting ion concentration to about 0.01 at

0.2 M hole-accepting ion concentration. They also obtained a corrosion current

reductionof about 30.0 IlA in an n-CdS in 1.0 M Fe(CN)t IFe(CN)/ solution PEC solar cell by

makingthe rate of hole transport greater than the rate of self oxidation of the illumination semi-

conductor.

Investigations by Lokhande and Dhumre, 1993, have shown that a mixture of 1.0 M KCI and 1.0

M NaCI in the ratio 1:1 improved the stability ofPEC solar cells formed with CdSe electrodes to

120minutes; compared to 50 minutes in the absence of the

11



chloridesolutions. The photoelectrode was prepared by chemical deposition. Lokhande and Dhumre,

1993,have also prepared ~g2S anodes but used them in various charge storage configurations. The

resultsindicated the possibility of storing chemical energy by using chemically deposited Ag2S and

CdSe.Ag2S in 1.0 M polysulfide gave a short circuit current of 0.129 mA and an open voltage of

15.0mV on charging whilst on discharging it gave 0.044 mA as the short circuit current and 5.0 mV

IS open voltage.

12



CHAPTER TWO

2 THEORETICAL BACKGROUND

2.1 Introduction

The history of the studies of the photovoltaic phenomena at electrode-electrolyte dates back

overhundred years. Becquerel in 1879 detected electric currents when one of the identical electrode

immersedin dilute acid solutions was illuminated. The immense work that followed made it possible

in 1887 for the discovery of the electron photoemission effect at the electrode interface. This

consistsof the absorption of a light quantum by the electrode releasing electrons into the electrolyte

inpartially free form. The photoemission of electrons drew great attention and has been the object

of intensive research both in experimental and theoretical aspects [Bolton, 1977]. The results

obtainedinfluenced a great deal the development of quantum theory of light, solid state physics and

otherproblems of modern physical sciences. There has been great diversity in the photosensitive

electrochemical systems development and a large class of theories to explain the generation of the

photoresponse in such systems.

Photocells can be classified into three major groups depending on processes taking place in them.

Thefirst group comprises of systems in which the photocurrent is generated due

13



toabsorption of light by the solution leading to homogeneous photochemical reactions. The current

variationat the electrode i~ caused by the formation of excited molecules, free radicals or other

photolysisproducts that might undergo reduction or oxidation at the electrode. The electrode simply

actsas a detector for the photochemical reactions and does not take part in the photo process. The

secondgroup is that of the photo process that take place on semi-conductor electrodes. The inner

photoeffect i.e, generation of minority current carriers in the semi-conductor (electrons in the

conductionband, holes in the valence band) is responsible for the photocurrent in this case. The final

groupconsists of photo voltaic systems consisting of metals with a clean surface in contact with a

non-absorbingelectrolyte.

Thereare three possible mechanisms for the photocurrent generation in the third group suggested

by Sihvonen [Sihyonen, 1977]: (i) emission of electrons from the metal into the solution in the

presenceof light (ii) photo discharge of dissolved species and (iii) decomposition of adsorbed

moleculesunder the action of light with the formation of cations and anions on the surface. The

cationsand anions ultimately pass into the solution.

Experiments [Cheremisinoff and Regon, 1978] conducted with alkali metal amalgam in aqueous

solutionsuggest that the rate of decomposition of the metal in solution depended on the light

polarization. The reaction rate was faster when the electric field vector was normal to the metal

surfaceas compared to when

14



itwas parallel. This suggests the possibility of the photoemission passing from the metal into

solution.The three outlined mechanisms of photo current generation are not mutually exclusive

thoughone may be predominant depending on the experimental conditions.

2.2 Design of a photoelectrochemical solar cell

The change in the electrode potential (on open circuit) or in the current flowing in the external

circuit(under short circuit conditions) of an electrode/electrolyte system on irradiation is termed as

photoelectrochemical effect.

For generation of power from a semi-conductor/electrolyte junction, the semi-conductor has to

be combined with a suitable counter electrode in what is termed as a galvanic cell (see Fig. 2.1).
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ILLUMINATION

Voltmeter

Semiconductor
Anode

Semiconductor
Cathode

-_ - _ -_-_-ELECTROLYTE-_ -_-_- _-_-_-

Fig. 2.1 Schematic diagram of a photoelectrochemical (PEe) solar cell.
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Heller and Miller have argued that a 12% solar-to-electrical conversion efficiency is possible

with PEe solar cells [Heller and Miller, 1980]. Problems associated with achieving stable and

efficient solar cells spring from electrolyte exposed semi-conductor surface. This introduces

photocorrosion, light induced ion exchange, interfering surface states, impurities, and prevention of

non-reflecting coating being applied. The semi-conductor liquid junction solar cell (Fig.2.1) can be

viewed as a battery functioning when one of the electrodes is illuminated [Gerischer, 1978;

Williams, 1977] consuming photons only but not the cell material.

The reaction equation in Fig.2.1 is given as:

At anode

Zh" + 2X2• ~ X2
2•

where

h' is a hole

(2.1 )

X2• is reduced species

x 2'2 is oxidized species

At cathode

Ze + X2 2· ~ 2X 2·

where

e- is the electron

(2.2)

Xl is reduced species

xi is oxidised species
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The electrochemical potential of electrons is represented in solids by their Fermi level and in

edox couple solutions by the Nernst potential. When a semi-conductor gets into contact with a

olution, there is equalization of the redox potential and the semi-conductor's Fermi level resulting

n bending of the conduction and valence bands as shown in Fig.2.2 [Sihvonen in Bolton, 1977].

18



I
I

ELECTRON ENERGY

C.b

V.b---

...••~f-D-is-ta-n-c-e-- Hole Energy

Fig.22 Band shapes in the bulk of an illuminated
n-type semiconductor.

19



The extent of bending approximates the difference between redox couple potential and the Fermi

levelof the semi-conductor representing the barrier height. This is the limit of the achievable cell

voltage and also implies potential gradient or electric field at the interface. Photoexcitation of

electronsfrom valence to conduction bands is followed by separation of holes and electrons in this

field.The hole-liquid interface oxidizes the member of redox couple and electrons move through

thebulk of semi-conductor and back contact to external load. The electrons finally reach the cathode

andthe redox couple is reduced. For good cells therefore, anode and cathode reactions should be

equaland opposite.

The natural counter electrode for a semi-conductor/redox electrolyte system is a reversible redox

electrodefor the same redox system. The same redox potential controls the equilibrium at both the

electrodes, the Fermi levels being equal in both the solid and the electrolyte. The counter electrode

provides the further advantage that it guarantees a rapid attainment of equilibrium at the semi-

conductorelectrode after bringing both electrodes into electronic contact, as the time constant in this

caseis controlled by the double layer capacity and the external resistance instead of the interfacial

electron transfer resistance.

Under illumination, the photovoltage drives the electron from the semi-conductor to the counter

electrode, while the holes react with the electrolyte. As a result the oxidation of Red
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(reaction(2.3) below) at the semi-conductor electrode is compensated by the reduction of Ox + at

thecounter electrode (reaction (2.4)below) [Bolton,1977]. In this case, no net chemical change

occurs.

Interfacial reactions:

(2.3)

(2.4)

The maximum open circuit voltage that can be generated is equal to the amount of band bending

and is therefore controlled by the electrolyte Fermi level for a given semi-conductor. The operational

efficiencyof the photo electrochemical (PEC) Solar cell depends on the relative rates of electron-hole

recombination and electron transfer. Several energy loss mechanisms are operative in solid junctions.

