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2.1 Introduction:

The emerging technology of modern days needs various

) . . .
types of thin films for a varietv of applications (36, 37:.

The thin - 4ilms can be single or’ multicomponent,

.alloy/compound or multilayer coatings on substrates of

different shapes apd sizes (38-4@!. The properties required

e

of the ;#iims'can be depending on the applications, high

6pt1c§l ré{lection/transmission hardness, wear resistances,

- single crystal nature etc. Such a versatility in thin films

is 'broudht.abbuf by the techniques of thin film deposition

139-44: . .

Altﬁﬁhéb thin films are assuming increasinglv'interest.
their --éfructuré 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 multitarious properties of thin

4i1ms."Depending on the property of interest, a host of

cha}aqiéhisaiion‘tcbls are available #or giving some times
similar and 'ere often additional and complementary
infor&a{ions.'N; ;ne technique is sufficient to characterise
; thin, film c;mpletely 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 1n numbers that it is

"imnossiﬁle to cover all aspects in any one of the review,.

Further, C film properties are the strong. function of

deposition technique and it is quite obvious that no one

23



. . technique can ‘deposit the $ilms covering all bereficial
‘aspects such as temperature, cost of. fhe equipmenfs.
deposition conditions and preparative parameters, and other

selective properties of the films.

2.2 .Thin Film Deposition Techniques Inbrie¢.

[

films . can. - be depending upon  the applications and

24

As’ mentioned above, the properties required of the.

,f:ﬁ; Su-f.”mujtiiaFious.féharacterisation techniques, a versatility in
“w." 7t . - ‘thin films is brought about by the techniques of thin film
1;.;;:5.: " depositich. The basic steps involved in a thin #ilm

deposition: technique are :

;7. -7 a) ' Creatioh. of material(s) to be deposited.in an atomic,

ﬁg1étu1a? or particulate forms prior to the deposition.

u$;¥n“3- . b) Tréhséort of material(s) thus' cfeated to the substrate

oo in the ‘form of a vapour stream or solid or spray etc.’

" growth by a nucleation and growth process.

{777+ . €) -Depositioh of the material(s) on the substrate and film

'fi,:.fj“. Al ;ihe deposition techniques can be distinguished by..

;g- : " the way thHe three basic steps above are effected. One can in
;urinéiple get the films of desired properties by properly

modifying these- three steps.

Thin filmn deposition techniques have been broadly

classified in four main categories:

13 Physical Vapour Depositions (PVD).



2) Chemical Vapour Depositions (CVD).
3) Electroless or Solution Growth Deposition.

4) Electrochemical Deposition (FCD).
2.2.1 Pﬁvsigal vapoﬁr-depositions (PVD) .

The Ph&sical_banour Deposition techniques are those in
which' the material to be deposited is made available in .an
’ . atomic, 'moleculaé or paqticulate +orm before being put . for

B depoéigiqﬁ. The PVD's can further be subdivided. into:

E

" :1)‘THermal .Evaporation (T.E.),

iijiEiéééréﬁ Beam Evaporation 1EBE).

j?‘ ﬁf{” : o iii)ﬂhblecuiar Beam Epitaxy (MBE),

B :}y; Actibafed_Reacéive Evaporation (ARE) and

ST v) Ton Pléting.

S o 'Thef#}ﬁ;t_gn?ee"techniques are different in the way the
‘yapour be;m-gs é;;at;d (step a).” In ARE, step-b is modified
in that:tﬁé'yapo;r beam is transported throﬁgh a reactive
plaéﬁa.iln_ﬁon-piatiﬁg. conditions-at the substrates (step-
c) are ﬁodified bv~an iop beam. The major advéntagé of using

'iPVD teqhnﬁqges is that all the three deposition stéps (step

- a,b,c) ;can.-bé independently controlled. Howeve}. this
spells.out a warning that the deposition parameters should
be caref&lly“ménftpred in °~ order ‘to achieve reproducible

S $ilms. The details of all the PVD.Eechniques is beyond the

scope, of - this dissertation and reader may refer to

-referances 136 - 42! of the text.

2,2.2 Chemical .deposition techniques.
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Chemical deposition techniques are the most important
tools for the growth of thin films owing to their pépglarity

for depositing a very large number of elements and compounds

at relatively low temperature !45-46!. Both in the form of

viterous and crystalline lavers with . high deg}ee of

perfection and purity, these filme can be .deposited with

;requifed"stoichiometry. Large or.small and even or uneven

surfaces, of all types, conducting or insulating can be

* L}

:cuaiéd'ﬁffh'rélalgve ease. The processes are very economicél

and have' been industrially exploited to large Sﬁﬁlel The .

e, E
various chemical deposition processes are as follows:

.. 1) Chemical Vapour Deposition (CVD).
.. - 2) Spray Pyrolysis.

3) Elgcikodeposition.

"4) .Anodization.

Sy

'5)’Screeﬁ.Printing.

