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v 232.1- Introduction:

The emerging technology of modern days needs various
* *"types of thin films for a variety of applications !36, 37!.
The thin • films can be single or' multicomponent,
al loy/c.ompound or multilayer coatings on substrates of
different shapes and sizes 130-40!. The properties required
of the -fil.ms'can be depending on the applications, high
optical reflection/transmission hardness, wear resistances,
single crystal- nature etc. Such a versatility in thin films
is brought.about by the techniques of thin film deposition
!39-44i.

Although thin films are assuming increasingly interest,
, . i ■the,ir structure is complex in view of their applications 

which ', demand - taylor-made properties. As - a result 
sophisticated characterisation techniques have emerged out 
for understanding of the multifarious properties of thin 
films. Depending on the property of interest, a host of 
characterisation tools are available for qiving some times 
similar and more often additional and complementary 
informations. No one technique is sufficient to characterise 
a thin, film completely even in any one domain such as 
crystal structure, chemical and physical nature etc. The 
properties relevant for thin film studies and corresponding 
characterisation methods are so many in numbers that it is 
impossible to cover all aspects in any one of the review, 
further', film properties are the strong -function of 
deposition technique and it is quite obvious that no one
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technique can deposit the -films covering all beneficial 
aspects such as temperature, cost of. the equipments, 
deposition conditions and preparative parameters, and other
selective properties of the films.

•* * » , ,

2.2 •Thin Film .Deposition Techniques Inbrief.
i . * . ■

As" .mentioned above, the properties required of the. 
films -, can. ' be depending upon’ the applications and 
"muJti-farious ..'characterisation techniques-, a versatility in 
‘thin films is brought about by the" techniques of thin film 
deposition. The "basic steps involved in a thin film 
deposition - technique are :

a") "Creation", of material <s) to be deposited, in an atomic,
t • " , *

• • , - * * “

molecular or particulate forms prior to the deposition.

b) Transport of material(s) thus1 created to the substrate 
in the "form of a vapour stream or solid or spray etc.

c) -Deposition of the materiaKs) on- the substrate and film 
growth by a nucleation and growth process.

-All .the deposition techniques can be distinguished by- • 
the way the three basic steps above are effected.- One can in 
.principle get the films of desired properties by properly
t .

modifying these-three steps.

Thin film' deposition techniques have been broadly 
classified in four main categories;

1) Physical Vapour Depositions (PVD).



2) Chemical Vaodur Depositions (CVD).
.3) Electroless or Solution Growth Deposition.
4) Electrochemical Deposition (BCD).

2.2.1 Physical vapour depositions (PVD.).

The Physical. Vapour Deposition techniques are those in 
which' the material to be deposited is made available in an 
atomic, -molecular or particulate form before being put . -for 
deposition. The PVD’s can further be subdivided-into:
■ *,*«%•••. *' : i>'THermal .Evaporation (T.E.), .

ii) Electron Beam Evaporation (EBE). 
iii) Mblecu-lar Beam Epitaxy (MBE), 
iyj Activated Reactive Evaporation (ARE) and

• • • * v) Ion Plating.

The. first ..three-techniques are different in the way the' 
vapour bearti is created (step a).' In ARE, step-b is modified 
in that, the vapour beam is transported through a reactive 
plasma..-In ion-plating, conditions-at the substr-ates (step- 
c) are Modified by an ion beam. The major advantage of using 
PVD techniques is. that all the three deposition steps (step 
a,b,c> .-can be independently controlled. However, this
spells-out a warning that the deposition parameters should 
be carefully'monitored in ' order to achieve reproducible 
films. The details of all the PVD techniques is beyond the 
scope, of - this dissertation and reader may refer to

• refe'rances- 136 - 42! of the text.

2.2.2 Qhemiqal-deposition techniques.
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Chemical deposition techniques are the most important 

tools for the growth of thin films owing to their popularity 
for depositing a very large number of elements and compounds 
at relatively low temperature 145-46!. Both in the form of 
viterous and crystalline layers with, high degree of 
perfection and purity, these films can be .deposited with 

; required 'stoichiometry. Large or.small and even or uneven 
surface^. of all types, conducting or insulating- can be 
-coated with"relative ease. The processes are very economical 
and have' been’ industrially exploited to large scale. The.

* . . t ,various chemical deposition processes are as follows!

-.1) Chemical Vapour Deposition CCVD).
... 2) Spray Pyrolysis.

. 3) Electrodeposition.
'4) .Anodization.
’5) Screen Printing.
6) Solution' Growth.

. ..»'

- A • detailed history of each of the above’ technique is 
hot .' possible to mention here however, a brief idea is ‘ 
explained for the sake of understanding.

. 1) Chemical. Vapour Deposition (CVD) .

A simple' definition of CVD is the condensation of a 
-compound or compounds from, the gas phase onto a substrate
where reaction occurs to produce a.solid deposit. A liquid

^ • ■ ’or so.lid compound to be deposited is made gaseous by.
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volatilization and is caused to flow, either by a- pressure 
difference or by the carrier qas to the substrate. The 
chemical reaction is initiated at or near the substrate 
surface to produce the desired deposit on the substrate. In 
some processes the chemical reaction may - be activated 
through an external agency such as heat, R.F.field, light. 
X-rays,' electric field or glow discharge, . electron
bombardment* etc. The morphology, microstructure, and

* »/ ' » . t. . , .adhesion, of -the deposit is a strong function of. the nature
of the.' reduction and the activation process . The possible
reactions involved in CVD are: thermal . decomposition,

. * ' •’ \

hydrogen reductiioh.nitndation, carbidization or oxidation, 
•disproportionation, chemical transport reactions, and 
-combined reactions. In most of the reactions, the deposition 
is heterogeneous- in character. Homogeneous reaction - may 
occur' iri gas phase resulting in undesirable powdery or flaky 
deposits.

The . feasibility of CVD process can be predicted -by
1 " , * ' •studying - the thermodynamics of the reactions.. The re'action

s

kinetics and mechanism of film growth are so different in 
individual- processes that a generalised account is not 
possible. However, certain important features common to all 
these methods .are : 15 CVD set-ups are simple and fast 
recycle" .times are possible,. ii> .high deposition rates are 
achieved, iii) Deposition of the compounds and
multicomponent alloys and control of their stoichiometry is 
possible-, iv) Epitaxial layer of high perfection and low 
impurity content can be grown, v) Objects of complex shapes
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and geometries can be coated, and vi ) In-situ chemical
vapour etching of the substrates prior to deposition is
possible. The factors which are uncommon and affect the *
deposition uniformity, composition, and properties of film 
are i
i) Thermodynamics and reaction kinetics'involved in the 

: deposition- process are very complex -and . poorly 
understood.

iil Higher substrate temperatures are required as compared' 
,.to F*VD pr'otesses.

ill)'Highly .toxic sometimes explosive and corrosive ■ gases 
and -volatile products are involved in • the reactions. 
-These'may attack-the substrate deposit and the chamber 
walls.

iv) High- temperature in the process lead to diffusion-, 
alloying or to a limited choice of the substrate

- -materials'.
v) .Uni.formity of the deposit and masking of' the substrates 

-is usually difficult.