Theseinclude: (i) energy loss as charge carriers cross the space charge layer (ii) Ohmic losses (iii)

energyloss due to oxidation of Red at the semi-conductor
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electrode(iv) energy loss due to reduction at the counter electrode. For better performance, one has

tominimize: (i) energy losses in the cell circuit (ii) light losses caused by absorption outside the

space-charge layer in the electrolyte and by reflection.

Photodecomposition of the semi-conductor imposes another restriction on the extent of band

bending.To prevent photodecomposition, the Fermi level of the redox system in the electrolyte must

notexceed the decomposition Fermi level of the semi-conductor for the particular reaction with the

minority carriers. The further the redox Fermi level of the electrolyte is below the anodic

decompositionFermi level of n-type material, or (above the anodic decomposition Fermi level for

p-typematerial), the greater the risk of photodecomposition. The distance between the two electrodes

aas to be as small as possible to minimize concentration differences. Stirring also helps in achieving

tfficient rates by convection. The electrolyte layer between the photoelectrode and the counter

:Iectrodeshould be kept thin.

Theelectrolyte containing the redox couple must be transparent to the useful wavelength of the

ncidentlight so that maximum light intensity is incident at the depletion layer from front. The semi-

:onductor photoelectrode, the electrolyte and the counter electrode should be arranged in a

;onfigurationoptimum for uniform current distribution in the cell.
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2.3 Processes at Semiconductor electrolyte boundary

Just as metal electrodes, semi-conductor electrodes can undergo redox reactions by electron

transferbetween the electrode and the redox system in solution. However, a chief difference is the

existence of a band gap in the energy distribution of electron states in semi-conductors. The electron

transferoccurs within the two bands, conduction and valence and depends on whether it occurs via

theconduction or valence, the type of semi-conductor and the specific redox system. This is due to

theelectron transfer occurring between the electron energy states of the same energy, one occupied

and the other empty. A redox reaction at the semi-conductor comprising holes and electrons is thus

[Bolton, 1977]:

ox+ I solv + e· (c.b) p Red, solv (2.5)

or

ox+ 2 solv p Red, solv + h" v.b (2.6)

The importance of the energy positions of band edges and redox species is shown below in Fig.

2.3 [Bolton, 1977].
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The standard redox potential (UredoJ and re-organization energy characterize the electronic

energystates in solution. There is need to introduce an absolute scale for the equilibrium potentials

of the redox systems in solution for comparison and the adjustment to the models of solid state

physics.This is done by taking the vacuum level of electrons as the reference energy rather than the

hydrogenelectrode in aqueous solution [Bolton, 1977].

A formulation' for a redox reaction is thus for an electron transfer between vacuum level and

vacantstates in solution:

ox+ solv + e- vac '" Red solv ; .0.G= .0.g0 (2.7)

where

.0.G= Energy level of electron

.0.Go = Energy level in vacuum

Assumingthat the electron is at the energy level corresponding to .0.Goinstead of vacuum level, then

wehave at equilibrium of reaction .0.G= 0 - the Fermi energy E,

(2.8)

where

Er,redo, is Fermi energy of redox system
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Ef
O is Fermi energy of redox system in vacuum

aredis concentration of reducing agent

aoxis concentration of oxidizing agent

k is Boltzman's constant

T is absolute temperature

Werelate the absolute scale of Fermi energies and the electrochemical redox potential scale Uredox

by [Bolton, 19977]

EfredoxX=-eUredox+ E," (ref. electrode)

where

(2.9)

e is electronic charge

Uredoxis the redox potential

Forthe description and understanding of the thermodynamics of redox reactions between electrons

inconduction band (c.b) or holes in valence band (v.b) and redox species in solution, we attribute

individualredox potentials to each of the electronic transitions. Thus for electrons in the c.b we have

[Bolton,1977]

vacant state in c.b + e' vac: '" e' c.b

(2.10)

where

E, is lower edge of conduction band
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n is electron concentration

N, is effective density of states in conduction band

k is the Boltzman's constant

T is the absolute temperature

nEf is the Fermi energy for electrons

Similarlyfor holes in valence band,

h+v.b + e- vac ' p occupied state in v.b

where

E, is the upper edge of valence band

p is concentration of holes

N, is effective density of states in v.b

k is Boltzmann's constant

T is the absolute temperature

pEr is Fermi energy of holes

(2.11 )

In equilibrium, the Fermi level of electrons and holes coincide due to the equilibrium condition

[Bolton, 1977]:

obtained since

27

(2.12)

(2.13)



where

no is concentration ofelectrons at equilibrium

Pois concentration of holes at equilibrium

2.4Interface of semiconductor-electrolyte

When a semi-conductor is brought into contact with an electrolyte containing a redox system

equilibrium is attained by electron exchange at the interface. At equilibrium, the Fermi levels are

adjustedby the formation of an electric double layer between the electrolyte and the semi-conductor;

thestructure which depends mainly on the concentration of the mobile and the immobile charge

carrierson both sides of interface.

If a semi-conductor is in contact with an electrolyte, a depletion layer develops as a consequence

ofthe mismatch of the Fermi level Et of the semi-conductor and the Fermi level

Er redoxof the electrolyte. At equilibrium, the band bending is energetically equal to the initial

differencein the Fermi levels. At the particular redox potential of the electrolyte, when Efredox= E,",

thereis no excess charge in the semi-conductor and hence no band bending. The bands are thus flat

from the bulk to the surface and the corresponding redox potential is referred to as flat band

potential, VFB' The value of ~B depends on the properties of the semi-conductor, the chemical

natureand the doping concentration control E, 0 and the composition of the electrolyte.
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Whena semi-conductor is used as an electrode in an electrolyte a variable electric charge can then

beaccumulated in the space charge region underneath the interface with the electrolyte by the
I

application of a voltage. Thus the concentrations of charge carriers and band edge energy values

differbetween the surface of semi-conductor and bulk. We concentrate on their values at the surface.

The exact position of the band edges in contact with an electrolyte depends entirely on the semi-

conductorand composition of the electrolyte. Capacity measurements in a potential range where a

depletionlayer is formed underneath the semi-conductor surface can be obtained experimentally. It

ispossible to apply the space charge theory and extrapolate from the above measurements and get

theflat band condition or potential. There are no excess charges found in the space charge layer of

thesemi-conductor. Under such a situation, the band edge in the bulk and the surface coincide. The

Fermi-levelin the bulk of semi-conductors is controlled by the applied potential and the energetic

positionof the band edges at the surface against the electrolyte can be calculated. The variation of

bandedge position' in the surface with the applied electrode potential is very small due to the large

voltagedrop in the space charge layer of the semi-conductor and the little effect of applied potential

ontheHelmholtz double layer at the semi-conductor electrolyte interface. However, the double layer

isa function of the electrolyte position.
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The electrolyte effect is due to either ion absorption or dissociation of ionic components from

semi-conductor surface. The ionic double layer formation by the strong interaction between ions in

solutionand semi -conductor surface gives a method of varying the redox potentials of electrons and

holes in semi-conductor relative to redox systems in solution. The existence of electronic surface

statesat the semi-conductor complicates things. The surface states may either be filled or emptied

ina certain range of polarization of the electrode depending on their energy positions, a process that

changesthe potential drop in the Helmholtz double layer similar to ion adsorption [Gerischer and

Tobias, 1978; Weman, 1989; Bolton, 1977; Bockris, 1959].