6) Saiuf;on'Growth[

g : . - S
‘.‘i-A-_dqtaiied'historv of each of the above technique is
hot. possible to mention here however, a brief jidea is

exa{ainéd:for the sake of understanding.

. 1) Chemical Vapour Deposition (CVD),

+

h ‘simple’ dqfinition 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

H

or édlid compound to be deposited is made gaséous by,



~

volatilizatiorn and is caused to flow. either by & pressure

difference or by the carraier qaé to the substrate. The

27

chemical reaction is initiated at or near the substrate

surface to produce the desired deposit on :the substrate. ;n

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

.‘ ‘-._-"""-- ; >
adhesion of -the deposit is a strong function of. the nature

of tﬁéf?educfipn and tHe activation process . The possible

-

" reactions’ involved in CVD are: therimnal . decomposition,

L 1

hydrogen réductiion,nitridation, carbidization or oxidation,

-3Eom5;ned reattions. In most of the reactions, the deposition
i hetefogeaﬂbus- in character. Homogeneous reaction . ma&

‘btcur’ ifi gas phase resulting in undesirable powdery or flaky

deposits.

The . feaéibility of CVD process can ‘be predicted - by

stquiﬁQV the fhérmodynamics of the reactions. The reaction

s

kinetics and mechanism of film growth are so different in

"individual- précésées that a qeneraliséd account is not

possible. However, certain important features common to all

thesé methods are : 1) CVD set—-ups are simple and +ast

.'néqyc}e‘ times are poésfple..ii)_hxgh 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

. ‘disprogortionation, .chemical transport reéctions, and-

impurity content can be grown, v) Objects of complex shapes.



and geometries can be coated, and vi) In-situ cﬁemical

vapour etchiﬁg of the substrates prior to deposition is

possibie. The factors which are uncommon and affect the
-3 - .

deposition uniformity, composition, and properties of film

are @

i) Tﬁgrmodvnamics and reaction kxnetiés—;nvc}ved in the
;Hep6§ftigé process are very complex .and . poorly
.ngefgtbaa.

ii) 'Hiéhér substrate temperatures.are reqyired as compared’

“fdfﬁbdincﬁtesses.
ifi)'Hiéhlv ,éﬁxic sometimes explosive and qorrosivg'-gasés
éh?'-vaiééiie products are involved in . tﬁe reaétiohg.
‘nThése‘may.attack-the sdbstrate-deposxt and the chamber
:~".wall§. N
1y)'§ighﬂ.iemqefature in the process lead to diffusion,
';ljﬁging ‘or to a limited choice of ‘the substrate
.-‘méﬁééialgi
.v) }UniioFyitv.of the deposit and masking of the substrates

“is usually difficult.
L 2). Sbray,pyrﬁiysis :

This is essentially a thermally stimulated reaction

between clusters of liquid/vapour atoms of different

spraying “.solution of the desired compound onto a
- ‘ .

éubétrgie maintained at evelated temper;tdres. The
.sprayed- droplets on reaching the hot substrate hndergn
pyrolytic decomposition and form a single crystal or

'qlustqf of a crystallite of the, product. The other

28
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volatile byproducts and excess solvents escape in the

vapour phase. The thermal enerqgy for décomposition.
subseqhent recombination of the species, sintering, and
recrystallisation of crystallite is provided by hot
substrates.. The nature of the fine spray droplets depend
upop- spréy nozzle with. the help of a carrier gas. The
themihéls. u;ed for this method should be such that the

desired thin film materxals must be obtaxned as a result

}o?ﬁ thermally act;vated reaction between the dlﬁferent

species and remainder of the chemical const;tuents. The
carrxen l;quid/gas should be volatile at the deposition
temperature. . Growth of the film by spray pyrolysis is

2

determfdéd by the nature of subst?atg. chemical nature

- and., concentrdtion of the spray solution  .and ' spray

29

parameters. The films are in general strong and"

adherent, mechanically hard, pinhole free. and stable

) wzth time and temperature. The topography of the +Ffilms

{é‘ generally rough and dependent on. spray condxtions.
The substrate sur#aces get affected "in the spray process
and the choice is limited to glass, gquartz., ceramics or
oxide, - nitride or cérb1de coated substrates. Metallic
;GbEQrétes found unsuitable for this process.

.Sfdlchiometrv for oxides 1s difficult to maintain by

"this process.

Electrodeposition :

DA

It .is a process of deposition of a substance upon an

electrode by electroliysis, the chemical changes being

R 157, BALASARED RRARDERAR LIBBARR
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. . ' . . ' . vte st 3()
' brought about by the passage of a current through an-
electrolyte. The phenomenon of electrolysis fs. governed
by the Faraday's laws. When a metal clectrode is dipped
i L’ - . in a solution containing ‘ions of that metal, a dynamic’
SR éc';ux'.libr;'.'qm M= M%i xe (M-Metal _ai:om) is set up. The'
i;?’ S . electr&éé gains a certain charge on 2itself' which
“attracts opuosxtely charged ions and molecules hmiding.