.2). Spray, pyrolysis :

This is essentially a thermally stimulated reaction 
between clusters of 1iquid/vapour atoms of different 
spraying -solution of the desired compound onto a

J

substrate maintained at evelated temperatures. The 
. Sprayed'- droplets on reaching the hot substrate undergo 
pyrolytic . decomposition and form a single crystal Dr 
cluster of a crystallite of' the. product. The other
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volatile byproducts and excess solvents escape in the' 
vapour phase. The thermal energy for decomposition, 
subsequent recombination of the species, sintering, and 
recrystal lisation of crystal-lite is’ provided by hot 
substrates.. The nature of the fine spray droplets depend 
upon spray, nozzle with, the help of a carrier gas. The 
chemicals used for this method should be sqch that the 
desfr'ed thin film materials must be obtained as a result

'-of.- thermally activated reaction between the dif?ferent
* ' " m * * l i

species .sand remainder of the chemical constituents. The 
carrier liquid/gas should be volatile at the deposition 
temperature. . Growth of the film by spray pyrolysis is

i • * . • *determined by the nature of substrate, chemical nature 
and--; concentration of the spray solution .and ’spray 
parameters.' The films are in general strong and‘ 
adhereht, mechanically hard, pinhole free, and stable 
with ’time'and temperature. The topography of the films 
is generally rough and dependent on spray conditions. 
The substrate surfaces get affected in the spray process 
and the choice is limited to glass, quartz, ceramics or 
oxide, nitride or carbide coated substrates. Metallic 
substrates found unsuitable for this process. 
Stoichiometry for oxides is difficult to maintain by 
this process.

ElectrodepoBition :
>

* «J*

It .is a process of deposition .of a substance upon an 
electrode by electrolysis, the chemical changes being

-i ■bowhmHP



brought about by the passage of a current through an •

electrolyte. The phenomenon of electrolysis is governed

by the Faraday's laws. When a metal electrode is dipped

in a solution containing ions of that me.tal, a dynamic
f-Xequilibrium M =. M + Xe (M-Metal atom) is set up. The 

electrode gains a certain charge on itself- which

attracts-, oppositely charged ions and molecules holding.
, 1 ' . "«

them* ‘.at the. el’ectrode/electrolyte interface. A double

■layer ( consisting.,of an inner layer' of water molecules 

interposed - by preferentially adsorbed ions and. outer- 

lay.ei*' o'f-the. charge opposite to that of'the electrode is’
. S - ‘ " .• " * * 
formecl." During deposition ions reach the electrode

-surface,-; • stabilise on it, release their 1 igahds (water

^molecules or complexing agent), release.their charges,*

and' undergo. electrochemical reaction. The rapid-

depletion .Of the depositing ions from the double layer

is compensated by a continuous supply of fresh-ions from
\ *

the- bulk, ’.df* the electrolyte-The transport of ions, to
• * . , . « . ,

i * (

depletion region occurs due to the diffusion ' owing to 

concentration gradient . and migration owing -to the 

applied electric field and convection currents. The
f r

.factors-, those influence an electrodeposition process 

ares

i)pH. of tti# electrolyte,ii) current density,

iii)temperature of the bath, iv> path composition, 

v) electrode shape, and vi) agitation.

Anodizat-ion .



It is an electrolytic process wherein the metal is made 
the anode in a suitable electrolyte. When an electric 
current is passed the surface of the metal is. 
converted into its oxide having decorative, protective . 
or other properties. The cathode is metal or . graphite 
where- -*H2 .dvblve's. The required oxyqen. originates from 
the electrolyte used. The pH of the electrolyte plays an 
-important. role in obtaining the- coherent . films'.' 
'•Thickness of the oxide layer depends on - thd metal,

* • It * • ’ ,
«*<*«• ••voTtagfe- applied, temperature of the bath, and time of 

the'"deposition.

Screen.-Printing.
. * * \ ‘ '

Screen -printing is essentially a thick -film process in 
w.hibh.- pastes -containing the desired material are screen 
printed by conventional method onto a- suitable-substrate 
td'-ddfine ‘.conductor, resistor or a device pattern.

’ i. , . < » 1 ' * .* .*

^Subsequently, the substrate is fixed under appropriate
conditions of* time and temperature to yield rugged •
■components bonded to the substrate.- The substrates
which have smooth surface, capability of withstanding
for .. higher' temperature, mechanical strength, high
thermal conductivity and good electrical properties, and'
are -compatible with film material pastes are. used
('Alumina, beryl lia, magnesia, t-horia and Zirconia). The " * * . ' • * .
.paste ' to! be ..used normally consists of s . .i) a-

.i - . ■

metallic/resistive/dielectrie/semiconducting component
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in' ■finely'divided oowder form, ii) bonding agent, iii) 
an 'organic suspension medium, and iv) an organic 
diluent. Semiconductors Iit'o CriTn.CdS.CdRe etc can be 
deposited by this technique.

6) ■ Solution Growth i

Films, can be grown on either metallic or nonmetal lie 
substhaites, .by dipping them in appropriate-solutions of" 
metal-salts without the application' of any. elec.tric 
f-ield., .‘.Deposition may occur by -homogeneous chemical
Reaction's usually reduction of metal ions in solution by

* ** * * *

“ a -reducing agent. If this occur on a catalytic surface
• ' it i.s called an electroless deposition • (autocataly tic )'. ■ 
.'.•Sii've'rin'g is. the most widely used of this, techniques.
Metallic- as ' ‘well’ as compound ' films (sulphides, , 
selenides) and their alloys can b.e deposited. For non-" 
metali-'ic*surfaces a sensitizer has to be used. The rate
of. growth'and .degree of crystal linity depends upon the

* * •*, * * * *

• -temperature -of the solution. One .of the- chief 
-advantages .-of- such a method is to deposit the films -on
non.accessible surfaces i.e inside of glass tubes etc.
.4 1 ; . : • ■ ■

2.3 Electronation and Deelectronation Reactions :

The process by which the substance gains an electron is 
called electronation rection !47!:

" OX.+ e-' ‘ ir Red. E* ------------------- - (2.1)

where, OX and Red-are oxidised and 'reduced 'species 
• respectively and. E* is .the standard electrochemical.
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potential. The reverse of an electronation is
deelectronation- process in which loss of an electron 
occurs. Thus the "REDOX" system is a combination of two 
species where* one species losses an electron, while other
gains. The electron energy states in a redox electrolyte are

* »

analogous 'to the energy states in the’solid by ’ the energy 
change s'.

! . i •

t OX Solv 3 + e~    ^ C Red.Solv 3--------------  (2.Z)

in the -reaction. This means that a free electron -from'
infinity’is introduced into the solution and it occupies the 

‘ » - * * *
lowest energy state in an oxidised species (without, change 
in solvation structure) called as energy of the unoccupied 
states. The process exactly reverse of this gives energy of 
the occupied states (reduced species). The' summation of 
these-.-occupied. and' non-occupied energy states gives the 
brobabi1 i ty'function asi

' <E) “ D-rad’ (E> + Dox <E) ... <2.3)

' »

Which-, is similar to the density of states function in 
solids' 1461.

The ' functions ®red (E) and ,D'0X (E) can
furthor be expressed as»

. ‘ <E) ® <-tej *wfed <E) an(* '
Dox (E) = Cox .W„x- (E) I”' <Z'4>

Where. WTC(j and W ox are given by the thermal
distributioon functions of ionic configurations and 
and • are concentrations of ions in solution.