2.5 The effect of illumination

Electron-hole pairs are generated when light of energy

hv ~ E, (band gap of semi-conductor) falls on the semi-conductor surface after crossing the

transparent electrolyte layer. If carriers are generated in the space-charge layer, they move in opposite

directions as a result of the electric field in the layer. Assuming no recombination, the majority

carriers migrate to the bulk and the minority carriers to the surface. Thus n-type semi-conductors act

asphotoanodes and dark cathodes while p-type materials act as photocathodes and dark anodes. For

n-type semi-conductor electrodes in an ideal case, the holes react at the interface exclusively with

the electrolyte, oxidizing the donors (Red) of the redox system.
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The difference in the thermodynamic properties of holes and electrons for circumstances far from,

quilibrium is very vital. The steady state is attained when the generation is equal to annihilation of

ioles and electrons and the concentration increase by ~n and ~p with some distribution in space.

[he individual redox potential of electrons and holes effective at the electrode in the steady state of

llumination or quasi-Fermi energies E' f is obtained by putting the value at the surface for n +zsn in

2.10) and p +~p in (2.11). Equation (2.12) becomes invalid since n is no longer equal to no, and p

:0 Po.The shift of quasi fenni level of holes and electrons is given by equations (2.10) and (2.11) in

:he form:

(2.14)

md

(2.15)

where

nE'f is Fermi energy level of electron on illumination

If is Fermi energy level of electrons in dark

!1nEfis change in Fermi energy level due to increase in

electron conduction.

!1n is the increase in electron concentration due to illumination

nois the initial concentration of electrons at equilibrium
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(2.16)

forLlp»P0 (2.17)

where

pE*r is the Fermi energy of holes on illumination

pEr is the Fermi energy of holes

LlpEr is the change in the Fermi energy due to increase in

LlPis the increase in hole concentration due to illumination

Pois the initial concentration of holes at equilibrium

number of holes

In well conducting semi-conductors, no " Poor Po "l'\, thus from above equations, a shift in quasi

Fermi level is possible for minority carriers. Using the above equations, it is easy.to estimate the

maximum free energy which can be gained from an illuminated semi-conductor electrode.

On the surface of a semi-conductor electrode, the excess concentration of minority carriers

depends on (i) light intensity (ii) absorption coefficient (iii) quantum yield for electron-hole pair

formation (iv) recombination rate in the space charge layer (v) transport phenomena. The band bend

in the space charge layer is reduced drastically at saturation and the potential
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distribution close to that of the flat band situation.
/

Our discussion has been on inert material semi-conductor electrodes capable of exchanging

electronsand holes with a redox system in an electrolyte. We have very few such semi-conductors.

Alarge class of semi-conductors can undergo reduction due to an accumulation of electrons in the

conduction band or oxidation due to accumulation of holes in the valence band and in turn form

soluble or insoluble products. This reactivity is a major obstacle to the use of semi-conductors in

photoelectrochemical cells e.g cadmium sulfide is oxidized into Cd2+ ions and sulfur molecules, zinc

oxideinto Zn2+ ions and oxygen molecules by holes generation to the surface [Peter, 1978; Bolton,

1977]. Some materials can be reduced by electrons of the conduction band to cadmium metal and

S2. ions or zinc and OR ions respectively. These reactions have the effect of:

i) changing the properties of materials

ii)production of surface films by catalyzing recombination processes between holes and

electrons

iii) blocking current flow

iv) absorbing a lot oflight to make electrode inefficient for energy conversion.

However, titanium dioxide is stable to these decompositions,but the band gap is too wide for it to

givesome good efficiency.
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2.6 Photoemission into electrolyte
/

This is the first stage of a complex multi-step process compared to the photoemission of

electrons from metal to vacuum. It comprises three stages:

a) transition of electrons through the interface after absorption of a light quantum.

b) thermalization and solvation of the emitted electrons. This leads to a reduction in

their initial energy to the level of thermal kinetic energy and formation of solvated

electrons. This takes a very short time, in the order of 10.9 s.

c) The electrons formed in solution enter into chemical reaction with solutes being

capable of reacting with electrons e.g H30+, N03-, or NP, 02> CO 2" These solutes and

molecules, capable of capturing electrons are termed as electron scavengers [Beda

et al, 1987; Bolton, 1977].

In the event of non-existence of electron scavengers, solvated electrons return to the electrode at

a rapid rate, the result is a stationary photo current in the system i.e zero photocurrent. This is

becausethere is no electron transfer from one electrode to the other in the electrolyte. The electron

scavengers can react with solvent molecules, however, the rate of reaction is so small that no

noticeable rise in photo currents is obtained.
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The existence (II an electrical double layer at the clcctrodc-clccu olytc interface makes all the external

potential applied to the electrode concentrate here thus an additional photoemission parameter.

electrode potential comes into existence, Assuming the ohmic potential difference drops across the

electrolyte in strong electrolyte. the potential remains practically constant outside the dense part of

the double layer. If a potential cp is applied to the system, the energy level of an electron in solution

at a distance which exceeds the double layer thickness changes by ecp. Thus the electron work

function changes:

(2.18)

-'~ where WIllS(o) = work [unction for electron emission from electrode to solution with electrode
~
~ potential taken as zero; Wms«(p» = work function at potential ¢; e = electronic charge.
~ . ,

; The electrons in photoer:nission into the electrolyte fall in a condensed medium (electrolyte)

J\ gaining energy due to electron-medium interaction. The nature of movement of thc electrons in the

~jelectrolyte is quite different from that in vacuum. The electrons emitted into the electrolyte enter into

~ collective interaction with the solvent and solute molecules. It is postulated that the image forces in.
< the electrolyte are partially or even totally screened by the ions in the solution lGerischer and
}

].
>~Tobias, 1978; Roy et al, 1986; Bolton, J <)771- It is important to note that photcernission into

~
) electrolyte can only be'
\
. !

JNr::-- ~;;;;;:7~r NAiROBfUBRAR~
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observed when the electrolyte contains electron scavengers. Further, the solvated electrons undergo

a chemical reaction with the scavenger for the existence of the stationary photo current. Thus

photoemmision assumes an electrochemical reaction.

2.7 Charge separation by electric field in the semiconductor

Charge carriers of opposite sign can be separated more efficiently if the light absorption occurs

ina range where an electric field is present. This seems only possible in the space charge layer of

semi-conductor electrode more so, in the depletion layers in which excess charge is formed by

immobile donors or acceptors. The excess charge of a semi-conductor electrode depends on the

applied potential. A positive excess charge is needed for an n-type semi-conductor and a space

chargelayer depleted of electrons is formed at potentials positive from the flat band potential. A p-

typesemi-conductor has a space charge layer depled of holes at a potential negative from the flat

bandpotential. This can be achieved by: the application of external voltage against a suitable counter

electrodeor immersion ofthe electrode into a suitable redox system electrolyte (see Fig.2.4) [Bolton,

1977;Sihvonen:in Bolton, 1977].
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The immersion of an electrode into a suitable redox electrolyte system is analogous to a

heterojunction in solid state devices. On illuminating, the depletion layer electron- hole pairs are

generated [Bolton, 1977]. These are separated by the electric field present in this layer driving the

minority carriers to the surface and the majority to semi-conductor bulk. The probability of

recombination is minimized. The rate of recombination depends on (i) presence of traps in the space

chargelayer (ii) cross-section for recombination of holes and electrons (iii) field strength.

The charge separation process causes a disturbance of the electric field present in the space

charge.To counter this change in electric field in the space charge, another field acts as a driving

forcefor electrolysis between the semi-conductor electrode and a counter electrode. Thus there is

a shift in the Fermi-level in the semi-conductor bulk relative to the energy level in solution (see

Fig.2.5) [Bolton, 1977]. Two conditions here are observed: (i) In case the electric circuit is not

closed,the shift in Fermi level in the semi-conductor gives the open cell photovoltage, otherwise if

closedvia a counter electrode dipped into the same solution, the photovoltage is a driving force for

electrolysis. Electric field for charge separation can also be obtained by the insertion of a p-n

junction directly under the semi-conductor electrolyte interface. When the p-n junction is

illuminated the photovoltage is directly available for electrolysis.
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2.8 Photovoltaic measurements

A Solar cell's performance is evaluated by determining the load characteristics of the device under

illumination and obtaining the various photo voltaic performance characteristics. These performance

characteristics include efficiency n, open circuit voltage Voc' short circuit current Isc' fill factor FF,

maximum voltage Vm> maximum current 1m and maximum power Pm.

Solar cell measurements can be carried out either in natural sunlight or indoors using solar

simulators. Recommended light sources for solar simulators used in terrestrial photovoltaic

measurements include: (i) a dichroic filtered ELH-type tungsten lamp (ii) a short arc steady state

xenonlamp and (iii) a long-arc pulsed xenon lamp. The spectral distribution of these sources match

reasonably that of terrestrial sunlight.

Several types of equipment are used to obtain a solar cell I-V curve. These are: (i) fixed load

resistors which allow only discrete points along the curve to be obtained. The maximum voltage

drop across the cell on measuring the short circuit current should not exceed 20 mV. The open circuit

voltageshould be measured with a voltmeter of internal resistance of not lower than 20 KQN. (ii)

variablepower supply: This device gives a continuous I-V curve. A sinusoidal signal is imposed on

the device and the voltage and the current through the cell are fed to the X-Y axes of an X-Y

recorder or oscilloscope with the current converted to a voltage signal by the use of a current -

voltageconverter. The advantage of this method is that it allows
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the forward and the reverse biasing of the cell thus giving additional diagnostic information. (iii)

electronic load: This is an automatic power supply specifically for solar cells. (iv) microprocessor

based data acquisition system: This employs a power supply to obtain data.

In all these methods, great care should be taken in making electrical connections. Any wire

resistance developed between the test device and the instrumentation causes power output losses and

Isc---~--------------------------~~Im---~--------------------------~~~-pm

thus an inaccurate I-V curve.

The values V"eand Iscare read directly from the I-V curve obtained (see Fig. 2.6.)

-c
Q)

'-'-:::J<.)

Voltage Vm Voc
Fig.2.6 Typical current-voltage curve. for an ideal

solar cell. ->
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The JllaXil11UI1lpower point can he obtained hy computing the IV product at various points along the

curve and selecting the point where the product is a maximum. The voltage and current values at the

maximum power point are the maximum voltage Vlll and maximum current III values for the cell

[Kastur and Suhit. 1983].

The maximum power, Pm and the fill factor, Ff can be determined using the relation

Pm VIll'm
(2.19)

and

(2.20)

This enables the efficiency II to be determined from

(2.21)

or

II = [ P"iPi" ]x I 00 (2.22)

where

1\, is the illumination intensity incident Oil the cell.

2.9 Spectral response investigation for solar cell

This mainly involves the measurement of the wavelength dependence of the photocurrent, This

is quite important both as a characterization technique and as an effective diagnostic and analytical

tool. Any changes in the device configuration or material properties or electronic structure of the

junction shows up. in the spectral response curve.
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CHAPTER THREE

3 EXPERIMENTAL PROCEDURE

3.1 Introduction

PEC solar cell development and fabrication procedures require the use of different materials and

equipment,each of which has its appropriate stage of application. In this chapter, several processes

involvedin the development and fabrication of a metal sulfide PEC solar cell are reported where

theapparatus and techniques used are also presented.

3.1.1Spray pyrolysis

The spray pyrolysis is a chemical deposition technique that involves spraying a solution, usually

aqueous,containing soluble salts of the constituent atoms of the desired compound onto a substrate

maintainedat elevated temperatures.

Spraypyrolysis involves a thermally stimulated reaction between clusters of liquid/vapour atoms

of different chemical species. The sprayed droplet reaching the hot substrate surface undergoes

endothermicpyrolytic decomposition and this forms a single crystallite or a cluster of the product.

Theby-products which are mainly volatile together with the excess solvent escape in the vapour

phase.

The thermal energy for the decomposition of the constituent species comes from the substrate.

Thisis followed by sintering and recrystallization of the clusters of crystallites thus giving rise
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toa coherent film. This technique, besides being a technique suitable for large scale film production
I

givesthe researcher an opportunity to optimize parameters and variables like temperature of the

substrateand deposition flow rate.

The spray pyrolysis setup (as shown in Fig. 3.1) comprised a sprayer made of hard glass. The

sprayerhad two inlets. One inlet allowed in pressurized carrier gas (nitrogen) while the other allowed

theinflow of the solution to be sprayed. The solution and the carrier gas had a common outlet, and

thesolution emanated as a cone due to the pressurized gas. The pressurized solution fell on a

substrateat elevated temperatures forming a film. The substrate temperature was maintained constant

withthe help of an electric heater whose heat input was controlled by the use of a variac. A 21OOA

Flukesdigital thermometer was used for monitoring the substrate temperature.

The solution was sprayed for a few seconds (between 4-7 s) then stopped to give time for the

temperatureof the substrate to rise back to the optimized value. The process was continued until the

requiredcoating was obtained. The intermittent spraying helped prevent the cracking of the substrate

owingto rapid cooling. To obtain a uniform film, the sprayer was moved to and fro above the

substrate in a plane parallel to the substrate. The substrate was turned through 1800 after

approximatelyhalf the solution was sprayed. This helped in reducing the likelihood of one end of

thesubstrate being sprayed on more than the other. It was not likely for multilayers to form because
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therewas very little time difference (1-3 sees) between one phase of spray and the next. This was

madepossible by not lettin~ the substrate temperature to fall far below the optimized value (range

was
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Fig.~.1 Schematic diagram of the spray pyrolysis setup.
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3.2Preparation of samples and solar cell studies

The methodology involved in the present investigation included six basic steps.

i) optimization of spray parameters

ii)preparation of iron disulfide

iii)photoelectrode preparation

iv) iron disulfide characterization

v) investigation on optical transmittance of photoelectrode

vi) PEe solar cell studies.

The method used in the preparation of the iron disulfide was the spray pyrolysis method

followedby sulfurization.

3.2.1 Optimization of parameters

The spray rate, substrate spray temperature, height of spray above the substrate, and the solutions

to be sprayed were optimized by visually observing the nature of film formed. A series of

experimentswere conducted by keeping some parameters constant and varying a parameter at a time

untilall parameters were optimized. A coherent, uniform film without visible pinholes was expected

atthe optimized parameters. By observing the film against light, thinner sections could be seen if

itwasnot of uniform thickness. The annealing rates in sulfur were optimized by (i) determining the

heatingand cooling rates that resulted in total conversion of the iron oxide to iron disulfide. This was

determined by visual observation of the film underside. The underside colour of the film was

expectedto be gold-like when conversion was complete. (ii) determining the rates that did not cause

47



peeling off of the iron oxide film.

The cell's electrolyte was optimized with respect to its optical transmittance and resistance.
. I

Low resistance and high transmittance was expected.

3.2.2 Preparation of iron disulfide

Four basic steps were followed in the preparation of iron disulfide (iron pyrite):

i) cleaning of the substrate

ii) deposition of iron oxide by spray pyrolysis

iii) conversion of iron oxide into iron disulfide

iv) removal of sulfur from prepared film.