Under -equilibrium condition the occupation of these



energy states in electrolyte is again given by the.-

• 34

Fermidistribution functions as : 1
DmJ. (E) D redox (E) c E “ E»:wdox 1 and

..(2.5)
<E> ■= D TCdDX (EJ - C ' E, — E ' 3 •

-where, -• -redox - *s the chemical potential 'of electrons in 
redox electrolyte. A detailed mathematical analysis is made 
by Gerj^scher '••!48!. Both metals and semiconductors can-

■ perform.redox reactions with electrolyte !49! . The transfer 
'of; an ilec.trori'. to |or from the solution can take place only
ih .“the energy region of the conduction band while that of

* * * \ ’ • »„ » •

■ the ■hd'ie*' in.-the. energy region of the valance band. Such
* * 4 *

transfer'" can occur between two states having same energy, 
one' empty.;and. other filled. . .

. , , i' ‘ ’ ' 1 *"

•'.2.4 Th& "Semiconductor/Electrolyte (S/El Interface. ■

» / , <2.4.1 General.

Ttie Charge transfer across the semiconductor-
electrolyte . interface in dark or in light results in the
» . * # ..»*** * *' flow' of. ' current ...through the Junction formed. by the
semiconductor'• and electrolyte. This is the key- concept in
the working of .aaotoelectrochemical solar cells.-The work of 

* <■ . ■ 
Brattain and. Garrett !50.51.‘ forms the 'basis of earlier
'studies . of semiconductor electrolyte interfaces.. Gerischer

- 52«r54 i." ' deriving an analogy with semiconductor physics.
*■

• has' . suggested that the oxidised and reduced species may 
•be linked'respectively with the conduction and valance bands 
(Non ., occupied and occupied' energy states). A term Ep
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redox can also be defined similar to a semiconductor 
Fermi level' Ep . The energy necessary to transfer an

electron from the reduced species to the oxidised species is 
analogous to the band gap, ’Eg', of a semiconductor and redox’ 
potential, is -a potential required to transfer an electron 
from a redox species to a vacuum level or vice versa.

* • ' V

The,, analogy between a semiconductor and an electrolyte 
i:s •' not-. 'perfect. The nature of charge carriers in the two 
.phises'-is entirely different. One is electronic while other 

-is ionic. In. the semiconductors the environment seen by an 
electron".is an "electron cloud" and its motion is under the

t » * -V * * *
’ / ' ,1 ’ s. • . ’ •

.periodic.- potentials of positively charged and, fixed ion 
'Cores, ‘jn „the electrolytes ions move with an ionic 

Cldu'd of .opposite Charge with or without change in solvation 
sheli. • As -two phases are distinctly differentf. it tjiould be 
.interesting- to" -know what happens when the two are brought in' 
contact’.’. Deep -inside the semiconductor the charge carriers 
are in an atmosphere.of isotropic forces and that- inside the 
-electrolyte-, net force on an ion is zero. Hence at the ' 
interfaced boundary picture is different. At the' -interf ace-' an J/ 

ior» is under the two different forces: one due to ions'of an
electrolyte and other due to the electrode.This -anisotropy

" * „ \
of forces -at - -the boundary leads to a quite distinct 
structure of the interface compared to bulk structure. The 
anisotr.opic forces at the interfacial region results in a 
.-new ' arrangement of solvent dipoles and ions of- the 
electrolyte and' electrons of the electrode. This,
electrification of the electrode-electrolyte interface is -
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shown in fig.2.1.

In the begining the anisotropy of forces at the 
interface makes the charge carriers to accumulate near the 
surface.' When there- is a■ suf ficient build'up of charges on 
both- sides 'the electrical forces at the surface overpower 
the barriers ‘ resulting in the flow -of charges. An 
edui-1 ibriuyn. is -.established when the electrochemical
potential .--on' the electrode side <ES . ) and on the electrolyte

' \ .- /side (Ej[ ) becomes equal); i.e.
-■'Eg-. : E.‘(equilibrium) ....... (2.6) .
'J-hus ■ the'.-potential gradient associated with the interface 
■region- acts as a-barrier for.further flow.of charges. The
potential - gradient is high at the surface- and gradually 
-decreases. ' as ’we'.'move away from it which-gives .rise ' to a
double layer. A.'-study of the double layer, at the; electrode-

* **»“ <■* * * • 
electrolyte interface is related- to the charge transfer

*-1 ,* ^reactions,- .cforrosibn etc.

\ - , ‘ ‘ * ^

,2mA.2.. Structure of the double layer at the Electrode-
/• Electrolyte Interface.

' *. v * iv

*. . ■ Aqua!itative picture in fig. 2.1 shows that -the
electrode-electrolyte-inter face gets rectified as a result
of a redistribution .of charges. .Upon emersion of' a
semiconductor into* an electrolyte the surface of ' the
-semiconductor - acquires a net charge density. Both
semiconductor surface and electrolyte region near the^
boundary•acquire potential distribution'which decreases with*
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distance -From the phase boundary. The. overall charge
neutrality occurs when
q a q ... < 2.7)Hs He<

Where and cj^ are respectively charges near
the. semiconductor and electrolyte sides of the interface. To 
examine- the .structure of the double layer, we divide the
interface into two regions i

< ’
*' ■•a’)' Electrolyte side of interface, and

‘ .. 1 . ; .
* «% • , *.\ b) ' Electrode side of interface.

2'.'4.’2.1.-; Electrolyte side of the interface.

e ’ • f *'•H'eimhdLtz. *!55!- assumed that the charged layers o.f
'io‘nS!--forms a. sheath at the dipped metal surface as shown in
.f ig.‘' 2;-2; ' ?a'JV The Helmholtz-Perrin model " suggests .the 

"*■ - ' ' » ' • . . , . * 
electrode-electrolyte interface as a parallel plates, of
fcOnderisfer' charged oppositely but with equal charges as shown
in figV.. 2.2 <b:>. The term double layer thus originated. All
the.potential is.assumed to be dropped across the sheath of.

* f *the- loins of thickness ‘ 5# ' called to be a double ’ layer
* . « fseparation a:s. shown in fig. 2.2<c). This * ’ is initially

assigned -to be independent of the voltage applied to' the
'■ ,* 1 -

.electrode. If -the charge on-the capacitor is dG^ and 
potential’ across the layer is dV, then the differential 
capacitor is given by, '

.. dV
* , >* *

• where, “C " *= , dV. pH €Gb __ (2.8)
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where € and are the dielectric constants of

the .material and free space, respectively. This voltage
independency of £h or C is against the experimental

• observations. Gouy !56i and Chapman !57: suggested that the
electrode surface on which charges have accumulated may be
considered -as a large central ion exerting a planar 
electrostatic field on the solution side of the interface. 
This force falls off slowly as one moves deeper into the 
solution '.bulk' 'away from -the electrode surface. Thus ions '

-'...■•does - not confine themselves to a plane as was suggested by 
•the Helmholtz-Perrin model but they form a diffused layer as 
'shown in fig.. 2.3(a),. This diffused ionic layer - is called 

. the ''Griuy'. Layer*;. Fig.2.3(b) shows approximate potential 
, distribution according to Gouy-Chapman theory and the charge

• distribution . in the Gouy layer is given by the Poissons • 
equation I

exp(-Lq. .X) .. (2.‘9) .
’.-where, . m; s potential at any distance x in electrolyte,

; *s»o
© = potential at x = 0 and 
L‘ft = Gouy Layer thickness or Debye length.