(i) Cleaning of Substrates

The substrates used were glass slides measuring 3.75 by 2.5 by 0.1 ern. Prior to deposition, the

glass substrates were cleaned by hand using cotton-wool and soap. This removed the grease

detectable by the human eye. A lens cleaning soft tissue paper was slowly run over the substrates to

remove most of the soap and dirt. The substrates were then dipped into acetone several times to

remove any stubborn stains. Finally, they were dipped into isopropyl alcohol and thereafter in

distilled water. The cleaned glass substrates were kept in an oven at about 60°C ready to be coated

on.
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(ii) Deposition of iron ox~de

Iron oxide was grown on a clean glass substrate at elevated temperatures (370.0 °C) by spray

pyrolysis by spraying iron (III) chloride solution. The deposition was done in air and thus the most

likely oxide was hematiteiFe.Oj).

(iii) Conversion of iron oxide into iron disulfide

Conversion of iron oxide into iron pyrite was achieved by annealing the oxide in sulfur vapour;

a process called sulfurization [See fig. 3.2]. The oxide-coated substrate was laid on top of a 'U'

shapedmetal plate which was in turn placed on top of a flat metal plate placed on top of an electric

heater.The flat metal plate was used both as a flat surface on which the 'U' shaped metal plate with

the sample rested and as an indirect contact between the electric heater and the sample. The 'U'

shapedmetal plate prevented the flow of melted sulfur onto the substrate. A glass container open at

itsbase and with a tightly fitting lid (at the top) with a small exhaust hole (near the top) was inverted

overover the 'U' metal plate and sample. About 2.4 - 3.0 g of powdered sulfur was evenly spread

onthe flat metal plate area enclosed by the inverted glass container but outside the 'U' metal plate.

A bigger glass container was used to enclose the system. The temperature was slowly raised to 350.0

°C then slowly reduced down to below 80.0 "C.
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A likely equation for the reaction was [Smestad et al and Kautek, 1990]:

2Fe203 (s) + 11 S - 4FeS2 (s) + 3S02 (g)

~G = -42.8 KCallmol

(2.23)

:iv) Removal of sulfur from iron disulfide film

The prepared samples were dipped several times in carbon disulfide to dissolve away any sulfur

in the film surface. The samples were then rinsed with distilled water.

50



INNERGLASS
CONTAINER

OUTER GLASS CONTAINER

~OT PLATE---~

SPRAYED
SUBSTRro-E

METAL COVER
PLATE

THERrvDCOUPLE
WIRES FLAT METAL

PLATE

~ig.3.2 Schematic experimental setup of the sample am

51



(v) Determination of film type,

Thermoelectric method was used to test whether the films grown were n or p type.

3.2.3 Photoanode preparation

The preparation of the photoelectrode included five sequential steps. These were:

i) cleaning of substrate

ii) deposition of back contact

iii) deposition of iron oxide

iv) conversion of iron oxide into iron disulfide

v) removal of sulfur from the photoelectrode.

(i) Cleaning of substrate

The glass substrates were cleaned as described in section 3.2.2(i).

(ii) Deposition of back contact

Tin oxide was used as a back contact for the photoelectrode. It was deposited on the substrate by

spray pyrolysis as described in section 3.1.1. Prior to obtaining a good and low resistance back

contact, optimization had to be done with respect to deposition rate, height of spray nozzle above

the substrate, substrate temperature and the ratios of mixing of the solutions to be sprayed.
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The deposition rate was obtained by determining the time it took a given volume of solution to be
I

sprayed. A series of trial experiments were conducted to determine the best spray rate at different

heights above the substrate. The best substrate temperature and ratio of mixing of the solutions were

also determined.

A solution of anhydrous tin (Iv) chloride also known as stannous chloride and isopropyl alcohol

weremixed and ammonium fluoride was added to this solution. The solution was sprayed on a glass

substrate at elevated temperatures (420.0 DC). The molarities, and temperature were varied in an

attempt to optimize the oxide formed.

(iii) Deposition of iron oxide

The method for the deposition of iron oxide was as described in section 3.2.2(ii). However,

laving deposited the back contact on the substrate, the iron oxide was grown on only a portion

'about half) of the section with the back contact coating. This was achieved by covering the rest of

he back contact film with a metal plate.

iv) Annealing in sulfur vapour

The conversion process was done as in section 3.2.2(iii) the only difference being that the portion

overed (see section 3.2.3(iii) still remained covered during the annealing process.
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·(v) Removal of sulfur from the photoanode

Carbon disulfide and distilled water were used as described in section 3.2.2(iv) to remove sulfur

from the photoelectrode. Two photo electrodes designated A and B were prepared. Photo electrode

B was annealed in vacuum at a pressure of about 8-9x 10.5 Torr for 3.5 hrs at a temperature of about

140.0 DC, etched in hydrogen fluoride, ethanoic acid and nitric acid in the ratio 1:1:2 after

preparation. Photoelectrode A was neither vacuum-annealed nor etched.

3.2.4 Iron disulfide characterization

(i) X-ray diffraction

X-ray diffraction pattern was taken in the 28 geometry with a diffractometer using a Cu K«-

105414 A anode.

(ii) Optical studies

An SPS 150 UVNisible Spectrophotometer was used in this study. The ratio recording technique

wasused. In this method, the optical transmittance of a thicker pyrite film relative to a thinner one

was measured. The transmittance ratio TI/2is given by

TII2 = exp(-a~t) (2.25)
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This is equivalent to measuring the transmittance of a film of thickness ~t. With the transmittance

known and the thickness determined, then eX the absorption coefficient was determined.

The transmittance of the photoelectrode was also measured using a blank substrate as reference.

(iii) Determination of film thickness

This was measured by the weighing method. The substrate was first weighed with the back

contact coating. It was reweighed after the iron pyrite film was formed and the difference in mass

(Llm), calculated. The difference was the mass, (~m) of the pyrite film. Knowing the density (p) of

iron pyrite (5.02 g/crrr'), the film thickness was calculated from [Lona, 1997]

~t ~ml
p

(2.26)

where

A = coated area

3.2.5 Photoelectrochemical solar cell studies

PEe solar cell studies begun with the optimization of the electrolyte and determination of the

optical transmittance of the cell container.
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(i) Optimization of electrolyte

The electrolyte used was an aqueous solution of potassium iodide and iodine. A series of trial

experiments were conducted to optimize the electrolyte with respect to current, voltage, resistance

and optical transmittance. The optical transmittance as a function of wavelength is as shown in Fig.

4.4.

The transmittance of the cell container was measured using an SPS 150 UV/Visible

Spectrophotometer.

(ii) Cell setup

The cell setup is shown in Fig.3.3. A 17 V, 150 W Quartz Halogen dichroic mirror lamp (Phillips)

having spectrum approximating that of the sun was used to irradiate the photoelectrode. The cell was

kept in a closed chamber with a window through which light could be allowed to shine on to the

photoelectrode. The cell container made from perspex had internal dimensions of about 4.2 by 3.8

by 3.1 em and a thickness of 0.2 em. The active area of the photoelectrode was calculated from the

filmwidth and the area of the film in electrolyte. The corresponding photovoltages and currents were

noted down.

(iii) Illumination intensity measurements

The illumination intensity measurements were carried out using a Kipp and Zonen CM5/6

Solarimeter with a thermopile resistance of 10.1 '0. The Solarimeter was illuminated with the same
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intensity as the cell and the corresponding value of the illumination intensity in millivolts read from
I

a 1905a Intelligent digital Multimeter connected to the Solarimeter. By the use of the conversion

relation 1000 W1m2 = 11.8 mV for the particular solarimeter, the illumination intensity was

converted into W/cm2•
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Fig.3.3 PEC solar cell setup.
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(iv) Spectral response investigation

Monochromatic photons of known wavelengths were allowed to impinge upon the photoelectrode

surfaceand the corresponding short circuit current noted to determine the spectral characteristics of

thecell under study. In this work, a Phillips 150 W Quartz Halogen dichroic lamp was used as the

sourceof the radiation. Collimated light from this source was imposed upon the cell through colour

filterswhich allowed a narrow bandwidth centered around a known wavelength to pass through (Fig.

3.4).The intensity was controlled by reducing or increasing the supply voltage.

59
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CHAPTER FOUR

4 RESULTS AND DISCUSSION

4.1 Optimization of parameters

The optimized parameters and the quantities used in the spray process are presented. The best

sprayrate was determined as 14.0 mllmin. A spray height of30-35 em above the substrate was found

tobe appropriate at the above spray rate.

The optimized masses and volumes of chemicals/solutions used in the preparation of back contact

werefound to vary. It was established that a solution made of 5.0 crrr' tin (IV) chloride, 5.0 ern

isopropyl alcohol and 0.0854 g ammonium fluoride when sprayed produced the best film. The

resulting films were transparent and of very good adhesion [Kaustur and Suhit, 1983]. They had a

violet/purple colour when viewed against light and had a sheet resistance of 22.0 '0/0. Sheet

resistance is the resistance of a film when its length is equal to its width.

The molarity of the iron (III) chloride sprayed was 0.1. The established best substrate spray

temperature was 370.0 DC.

Optimization was also done with regard to annealing of iron oxide film in sulfur vapour. The best

annealingrates were 4-5 "Czmin and 1-2 "Czmin for heating up and cooling down respectively. The

highesttemperature reached during the heating up process was 350.0 DC while cooling was done

downto below 80.0 DC. It was established that higher heating or cooling rates resulted in the peeling

offof the film. The resistance of the optimized film was measured to be about 6.0 K'O.
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4.2 Characterization of iron disulfide film

XRD diffraction measurements carried out using a Cu Ka-1.5414 A radiation gave the pattern

shown in Fig.4.0. Comparison of the obtained pattern with data in diffraction data book [Mines and

Geology, Industrial area, Kenya] and results obtained by other authors [Smestad and Silva, Tributsch

etal, 1988; Ferrer and Sa'nchez, 1991; Hopfner et al, 1995; Smestad et al and Kautek, 1989; Ennaoui

etal, 1992] confirmed the material to be iron pyrite.
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Tests carried out using the thermoelectric effect did not indicate the material (iron disulfide) to

be distinctly n or p type. j\ possible explanation for non-distinctness in the type of film is the

possibility of ion compensation. Iron vacancies must exist for a p type material while sulfur

vacancies must be there for a n type material. When these vacancies are almost in equal numbers,

there is compensation and the material may not show a distinct type [Schieck, 1990]. However, when

used in the PEe solar cell a current must flow thus indicating the type of the material. The current

direction in our solar cell indicated that the films were n type.

The mass of the iron pyrite on the substrate was measured to be 3.51x 10-3 g. The length and width

of the iron pyrite on the substrate was measured as 2.0 ern and 2.5 em respectively giving the area,

A, as 5.0 crrr'. Given the density of iron pyrite to be 5.02 g/crrr', the thickness of the iron pyrite film·

was found to be 1.4 urn.

Figure 4.1 shows how the absorption coefficient of iron disulfide varies with photon energy. The

data is tabulated in Table 4.1.
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Table 4.1 Optical transmittance for iron pyrite film.

Wave length A(nm) 600 700 800 892 918 946 961 984

Photo energy (ev) 2.06 1.77 1.55 1.39 1.35 1.31 1.29 1.26

Transm (%) T 0 0 .01 .03 .62 1.04 2.39 3.81

Absorb. Coeff. ex.x l Ovcm - - 6.53 5.75 3.61 3.24 2.65 2.32
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An absorption band edge was obtained around 1.0 ev. The same value (1.0 ev) was obtained by

Hopfenner and others [Hopfenner et al, 1995]. Other researchers [Ennaoui et al, 1986; Ennaoui et al,, .

1992; Giersig et al, 1992; Schieck et al, 1990] have obtained a value of 0.95 ev which again is rather

close to our value. The absorption coefficient («) for iron disulfide was found to be in the range of

3x104 crn' at 1.3 ev. This shows and confirms its future potential as a solar cell material. A number

of researchers [Hopfener et al, 1995; Smestad et al, 1989; Schieck et al, 1990] have obtained values

of ex. > 105 crn' at values of energy < 1 ev. However, it should be borne in mind that these results

were given by n type crystals prepared by either chemical vapour deposition (CVD) or metal organic

chemical vapour deposition (MOCVD) method. Nevertheless, the value of ex. obtained in our work

still compares rather well with that obtained by the above researchers. One of the reasons for the low

value of absorption coefficient obtained in our work could be attributed to the possible existence of

small micro pinholes on the iron pyrite film produced during fabrication. The pinholes have the

effect of allowing radiation to pass through thus reducing the absorption [Ennaoui et al and Giersig;

Vogel and Weller, 1992].

4.3 Photoanode transmittance studies

Transmittance studies of photo anode prepared by spray pyrolysis and sulfurization were carried

out.
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Photoanode's optical transmittance before and after use in the cell are given in Tables 4.2 and 4.3

.espectively and their corresponding graphical representations in Figure 4.2.

Table 4.2 Optical transmittance for a photo anode before use in the cell.

Wave 400 600 800 820 840 860 880 890 900
Length
A(nm)

Transm 0 0 0.10 0.04 0.95 1.56 3.65 5.78 7.85
(%)

Table 4.3 Optical transmittance for a photoanode
after use in the cell.

Wave
Length
A(nm)

400 875 900

Transm
(%)

600 650 750 820 850

o o 0.02 0.09 1.10 1.56 4.21 8.02
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The percentage op~ical transmittance of a photoanode used in our solar cell was measured

as a function of wavelength of the radiation before and after use. It can be seen from the foregoing

results (Fig.4.2) that the photo anode is opaque to radiation of wavelengths from 400-750 nm. All the

radiation falling on the photoanode in this range was absorbed. Comparing the optical tranrnittances

of the photo anode before and after use in our cell, it is clearly noted that optical transmittance for

the used photoanode starts at 650 nm wavelength. A plausible explanation to this observation lie in

the possible photocorrosion of our iron pyrite film. This is a major problem in these types of solar

cells [Ennaoui et al, 1986] and it is likely that the photo corrosion of the photo anode causes the pyrite

film to become thinner or even may lead to the creation or enlargement of pinholes. Creation or

enlargement of pinholes allows more radiation to pass through.

4.4 Electrolyte studies

Table 4.4 gives the optical transmittance values of the electrolyte used in our study with a

graphical representation in Fig. 4.3.

An electrolyte concentration of3.0 M potassium iodide (KI) and 0.01 M iodinerl.) was found to

be suitable for our cell. This electrolyte had a percentage optical transmittance of between 47.5 - 95.2

-
for the wavelengths 600 - 800 nm (see Fig. 4.3). On illumination, 9.90 mV and 0.012 mA were

obtained as the open circuit voltage and short circuit current respectively.
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The conductance of the electrolyte was found to be about 0.2 ('OM)"I.