It was found that : i> Charge density distribution in Gouy 
Layer decays exponentially with distance in the electrolyte. 
ii> Thickness, ■ -L^. (fig 2.3(c)) . varies inversely with . 
square root of the ionic concentration, and
iii) Differential capacity of the Gouy layer is voltage and 
concentration depenedent.
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Stern S50i predicted that the ions, being of finite 

size. keep a minimum distance of approach to the electrode 
surface. Thus Rouble layer- is neither abrupt nor diffused 
but a combination of the two. fine situation is shown in 
'fig.2.4(a). Here interface distribution is divided into two 
layers
i) Dense : Here ions stuck to the electrode and potential 

variation is linear.
ii) Diffused i Formed as a result of opposite tendencies of • 

.the attractive'' coulombic force and disordering thermal
...fluctuations where potential decays exponentially as 
shown in fig. 2.4. (b).
The stern model does not explain explicitly how.the ions

are • ! stucft- ’to the. electrode; The probable reason may be
• , *

the hydrated electrode surface and stripping off solution.
The ■ stripping .off solution means pushing some water
molecules . away and sit in close contact with the electrode
by stripping•off their salvation. The ions so sitting are

$called ‘"contact ‘ adsorbed' ions". The locus of all such
contact; adsorbed ions form the "Inner Helmholtz Plane * .
<iHP)". The solvated ions are in the "Outer Helmholtz Plane- 
(OHP)".The situation is shown in fig. 2.4 (C>.

Thus • a-picture of electrolyte side of the interface 
can be summarised as;
i) . The IHP consisting of water dipoles and specifically 

adsorbed ions which forms a saturated dielectric layerV• I

with a dielectric constant equal to 6.

12254
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ii) The OHP consisting of solvated ions at a distance of 

their closest approach to the elctrode surface.. The 

degree of orientation decreases with 'distance from the 

electrode surface hence OHP consist of partially 

oriented water molecules with dielectric constant 

between 6 and 78. A mean value of about 40 is usually 

taken-.

'ii-ilGouy layer due to disordering of thermal -fluctuations 

and' the ordering electrical forces- tend to form diffuse 

-ionic' .layer. Thus G-C theory fails near the electrode 

surface. Thus Stern’s suggestion has to-be considered.
V «

For a 1.2: practical purposes, G — C - S theory is correct 

■at low idn concentration. At high ionic concentration 

the ■ screening charge clouds assume a layered structure 

1591'.. Recently Liu has developed a Lattice-Gas model 

baspd -bn above -ideas where both ions and solvent 

molecules are taken as hard spheres of equal radii and 

they are assumed to form a parallel layers near the 

. planar electrode as- shown in fig.2;5 The lattice 

•parameter is chosen as the distance of closest* aproach 

of '-two molecules. Liu s model gave reasonable 

description of the properties of the electrolyte in -the- 

• interface region and was better than the all earlier 

models. For detailed discussion reader may refer to 

Bockris and Reddy 160!, Parsons !61i, Delaphy 1621 and

Barlow•i63!
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2.4.2.2 Semiconductor side of the interface.

The first systematic investigation of the semiconductor 
surface in contact with an electrolyte was reported .by 
Brittain and Garret!50! . Many references are now .available 
with .excellent aspects of semiconductor • electrochemistry 
!54160t64-67!'-. . It may be recalled that the anisotropic 
forces.£at the electrode-electro]yte interface and a. charge 
transfer- atross’-the interface leads to the rearrangement of. 
electrons .- 'and ions. The charge distribution of the
electrode, -side are widely different for metals and

* “ * ’ ;»* ' .- semiconductors principally because :

i ) ■ Eliffc t’rons . and holes are -charge. .carriers ’ in
semi-conductors wthile in metals only • electrons .-carries 

...the. .charges.
ii) Th#"’charge carrier density in the semiconductor is low <

» -3 1810 , tb 10 ’ cm ) as against in metals <1-0 cm’).
ill). Por metals' t'he charges are located at the surface while

„* t

- for semiconductors they forms a’ space ’ charge layer
.‘within the semiconductor near the interface.-
The potential and charge distribution on the. electrode , * \ '

side' of -the semiconductor-electrolyte and ■ metal-electroly.te- 
interfaces are ' given in f-ig.2.6 (a,b). The nature of the 
space ‘ charge layer depends upon the manner in which charge 
.transfer occurs across the interface.
Three types of situations can arise :
i) I.f -'semiconductor acquires excess majority-carriers the 

space charge layer is termed an "enrichment layer’
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d) p type semiconductor .
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a layer leads downward band bending -For n-ty.pe while 

upward For p-type semiconductors, 

ii) IF surface' becomes depleted oF.majority, carriers then 

space.charge is known as "depletion layer" . This leads 

to upward band bending For p-type semiconduc.tors. - 

‘iiDIf charge distribution is such^that the minority carrier 

concentration at the .surface is greater than'that within 

the bulk. Space charge layer under this condition is
• s , ’ • , *

-cal ledas‘’"inversion layer". This leads to a large 
upward* bending, for n-type and downward for p-type. • The 

above..three situations are shown in fig. 2.6. (c,d).

According , to. Brait.tain and Garrett -.the charge

. distribution -and potential in the space charge layer can be 

' formulated by solving poisson's equation and can be 

linearised.. ’ to first approximation. Subsequently. the 

.potential drop--in the space charge layer can be expressed as
© = exp« (-Lg’ x )

where :.- , ■ • • (Es. E, K.T)'®1
L«l*-------------------------------& D '

(2.10)
1

'Cg is called as Debye length and gives the extent of space 

charge, layer, t.he. potential drop in the space charge layer 

is. therefore, exponential. For n-type semiconductors,

L*=
<6 E. • K.T.)

2 N,
(2.11)

The profile of potential distribution according to 

equation (2.10) is shown in fig. 2.6 (b). Equation (2.11)
4 ,

clearly shows that , Lq varies as the inverse square root of



the carrier concentration. 
i.e. Lq oi. l/fio

When 'Nq ’is very high, Lp becomes very small and 

all the charges on electrode side then con-fine near the 

surface a case similar to the metal electrodes.

2.4.2.3 Role of surface states and surface, adsorbed ions.

.The .potential and charge distribution at the. electrode- 

electrolyte interface are affected by the surface states' and 

surface;adsorbed-ions at the interface. Surface states .are
J ’ ' . • ■ *

essentially the results of non-periodicity of the lattice at 

the boundary which lead to the formation' of electronic 

states , local i'se.d at the surface as shown in fig 2.7. They 

can "further be formed by the adsorption of foreign atoms or
• * . i *

ions. . The: surface states act as a traps for charge, carriers 

and hence.substantially modify the-space charge, of Souy and 

Helmholtz layers. Adsorption at the surface can also 

substantially change the charge and potential distribution 

in the various regions of the electrode-electrolyte 

interface;.

214.2.4 'Complete picture of -the electrode-relect'rolyte

interface.

The resulting picture of the semiconductor electrolyte 

interface (fig 2.8a) consists of the following : 

i) Diffused space charge 'layer in the semiconductor 

.(including surface states and adsorbed ions),

ii) Helmholtz layer,
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iii) Gouy layer.
The charge distribution (fig 2.8b) at the semiconductor 
electrolyte interface appears somet what qualitatively 
symmetrical. The total charge on the semiconductor side • of 
the interface is,

. . ,150

LSc ■Ss ... (2.12)
‘The electroneutrality demands :

qsc ss ads q., ...(2.13)C l

where: : -i * . %iss * q ei • ‘la* corresponds
respectively, tb-charges in the space charge', surface states,
electrolyte, and due to adsorbed ionic groups. The actual 
•distribution of charge carriers may be quite’complicated and 
it.'■.is- doubtful' whether M.B. or F.D. statistics are

i ■ " *applicable to the theory of space charge layer under strong
\. •field 'at' the boundary and 'l is comparable with length

6f an- electron wave in semiconductor. The potential , 
distribution is given m fig.2.8 (c).The total potential '
is :
flj - ': = p (o + 0 + 0 '
*Q0L ‘ ■***.