Table 4.4 Optical transmittance(%) values of electrolyte in the visible wavelength range.

Wave 480 500 530 580 600 750 800 900
Length
).,(nm)

Transm 0 2.9 11.0 30.1 52.5 94.2 95.2 99.5
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Fig. 4.3 Optical transmittance of electrolyte versus wavelength.



4.5 Transmittance of cell container

Presented in Fig.4.4 is the cell-container percentage optical transmittance versus wavelength of

incident radiation characteristic, plotted from Table 4.S.

Table 4.S Optical transmittance (%) of cell container in the visible wavelength range.

Wave 400 4S0 SOO 600 6S0 700 7S0 800 8S0
Length
A(nm)

Transm 86.7 87.1 88.1 90.1 91.2 92.0 92.3 92.4 92.S
(%)
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4.6 Photoelectrochemical solar cell

Studies of the PEC solro:cell output were carried out using two photoanodes; photoanode A and

B. Both photo anodes were prepared as described in chapter 3, however, photoanode B was vacuum-

annealed as in section 3.2.3(v) while photo anode A was neither vacuum-annealed nor etched. The

active area of the photoanodes was 1.0 ern/ and the illumination intensity was 546.3 mW/cm2 (these

were the values used in our cell unless otherwise stated).

Table 4.6 shows the data collected with the optimized electrolyte and photoanode, with the

corresponding graph of current density against photovoltage (on illumination) appearing in Fig. 4.5.

Table: 4.6. Photo current and photo voltage values on

illumination for photo anode A.

Illumination intensity = 546.3 mWzcrrr',

CURRENT 2.4 2.0 1.7 1.1 0.8 0.5 0.3
(IlA)
(-VE)

CURRENT 2.4 2.0 1.7 1.1 0.8 0.5 0.3
DENSITY
(uAzcm")
(-VE)

PHOTO- 0.5 4.3 5.8 8.0 9.1 9.5 10.5
VOLTAGE
(mV)
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The electrical output values of iron pyrite PEe solar cell with photo anode A are given in Table

4.7, on the other hand, Table 4.8 contains values of the electrical output of the solar cell with

photoanode B.
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with photoanode A on Illumination.
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Table. 4.7. Electrical output values of photo anode A for PEC

solar cell fabricated in our laboratory.
I

PHOTO- PHOTO- SHORT OPEN FILL EFFI-
VOLTAGE VOLTAGE CIRCUIT CIRCUIT FACTOR CIENCY
ATMAX. AT MAX. CURRENT VOLTAGE (FF) (n)
POWER POWER (Isc) (Voc)
POINT POINT
(Vmmpp) (I mmpp)

6.0mV 1.67 ~A/cm2 2.42 ~Alcm2 11.1 mV 0.373 1.83
10.6%

Table 4.8 Photo current and photovoltage values and on

illumination for photoanode B.

CURRENT 40.0 37.5 34.5 31.5 21.0 0.5
(~A)
(-VE)

CURRENT 40.0 37.5 34.5 31.5 21.0 0.5
DENSITY

(u Azcrrr')
(-VE)

PHOTOVOLTAGE 0.27 15.25 32.57 48.27 60.50 64.46
(mV)
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Table 4.9 Electrical output values for photoanode B
obtained from PEC solar cell.

PHOTO- PHOTO- SHORT OPEN FILL EFFI-
VOLTAGE VOLTAGE CIRCUIT CIRCUIT FACTOR CIENCY
AT MAX. AT MAX. CURRENT VOLTAGE (FF) (11)
POWER POWER (Isc) (Voc)
POINT POINT
(Vmmpp) (I mmpp)

49.45 mV 30.01lAlcm2 4OllAlcm2 64.46 mV 0.575 2.71X
10-4%

The foregoing results indicate a photo current density of 1.67 IlAlcm2 and a photovoltage of 6.0

mV for photoanode A at maximum power points, whereas photo anode B had 30.0 uAzcrrr' as

photocurrent density and 49.45 mv as photovoltage at maximum power point respectively. The

values are an improvement on the 1.0 mv and 1.0 IlAlcm2 obtained by Smestad and Kautek [Smestad

et al and Kautek; 1989].

Comparison between the photo currents and the photovoltages of the samples A and B show a

marked difference. These values increase by a factor of 8.0 (for photovoltage) and over 18.0 (for

photocurrent) when the photoanode was annealed in vacuum and then etched in 2 solution of

hydrogen fluoride, ethanoic acid and nitric acid mixed in the ratio of 1:1:2. It is argued here that the

annealing (in vacuum) process may have helped improve the crystallinity of the iron pyrite film on

the photoanode. This made electron movement through the film bulk easier and faster. Etching
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helped in the removing of any surface or subsurface imperfections such as impurities on the film

crystals and and mecha~ical damage on the iron pyrite surface, enhancing better electrical

conduction. Ennaoui and others [Ennaoui et ai, 1986] have also reported better results when iron

pyrite was etched with the above solutions.

One possible cause of the observed low yield of photo currents and photovoltages of the solar cell

may be the loss of some photons due to surface reflection. The optical investigation of the cell

container (Fig. 4.4) shows that its percentage transmittance between the wavelengths 400-700 nm

ranges from 86.7 to a maximum of92.0. For higher wavelengths, the transmittance remains almost

constant at 92.0. Clearly, the cell-container was not 100% transparent to the radiation falling on it.

Thus some photons could have been lost through reflection and absorption.

To minimize the absorption of the incident radiation by the electrolyte, the photoanode was

placed as near the cell-container window as possible. However, it was not possible to make the space

between the cell window and the photoanode totally electrolyte free. Thus there was still some

radiation loss through absorption by the electrolyte. As noted from Fig. 4.3 the measured electrolyte

optical transmittance varied from 0 at 480 nm wavelength to 52.9 at 600 nm. Thus within this region,

there was quite a significant photon absorption.
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Another possible reason for low values of photocurrents and photovoltages is the series resistance

of the cell. The series resistances for the cell was 8.0 k/Q with photoanode A and 6.0 k/Q with

photoanode B. A high resistance may be an indication of high power loss in the cell output. This high

power loss is reflected in the amounts of photo voltage and photocurrent yielded by the cell. If the

power loss is high due to high resistance, these values will be small. Low values of photovoltage,

photocurrent and thus low efficiency due to high series resistance have been reported [Ennaoui and

Tribusch, 1984].

We can also attribute the low photovoltage values to tentative impurity bands within the

forbidden region which interfere with the band structure of the semi-conductor, thus affecting the

photoanode performance. Iron pyrite has no lowspin configuration [Muller et aI, 1990; Fiechter and

Tribusch, 1990]. These unpaired spins caused by a deviation from the ideal composition introduces

a band in the forbidden region thus diminishing the theoretically expected photovoltage. This is

strongly supported by the fact that the chemicals used were only about 98% pure. This argument is

also echoed by Muller [Muller, 1989].

The photoanodes used in our cell might have had micropinholes in the iron pyrite layer. When

immersed in the electrolyte, these pinholes lead to a short circuit in the photogene rated current and

effectively shunt the PEe solar cell. This shunting leads to low photo currents and photovoltages.
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Smestad [Smestad et al; 1989] has argued that if iron pyrite grains in the film are oriented such that
I

many grain boundaries must be transversed by an electron from the bottom to the top before it finds

its way to the external load, there will be a low photo current. Due to this long path of the electrons,

some of them recombine with holes while others get trapped on the way. A significant loss of

electrons is experienced which is reflected in the small amount of photovoltages and photogenerated

currents. On the basis of our findings on photo anode B and photo anode A it can be argued that the

non-vacuum-annealed sample may have had its grains oriented in such a way as to make it difficult

for electrons to transverse from the bottom of the film to the top. Photoanode B had this problem

reduced by the vacuum annealing process. Thus the it gave a higher value of photo current and

photovoltage than A.