...(2.14)
‘SC . *(r ‘H 46S.

For- concentrated electrolyte solutions potential drop 
across the Helmholtz and gouy layers can be neglected 
compared with space charge layer which is generally the case 
for PEC solar cells.

2.4,3 Electrical equivalent of double-layer and 
differential capacitance :

Neglecting surface states and adsorption as a first



Fig.2.8 Charge and potential distribution at the s/e 
Interface are respectively.

Potentials across the-space charge,Helmholtz 
Gouy layer and galvanic potentials. layer.

a) Physical description of interface,
b) Charge distribution of interface,
c) ' Potential distribution.



approximation, the simplest electrical equivalent.of a 5-E 
inter-face can be regarded as a series combination o-f three 
capacitances i. csc ,CH and C& . The total
capacitance is- given by

•1 1. 1 1
-------- i.*. . +---+ ---- ... (2.15)
• CT . CSc C« CG

, t

For. • moderately concentrated electrolytes, the 
contribution \to. CT by CH and C& . can be ignored.

• • i. ** v • ■ •

Thus the ' total capacitance is solely that due to a space
" r / . * (

charge • region. As the surface states deteriorate the 
performance of PEC cell, a model to account for the 
behavio'ur of-a surface states can- be. incorporated into- an 
equivalent circuit of the interface as shown in fig.2-.9 
■!67! . 1

Each 'of n-surface states is represented as a series 
combi-riatiori of a .capacitance (C) and a resistor <R} . The 
surface states are in parallel with each other and with the- 
semiconductor space charge capacitance 1 * The total 
electrode-' capacitance, therefore, is +^Ci. This 
network, of parallel- capacitors is in series with the bulk 
resistance IR^ 1 of the material, the double layer 
capacitance (Cj^ and the solution resistance <RSo) ) 
between the semiconductor and the reference electrode. 
Because the potentiostat maintains potential control between 
the reference electrode probe and the contact on back of 
semiconductor, the remainder of the solution and counter 
electrode impedances have no effect under usual conditions
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and therefore* ere not included m the equivalent circuit. 

Any Faradaic process will short across C^. and C^- as 

represented by Z. The analysis was . simplified by 

controlling the conditions to minimise any Faradaic process 

so that Z can be replaced by an infinite impedance. Also 

is much, larger than C^and can be ignored 167!.

• 2.4,4 Space charge capacitance and * the Mott-Schottky 

plot.

The electrode electrolyte interface can .further be

'analysed, to' obtain the flat band potential. Thus the
t *»• * -

measurement of differential space charge layer capacitance 

provides ‘ a convenient .tool for obtaining, the useful 

informations . about both the .semiconductor and an 

■.e*l.ectroiytei ’ As discussed earlier for semiconductor 

'electrolyte solar cells the contribution to the capacitance- 

is- through capacitances due to depletion region, Helmholtz 

layers and the Gouy diffused layer. Neglecting the surface 

.states an.d assuming #11 the donors and • acceptors as fully
* a ■ , , ■* • 1 .

-ionised- and .high ionic concentration of the redox couple, the-

‘space charge l’ayer.-capaci tance is Iqiven by :

'Sc

■"dL **■ J[
[-Aexpt-y)* A exp(y) + ( >3 •

-.----------------------- “--------- ...(2.16)CA<exp(-y)-l)+ texp.y-1 ) + (A-AJ)yJ&
e g

where, \

and Y = it -/wj

K T ...(2.17)
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hwhere 900 

charge layer ,

/(O

= potential at a distance x in the space

* potential at the boundary i.e. at x»o,

• 6C = dielectric constant of the' semiconductor,

« permittivity of the free space, 
and .other terms have their usual significance. For 

intrinsic-semiconductors.

S 
Co

n-_ P
D

and l p / = 1

Hence 'equation <2.16) reduces to

C
Co €s-------- cosh

i-o

1 «/sc 1
‘ KT

<2. .18)

The. capacitance vs. voltage curve is symmetrical as-I f .

shown in the fig. -2.10.

The .space--charge capacitance passes through a minimum

at .Jo - 0, a situation corresponding to a flat band
'fSC

potential'. Equation (2. IB) is valid for small band bending

■ Sfr •

further -accumulation ' of charges become restricted by the

density of states and degeneracy begins. This slows down
further increases in capacity- as shown in fig. 2.10

Fpr heavily doped n-type semiconductor,^ >> -p *r
-IA>>A.

and is limited by the bandgap, When/Sc

: y
For negative electrostatic potential in space charge,

.y -4>>. 1 and A e* /.<. A and eauation 2.16 simplifies

to s

CSC <2-M)
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The C*r vs. P plot for this case is depicted in■‘sc
■fig. 2.1%. The curve is similar thouqh somewhat flattened. 
Equation 2.19 can be rewritten and a more informative 
eauation is obtain as :

1 2

'SC e.GsiM0 i- f] .(2.20)

Equation- (2.20) is called as the Mott-Schottky 
equationaccording to which 1/C^ MS- . plot is a
straight line. - However , Jo cannot be measured

• *$c

-directly. feeneraily electrode potentials are -measured 
■against' a reference electrode <NHE or SCE).- The measured 
potential-difference V corresponds tos
V = / ... <2.21 )

'NHE
■The importance of Mott-Schottky plot 15 to find the flat
.band potential ) . For if *■ 0,‘

3C .the bands are
almost flat and the Mott-Schottky equation can be written
as:

.1 * .. 2 •
------ - <V-V*b " ,<T/Cl., ... <2-22)

•* es eo qND
• Therefore,• a plot of 1 /C^c vs.electrode
potential 'V will be a straight line and intercept with the 
voltage axis gives the value of ‘ ‘and the slope* gives 
the donor concentration. The diaqrammatic representation is 
shown for n and p type semiconductors in fig. 2.12.Further, 
the Mott-Schottky plot determines the type of majority 
carriers and the band bending,'Vb which is a maximum open
circuit voltage obtained from a PEC cell. The is



related to as :

Vb =
^ *1

(2.23)

■ , . 0
where, Epf redox = -(4.5qVNH6 f ) •■• (2.24)

Thus values of for many redox( couples can be

obtained -from the data given by Latimer 168! and Lewis et al .
! 69! . - The depletion- layer width and position of the’ band 

edges - can be calculated using Mott-Schottky plots. The 

majority-carrier depletion layer.width ’W’. can be calculated 

the. .following relation s

lfc- - CV - - KJ1
W-. = ---- l ... (2.25)

% • N0 \ ■

anb 'the--.position of band edges can be calculated from the 

electron' and hole density in conduction and valance hands 

as:

" Nc exp <E£ Ep / KT)*
and

where, ‘

(2.26)
P. = exp (Ep Ey /KT)

and N. are density of states

respectively for conduction anc valance bands} Ec 

are respectively conduction and-valance band edges. 

Equation (2.26) gives ;

and E.

\ E„ E KT. In
and. (,<Nc J

+ KTln f ;V) --- (2.-5L7) .

Under equilibrium E E, "redox and using equation



(2".24> E^ and E^ can be obtained.

The ideal Mott-Schottky behaviour is more an exception than 

a rule lor the semiconductor-electrolyte interlace. The 

departure -from an ideal behaviour has been observed for-many 

semiconductors by various workers! 70-74!.Some of the 

reasons for this non ideality are i) Geometrical factors 

such as' the edge effect . non-planar interface, surfface 

roughness etc'.' leading to non-uniform a.c. current 

distribution i.ii) Non-uniform doping, lii) Presence of both 

donorand acceptor impurities, iv) Presence of deep donors 

and acceptorsi and v) An extra contribution, ’ C* to- the 

.total capacitance due to ;

a> the presence of an oxide film.

‘■ b) ionic adsorption on the surface, 

c) Helmholtz layer capacitance.

. d.) existence -of an acid-base equilibrium at the 

■interface.

The total capacitance is now ,

58

•1 • 1
c* c'4 e;e6 <t* ND ^ Fb %} Q'7*}

Under such condition 1/C*" vs.V plot would give Np but

not Vfjj unambiguously unless 'Cfc is known. To illustrate

the above point an interesting example of"the pH dependence 

°f ' % ' observed for oxide semiconductor in contact

with electrolyte is as !75!:

M - 0 + 0 *• M+ - OH ‘ + OH” and

M - 0 + H^ 0 s.“.. ^ + H +
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The above equilibrium conditions indicate charge seperation. 
One "part is attached to the electrode and other is in 
solution. Thus potential drop across Helmholtz layer would 
vary wi.th pH. The variation is described by the following 
relation :

= constant + 0.059 pH ...(2.795
H

thus. Mott-Schottky-plot would be a set of parallal lines 
•for different pH- values.Butler and Bmley !76,77! correlated 
the- pH dependance ,of toelectron af f ini ty £Efl) «

.. > Ee- + V|b +4fc + ,..(2.30) .

rthef-e' * ’ * is constant relating to the referance
• electrode '•and vacuum level

( Eo - -4.75 Tor SCE and E = -4.5 . f«r NHE). •
correction -factor approximate] y equivalent to doped .fermi

level.and bottom of the conduction band.
■ . .

potential drop across Helmholtz layer due to speci-fic • 
adsorption of ions. From equation (2.30) when 

A(j>* 0, • Eq . ,VS- *Vfk yield a straight line plot-
. otherwise there wolud'be a considerable deviation -from the 
straight line behaviour.

. ’ * i ‘ * ,

: In the derivation of the equation (2.22) the effects 
due to ' ‘the electrolyte or semiconductor bulk resistance, 
interface as a leaky capacitor (Faradic currents) and 
frequency dependent dielectric constant were not taken into 
account and hence Mott-Schottky plots under such 
circumstances become frequency dependent as shown below in 
fig. 2.13 (a,b).





The. plots ' show different intercepts (fig*3* and 
convergence (fig.b ) along voltaqe axis for • different 

frequencies. Case (a)* occurs because of ion or dipole 
relaxation or adsorbed water dipole layer on the surface of 
a film which introduces an extra capacitance in series, with 
fr#quenc-y---.independent capacitance of the space charge layer. 
The -case (b)' -'occurs because of ‘the deviation from the 
perfect.- periodicity, of the lattice near the surface or ■ due 
to tmechan'ita'l. ’ damage of the surface! 72!. The presence of 
surface states gives very complicated structure of the Mott-

. . * n. * » '

9chottl<y 'plots. Surface states can exchange the carriers 
with either to the band or to both by electrostatic coupling

■characterised by- a time constant. This, lead's ‘ to the
1. " - •

•‘frequency ^dispersion in Mott-Schottky plot ! 67 Since' the

capacitor CSS changes with both the applied voltage and
signal frequency-,' reliable data on and can be

• t' / ... .

obtained - only when the experiments are performed-' on well 
etched sample^. Mott-Schottky relation completely fails to
determine- 1 and Np when sample'thickness is less
t-han.. t’.he space, charge layer !78!.

2.'5 'Charae-trahs.f er Tlechani sm Across The Semiconduc tor/ 

‘Electrolyte Interface. -

In the foregoing.(section 2.4) discussion we- have seen ahow 
the 1 char'ge exchange between a ' semiconductor and an 
electrolyte affects the potential and charge distribution 
inside the- semiconductor and electrolyte without going into 
the details of actual change transfer reactions. Excellent
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4 *• 1

reviews on charge trans-Fer reactions are now available by

many authors !5, 65,66, 79-811. The ions in the

electrolyte are constantly under thermal motion. They keep

striking -the. semiconductor electrode. Under suitable values

for valence band, conduction band, and redox energies , an

electron- , may either be. transferred from the’electrolyte to

, . r " * * •electrode and-vice-versa. Depending on the sign, the ionic
. t

. species: will' either be reduced or become oxidised. In an

M

* * ">; "*.

idealised-charge transfer reaction semiconductor acts only; » S* ‘ ‘ '
*»»*•’*' J * r, *.*'*. ^ • , .

", as dOnor- Or acceptor for electrons without, any chemical
*\ -! ’> • :*
y f

* ^ 1- ”\V *-* .»

• * * " - 1. #<**» .. ' «.* ’ . iii>. , *
- -cbarfge-ip/.it's -.constitution.

* »'*, “*'-■ 
****** 1 * i

* • .* ' , . ’
..y-2.5.I Charge transfer in dark ;

‘ * / **.«', , *.<*#,/ *
,* . v’J* * • If:-the‘.fiositive ions can move- from the solution side to the

' . 11 - < *
*. . ' *«

. „ electrode, they- can' jump back in the reverse direction.
* *'** * *• . ‘ *l *

. . \ .- Tliere‘‘opc-Urs .both electronati.on.
*> . • , *" v . \ * • \ ‘ ' A+ * e"-------------- > D.

and- d'e-electronation

** *4 * fr * •.•« ^ , *. / i

- *v ■ »

• • *1 ‘

' ‘ i ' ‘ + —
- D —---"—> -A + e- reactions !60! . If .a* t ' - . .

“..positive ion moves against the field "direction in an

electronatioh. Veac tion it moves in the direction of field, in

de-electron at ion reaction. This is shown in fig. 2.14" (a-).

• Further, if "the positive ions has to be activated through

-.a potential difference ‘ j9Z\^5 ' in el ec trunation reaction, it 

•" has to be. activated through the remainder ( 1 - pAp > in

the de-electronation reaction; where p is symmertry factor

J , , . *
-and Aj^'is potential through which ion passes. Hence the

• wv • electrical work for activation of reverse reaction is

• f '
* 1S>(
*r\. >**> , *■
• * \ 1

• i ^

‘ ' ‘ *

• ** . *<
<



FJd.?.14(a) Electric field dff«nt on electronation and 
de-electronation reactions.

Fig>2•14(b) Contribution of a potential energy distance 
profile hy consideration of .the potential 

• energy change produced by varying X1 and X^.
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• + fc n-p) ] , thp plus sign is because of the

direction of ion transfer and field are the same. Therefore •

the rate of de-electronation reaction becomes,
■e™ <4. *» < ■‘ K c Cq P»np. ( 1 -p) ,F ..(‘2.31)

and de-electronation current density is
. 5”= fS^ cd exD( 1 -p)F ..(2.32) .