There is a very high possibility that the exposed junction in our cell could have affected our

results negatively. The exposed junction might have enhanced the role of impurities and surface

states. Boddy [Boddy, 1964] has reported significant effect even with an impurity concentration of

as low as 10.8 M. The interface between our semi-conductor and redox solution may have contained

a number of chemical species including the products of the chemical or electrochemical reactions

of the semi-conductor and the solution. All these have associated energy levels and thus contribute

to the existence of surface states. In case the chemical impurities introduce a new state between the

position of the conduction band in the semi-conductor bulk and its edge at the solution interface, the

height of the barrier on which our solar cell is based may deteriorate. In the absence of the surface

states, the photovoltage equals the difference between the dark and the illuminated positions of the

band. If a surface state is present and if the total energy of the photovoltage and conduction band is
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position of the conduction l;>andin the semi-conductor bulk and its edge at the solution interface, the

height of the barrier on which our solar cell is based may deteriorate. In the absence of the surface

states, the photovoltage equals the difference between the dark and the illuminated positions of the

band. If a surface state is present and if the total energy of the photo voltage and conduction band is

greater than that of the surface state, electrons may tunnel to this state. This will effectively shunt

the cell and a voltage loss at a certain photo current. The net effect is a reduction in the fill factor if

the shunt is imperfect and in the open circuit voltage if the shunt is perfect.

4.7 Spectral response of photo electrochemical solar cell

Shown in Table 5.0 are the results of cell's spectral response. Fig. 4.7 is a graphical representation

of Table 5.0.

Table 5.0 Spectral sensitivity of photoelectrochemical solar cell.

WAVE 1.24 1.03 0.82 0.73 0.56 0.47 0.44 0.42
LENGTH
A(MICRONS)

PHOTON 1.0 1.2 1.5 1.7 2.2 2.6 2.8 2.9
ENERGEY
(EV)

NORMALIZED 0.12 0.59 0.92 1.00 0.82 0.78 0.76 0.67
PHOTOCURRENT
(ARBITRARY
UNITS)
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The spectral response of our cell was quite good as can be seen in Fig.4.7. The maximum

value of the normalized photo current was obtained at a photon energy of 1.7 ev. The photo current

then drops for higher and lower values of photon energy. Ennaoui and Tributsch [Ennaoui and

Tribusch, 1984] have also obtained similar results.

4.8 Stability of photoelectrochemical solar cell

The stability of the cell fabricated in our laboratory was

observed over one period of a week with the results shown in Table 5.1.

Table 5.1 Values of photo current density obtained within a period of seven days for a PEC solar

cell.

TIME 0 1 2 3 4 5 6 7
(DAYS)

PHOTO 8.0 7.0 6.2 5.6 5.2 5.1 5.1 5.1
CURRENT
DENSITY
(u Azcrrr')

The relationship between stability and time is depicted in Fig.4.8.

84



10

6

N
Eu<,

<X:
::1.--'

+-ce'-::Jo
2 2o.cc,

O~----~-----L------~----~----~----~------~--~
o 2 3 4 5 6 7 8

Time (Days)

Fig.4.8 Photocurrent density steadiness variation with time for photoelectro-
chemical solar cell.
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The PEC solar cell was kept in a windowed carton and the whole setup kept in a dark room. The

dark room was taken as of being of constant air mass.
I

It is observed that the solar cell's stability shows an initially high current density value at the early

hours of operation dropping significantly within the first three days to assume a constant value

thereafter. The relative stability can be attributed to the high concentration oft ions in the electrolyte

(3.0 M) [Ennaoui et al, 1993]. It has previously been demonstrated [Ennaoui et al, 1993] that the

donating species can stabilize the photoelectrode against corrosion/photocorrosion if they are present

in high concentration. This conclusion is also in agreement with other results [Ennaoui et al, 1986];

however, they used CaI2, HI and 12 as redox solutions. Our findings seem to show some decay within

the first three days and subsequent stability thereafter. The observed drop within the first three days

can be attributed to the active role played by holes in eroding the photoanode. It is postulated here

that there could be a tendency of the holes to attack the photoelectrode immediately after the cell

starts operating before there is time for the electrons to reciprocate. However, after a time.there is

stabilization as a space charge is created at the photoelectrode-electrolyte interface in which

incoming holes get oxidized before they react with the photoelectrode.
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CHAPTER FIVE

5 CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Conclusion

The present study aimed at the fabrication and subsequent characterization of an iron disulfide

photo electrochemical solar cell. Prior to the preparation of the iron disulfide as a photo anode by

spray pyrolysis followed by sulfurization certain parameters had to be optimized.

The optimized deposition parameters in our study were spray rates of 14.0 mllmin, spray heights

of 30-35 ern and substrate temperatures of 370.0 "C. The optimized annealing condition for iron

pyrite were 4-5 °Cfmin on heating upto 350.0°C and 1-2°Cfmin on cooling down to 80.0° C; the

entire time for annealing being 2.5-4.0 hrs. The absorption coefficient was determined as 6.75x 104

/cm at 800 nm.

Measured values of short circuit current density and open circuit photovoltage were 40.0 IlAlcm2

and 64.46 mv respectively. The cell gave a fill factor of 0.564 and an efficiency of2.71xl0-4%. Spray

pyrolysis followed by sulfurization method has been successfully used in the growth of iron disulfide

film for use as a solar material in our PEC solar cell. The values of photovoltage and photo current

obtained are better than those obtained by some reseachers [Smestad and Kautek, 1989]. The spray

pyrolysis method may in future claim dominance in thin film preparation if further improved.
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5.2 Recommendations for future work

There are alot of prospects for the development and advancement of PEe solar cells especially
I

n-FeS/I"II2 solar cells. For further improvement, we recommend the following:

(i) The method of photo electrode preparation needs to be improved. Even though every effort was

made to make good adherent films, the spraying process needs improvement. There is need to make

the spraying process automatic. Perhaps with the automation of the spraying process, new spray

heights, rates and substrate temperatures may need to be investigated.

The spraying process should be carried out in a stable atmosphere i.e in an enclosed chamber

where there is some good degree of atmospheric stability. This is to minimize dependence of the

outcome on the environmental fluctuations.

An automated system should be fitted in place to maintain and monitor the substrate temperature.

This would be more accurate in addition to making the reproduction of the work easier.

(ii) Future cell fabrications should be air free. This means evacuating all air out of the cell and

sealing it. This might eliminate negative effects such as contamination of the electrolyte and the

photo anode by dust particles and other impurities caused by exposure of the cell to the atmosphere.
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(iii) The purity of all the chemicals used in the entire preparation right from the photoelectrode

to the electrolyte should be of very high. Our chemicals were only about 98% pure.

(iv) The efficiency of our solar cell is quite low for any practical use. A detailed study of the

chemistry of the deposited iron pyrite and the reactions at the semiconductor-electrolyte interface

is needed to understand more what goes on and improve the cells' efficiency. Studies should also be

carried out with the aim of understanding the effect, if any, of an exposed semi-conductor-electrolyte

interface.

(v) Due to time factor, our cell was only tested for one week. More time should be devoted to the

study of the cell's stability with the aim of making the cell more stable.
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