There, must be'some value of at which the rate of ’ loss o'f

electrons and.gain of electrons by the electrode are equal

«r- = 4 = F^C0«P ....(2.33)

The above situation.gives rate of two way electron traffic

be.tween‘‘a electrode and an electrolyte when there is no net

charge • transfer from one phase to the other.The individual
current ..‘density Corresponding to this ' equilibrium
situation is termed‘as equilibrium current density *io '.The

difference between de-electronation (i) and electronation 
. '1(I) current ; densities gives the non-equi 1 ibrium current-'- 

density -

(i)given . by - :

FKcCd«*P (2.34)

where f = non equilibrium potential difference across

the interface corresponding to the current density l, (A^J* 
One can split Aft into the equilibrium (. ’> and

another portion V, by- which the electrode potential departs 

from the equilibrium.



i.e. y =
Then we can. write the net current dons;ty as;

6(>
...(2.35)

i=i. rexp.U-pJVF - exp -pVFl ...(2.36)

. RT ■ RT J .
Equation;'• (2; 36') is cal'led as the famous Butler-Volmer-. . 
relation'.' !-60! and shows dependence of current density 

across . a metal ^solution interface on the portion- V. Smal l -- 

.changes'^-. in ■" V- '-produces .large changes in . "i' An • another 

imprbtantparameter' i.s symmetry factor f '*n the

el.e'c’tVode-elect'rolyte system there is a' • hill shaped

potential '-'barf-ier ‘even in the absence of electric field as
. ■: . v K r - - ■ ■ ' ' ‘ - ' . . •.
+ 4 » * . ' * • , .Sihown-in fig; -2.14’(b) 1601. This barrier has ■ to 'do with the

.atomic' - movements in bond stretcning which -is pre-requisite, -. **••*». ' » * * * * * « * ,
for 'processes -such as.chemical reaction-and diffusion- of 
'atoms'.-and ■- ion's. 'Electric field modifies1 - the existing.; 

potential barrier. .The modif ication- is such .that only, 

fraction ’ <i] - p> of the input electrical. energy’ ."c|y" 'turns
. \ * 'A " , . .

,u*p into.’ .the*-change of activation energy and1 hence in the ' 

rate :;expr"ess‘ion. This is because the atomic mqvemerits- 

ne'cessa'r'y ' for :'the'system -to reach a barrifer peak are only 

a ... fraction J. of • total distance over which the' potential 

barrier extends.-



6'7
2.5.2 Charge -transfer in light ;

The .photogenerated carriers in the depletion region -upon

illumination are separated by an electric field at the 
* %

•interface !82!. This process result, in a counter, field, which. 

;is 1 .maximum .at-open circuit condition cal led -as .M^ .' This

photovol tage -drags electrons -from semiconductor, ‘ to the*

' counter electrode , whereas, electrolyte captures the holes. ■ 

•The.'.reaction as a hole can be' formulated as:

.1 l'.-J
10w---

semiconductor-electrode)

,ii ).;.-• OX ' + e'• ?C Scrfv j • =S=* Red --r-r-.-----(AtC Solv)
counteK' electrode ).

' * . * ’ * <i. * ^ % ‘ m , ‘ * * *

The’.eleCtrbde plays nothing in the reaction -but- acts only as'

■a ‘^shott^e ‘ for .charge transfer mechanism. -Consider a n-type
* * ■''' '‘./j (' ’ * - '

• semigdnfJOc.tor . in contact' with an electrolyte under
. 7!-'\
•illumination and let us assume that a forward Moltage *V is, 

-applied ;-■. • The schematic showing the energy level diagram of, 

electron-is* shown in fi.g. 2.15 (a). The quasi-Fermi levels. i* ... “* . *. .

.fdr ‘ .'el-ettron- <E„__ land, for holes (E*._ 5 in "the depletion. , • •F'n FP
•region ..are-assumed-flat.. Jit is further- assumed - that - under-'- 
•forward-'-pia^', condition the separation between E ^ - and

in the depletion, region is ’U‘ rather than '-M' and is !B3, 

84'! :

E
- Ft> R.u ... . (2.37)

The: assumption that -, U > M, represents the fact that the 

minority carrier concentration under light i.s.- larger than' 

its concentration in dark. For holes to flow from the
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semicrinductor- to elec trol'y te, U is defined from the reaction

exp (aU> p < W > /p ..(2.38)
KT

where- ", 'p’ <W) = hole concentration at -the edge- .of the-

•depletion region (x=W) and = the hole cflncentre'tion in

the- bulk of semiconductor in dark at* equilibrium. It is 

ass.umed, -that'Cmbst ■ of the applied voltage appears' across - the 

.-semi conductor:, -depletion region, thus the series resistance 

,of a cel 1 l.s negligible and electroly-te concentration is 

"’-.high. ',enotig.hf £uch .that Cj. is atleast a. magnitude greater 

thiian. ' .'\-V From the depletion layer approximation , the 

width. o-fVt-h# depletion layer -is :

W - W. < V, V.

*. •' * ■ where, Wo = (2ES% ).

; r ! ■' ' ' ^ IN0 ■

.‘gj is a dielectric constant of the material and If, . is

permitivity .of.a free space , Np = donor concentration

"and- -•Vfa.'-'equi 1 ibrium ’band bend ing-vol tage .' The hole' f lux*• ,D <. . i -
•’•from'depletion .region- into the quasi-neutra 1; region at x-'=- 
*'•«. . . ': 
w,-: is "! 85T;‘

. jcw)=DpQy) .
_«<W

e
L. : .

where -,'Dp 

L

' T

..*. (2.39)

= hole di f fusivi.ty ,'
V* '= • (DT )% = deffusion length,

* hole life time in the bulk of the 

semiconductor,

* Dp0 = reverse saturation flux due to' the



■hole dif-fusion, -
= light absorption coefficient-and

J/S■ ='incident photon flux after, al lowing for.
• .*'losses due to^reflection and absorption by the .electrolyte. 

At. the ‘interface the hole flux into semiconductor is s ■
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■ Jt-> = [:^T[1i + P exf(^r) ■]
■ ,;.C___

:

ATtKT-y.T:
QM mx

... (2.40)’

... (2.41>

... (2.42)'

*o-
• . •i

. <2.43>
** \

**** * * •* *■ * , ex? (r°<
1+WL I

i----.... (2.’44)
WftgVeV 'E^- * .Band gap of the’semiconductor (-

. ' *Sr*V
Z' • A. * ...separation between semiconductor Fermi-level -in

the’ .billk and the bottom of the conduction band,
, . 1 i ‘ \ ’

.* capture cross section of election or'of hole for- 4 . * . 1
trap density with energy level at.or near the intrinsic

Fermri level ) and
. -Hi- 4^ • = carrier thermal velocity ,

V - '
•2lt ‘‘Hole effective life time in the depletion region.

At the .semiconductor electrolyte inter-face the hbleflux can
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be described by

JM <S.t +S. ) IP, - Pj. (2.45)

where ,

Sy

PcU

t ‘ ■ c«0 do J

- .surface transfer velocity,

= surface recombination.velocity and 

= surface concentration of holes in the 

dark, at' equilibrium. Sr depends upon concentration of 

majority'-and'minority carriers at the surface. The hole flux 

which -c,oritributes to the current is :

'' ' ■' .........................(2.46). ■

7 / -Td; -evaluate ■ equation (2.46)‘, the ratio of the hole- 

density1 at the surface to hole density at th© edge of the 

depletion.- region' has -to be found out from :
» * . •

' exp f Ej=p 0*0 7

L " " "J
(2.47)

.■one- can''write:
k. «. I* • . ;

PL —• = exp C-q VD. /l
po

'M'oj

KTJ

R773r^:-A'*Kp^c^!cl:J <y° " V)1'

(2.48).

(2.49).

■Where , n£ = intrinsic concentration of semiconductor.

■Using.v'(2.38) , (2.40) and (2.45 - 2.49) one. obtains :

j = Jj - j^ . ' . .(2.50).

where,’- Jd = minority, carrier’ flux due to hole injection 

di f fusidn. and ' is as :

vjd=y (ff) -t b (2.51)



The ' direction of 'Jd' is opposite to the 
photogenerated flux and hence it can be referred to as the 
opposing flux.
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j, -ft)#-©]
(2.52)

.''.is '--the photoflux , which is the useful’ photogenerated 
current of a solar cell. The direction of this photocurrent 
is-frpm semiconductor to. the electrolyte. The diode ' current'
shown'- by' the ’equation (2.51) flows in opposite direction . t:o

* * . ' \

•that,.’of'- the , photocurrent and is a combination' of three
' o'*

xUrren.t-'domp’onents !'B3,85! , namely hole injection current , 
recombination generation current and electron exchange
currentiUsually electron exchange component is orders of 
.magnitude ,. greater than the other two. The. 'reasons behind 
are! i'-). ■ the” concentration of electrons at- the surface is

* • * * «V * I, * * »;much'. -larger"' than that of the holes and ii) for n type
sem^c&nduc-tor ' the overlap between the conduction band and
oxidised ' spacies of ’ an electroly-te is greater than the
” - \ . * •

overlap "’be tween the valance band and reduced species.

2;6 Efficiency Calculation.

The'output voltage/power is -mostly limited by the band 
bending at the interface and a maximum . photopotential is 
obtained at the flat band situation , under high liqht- 
intensity..

The. maximum photopotential is:
^ . . ^ ‘2.53)
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The 'efficiency of conversion of a c-ell' <n) is defined ass

(output -power) (2.54).
^ --------- :------------ ---------- x 100*/.

(input power)

The quantum efficiency is defined as:

'Numbers of photoelectrons flowing per unit area .
*1 ------------------- ------------------------------------------- -----------------------------------------7”

'Number of- incident photons with energy hdper unit area

V

■ • ' - V. . • - ...(2.55).
N( e)

s\ . ' 7 , ' ^ N(,hO )-
* »'*** "C ’ -V

• -The various . expressions for efficiency used by 

differeht authors.are manifestation of equations (2.54) and '

'<2155> V. •' • ■-
. Ldferdky . tB6!. and Archer .'87!, neglecting . the losses due

to -ohmit resistance , overpotential , light absorption’ in

;tHe. !'S6>l.uti.on.‘: etc., have discussed the ef ficiency of a

photovoltaic cell as :

Co ■
«<{ejN<6)dE

v -~w~

:: '• - ’ *. o
..wher'e . E„ = band gap of the material ,

• ' N(E) =■" Number of photons with energy Er" 

x>C( E) = Fraction of photons absorbed.
I -

- The’ lower limit in the integral at the numerator E^)

) is tlie' threshold optical energy of the photons responsible

for photogeneration of e-h pairs. Equation (2.56) is

suggested for the larger magnitudes of band gap (E^ ) andeC
.■ne.prt b«wd edge is

A (.Ns - Eof
^ = --------------------- -- .'..(2.57.)

h<[)

, ... . (2.56)
N(E)dE



where A' is constant and n = l -For direct allowed

transitions- and n«4 -for indirect transition.. It is obvious 
*. s

■from equation' (2.57) .that for X' to be large, Eg must* be 

smal I.." -'Thus . equations (2.561 and (2."57) are the two 

conradictory conditi-ons and would be a maximum for some
optim.um- value.- of Eg . Assume that ail.the photons .are 

absorbed- i'n a narrow region beneath the in ter f ace (■ at'=» 1>.

.Neglecting'Var l .possible, losses, the hypothetical, conversion

ef ficije,ncVv Vt--,'-can • be given as s
’■. . .. -'V - ■ .

'___(2.58). '

:E> dE

A" ' simpl£' ^’calculation for AMf solar radiation -is given in 

fig.2'.‘l'5(o.).. -The conversion, efficiency has a maximum around’• t* .

. -%r'A j E, N < I

/E’ .--i- l’.'2eV, with- the maximum value 477.. For rea
‘J . «*„* . . •» » ,t , * • , > * n' *•Conversion. efficiency, the following losses, are to be 

considered.i00i;

i). OhmiC.'loss across the external load iRj_ 

ii ) . 'EneHgy "lost • in the separation • of e-h pair in the space 

'-'"Icharge- layer. -

,iii)'"Losses- due to minori ty carriers 1 and majority
./ •- carriers (qfi . )at the semiconductor and counter«• l-twy

electrodes-, respectively. The estimated loss of. energy
. *.

i.s approximately.

4Sfass^0'5+eCt*.+ 4iRL (2.59)

-.The real situation conversion efficiency as a function 

of,. the bandgap for regenerative type electrochemical
5 :

photovoltaic cell is given as :



rejn” 0 ~ . <?.60>

On the similar lines of equation (2.54),. the efficiency 

of an-extehnal ly biased cell can be defined as !67-! : 

(outpu’t-rchbmical. power)-(electrical input power ) •
■f?

input optical 'power
(2.61)

Account- for/ ohmic loss in the external load can .‘be
' A-

■SS8-IV - V'.!: V . '-/fit
‘ ■ / «•' b "II 1 ~ . . -. ’ (2.62)

■ '■ where. --'heat of combustion of H_ (68. k .cal .mol )■ or
" “ ->■’ ...<285.6 k.J.mol ),
,, /• ..

. ' F = Faraday constant,

. -V*; i; ■. =-Photocurrent flowing though R* and •

• Wi ■ incident light energy,■ ,»•" rn ■ . ■>.
For storage, devices, the storage efficiency is s

Istor "W /E’ ’ ... (2.63)

where . , A^0y ^ * otherwise storage

would not take place AEttov = equilibrium cell voltage
.of- the /C^. fuel cell in the case of. water

photoei'ectrolysis. From fig. 2.15(.b), it is clear that a

theoretical efficiency • of about' 257. is expected for
. ' '* V.

,regenerative - type PEC cells for U semiconductor with E
* » v3

= 1^4 to 1..7 eV. The band gap of some semiconductor vis-a-

vis’efficiency is.given in fig. 2.16(a).

.The ’conversion efficiency for photoelectrolysis cell 

wi.th single electrode is much lower about 127. with a 

semiconductor of optimum bandgap of about 2,2eV. Much lower
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bandgap • semiconductors can, .however, be used in 

photoelectrolysis cell with two <n + p ) • electrode 

combination. .Now it is well known' that the maximum open 

circuit •. voltage . attainable -from .an electrochemical

photovolatic cell would be :
* ,* ‘ ‘ * * ** *

“i**-*1 P 1% " " ^ ^ jr ^ *

It' « J , k' i
V' '.>? .Vv.*''* ’ ’ :

- . \\ .’ .

r‘ ,

■ - v •.
■'.i; " ; X :\r
.v-,.

? ♦** • . » 

fcV* V **.1*^*1 ' • .V;^r,7fr» '•*.7^* <V. "*>. .* * z%
•V';-'rwfv; .. . •v - t ”v, • • ’ .•*«.. ‘
.*■ "-.’v : *1';

• V.• . oc ■ ■ V Redox '•a . • . (2.64 )’■
‘ ThusVV.t’he'.ul tim'ate efficiency would also depend upon 

■ 0^'- as shown in fig. 2.16(b).-

•> ■. - r>-
• ■ . >r

.s, *

jS'i ' , *■! ->.30*- '. V- •
j"-1, -?>Vy.s': /-,•«

•d** v- % j « 

1 * • i‘Ci L .*

* 7* \

» *. , *

** ,♦* . **