:?;i :;f: :'them- at the electrode/electro]yte 1nter€ace.‘ A double

.

,“f' j_:‘layer ,con51stipg_pf an inner ldyer of water ‘molecules

-
. e

«interposeﬁ- by preferentially adsorbed ions and. outer- .

-
¢

)inygﬁ layer of the charge opposzte to that of’ the electrode 15'

: formed. Dun1ng deposition ions reach the _electrode
' usurfacaa' stabiliéé on it, release their ligahds (water

e ?'; L molecules or complex;ng agent), release.their charges, .

:-and?. undergo ‘@lectrochemical "reaction. Thé rapid-

Ef;f'f' Lo depletinn .bf the depositing ions from the dqubfe layer

is ‘compensated by a continuous supply of fresh.ions from

- "

-;i* - f the‘ bulk Lof the e19ctrolyte The transport of ions. to
e Tt . depletion regxon occurs due to the dlffusxon' owingi to
'J".' . cancentrat;on gradlent .and migration owing " to the

applzed electric field and convection currents. The

_factor;a those influence an eléctrodeﬁoéificn _process

.
.t - . <.
t A . R

“ares - )

}:T' T - i)bH. a@ - the® electrolyte,ii) current:_ density,
'}.:’ - i ﬁii)éempérature .0f the bath, iv) patﬁ cdﬁposition.
v) érgctrnde- shape, and vi) agita{ion.

.

LU e gy Anodizétioh .

- e
- . A
S, . -



- 31

It is an electrolytic process wherein the metal is madg
-i{ " " * the anode in.a suitable electrolyte. When an electric
.current is passed the surface ‘of the metal is,

L] * B L. N . ..
: converted into its oxide having decorative, protective

”3?; "L . or ather brupgrties. The cathade 1s metal or graphite‘
A wheré'fﬂz.?yblveé. The required oxygen originates from
" ? -f..iihé:;ﬁgd%rolute used. The pH of the electroivte plays an

- :'f ﬁfﬁﬁériﬁﬁéz _rale in obtaining the. _cdhe}ent . films.
“.:Thickn#ss of ‘the oxide layer depends on - thé metal,
w7 voltage:- applied, temperature of the bath, and time of °

7> the 'degosition.

O

-8y _Screen,Printing.

"I- LR 3 .0 :;.:_" o T :‘ . . AN
e . _‘-:“ . Lot
- - Screen . printing is essentially a thick -film process in
Lt © . " 'whigh pastes.containing the desired material are screen
_; :;fif_ o prinf?d by conventional method onto a.suiéab;E'suhsf?ate

"_gd':definé‘i;onductor. resistor or a device pattern.

-é %:f . ;f:isdéébauééﬁfy.'.the suéétrate.ﬁs fixed under _appropriat?
Q§%§;{,_'_‘ '}~. éup#%iioné ‘oF time and temperature %o' yéefd rugged -
. i;d?" .L5~c9mponeqt§ ‘bonded to the substratéf' Thei substrates
guﬁ S - :qﬁ;ch-'havé smouth surface, capabi1lity of withstanding

for .. ﬁiqhér' temperature, mech;nical strength, high'

j%k;n. ."'..tbermal Fonductivity and good electrical properties, and
i;.r ’ ' - are :céﬁpatible -with film material pastes are. used
:?%fimx; .- _'(ﬁlggiﬁa,'ﬁg?y;lia. magnesia, thoria and erconga). The
y f-%: .-.Qaété ‘-to. be .used normally cons;sts of H :_i) a-’
.;?:?- T %‘f.@etél}ic)resisti&e/d{élgct;ic/semiconducting component
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"in' finely divided powder form, 1i) bonding agent, iii)
an "organic suspension medium., and iv) an organic
diluent. Semiconcductors live Can.CdS.CdSﬁ et can be

. depoé{ted by this technique.

&) - Solution Growth, 3

Filmq,eaﬁ be grown on either metallic or nonmetallic

[4

o field. 'Depbsition may occur by -homogéneﬁQS chemical

v *

_kea;ﬁioné usudlly reduction of metal ions in salution by

'SLT"a-réddE1hg agent. If this occur on a tatalytic surface

‘;1£t_i§ called an electroless deposition -(autocatalytic’.

'metaf¥i;~5qtfécés a sensitizer has to be used. The rate

A .

o#ld?odfh'and'.degree of crystallinity depends upon the

-

‘-_$'- temperature -0f ‘the solution. One  of ‘the: <chief

”

non _accessible surfaces i.e inside of glass tubes etc.
AR

N

2.3 Electronation and Deeléctronation Reactions :

. ‘The process by which the substance gains an electron is

called electronation rection 147!:

“ OX.+-e° === Red., E* ~m—————s—mmmmeeemee (2,1)

whé}e} OX and Red.are oxidised -anq ‘reduced ‘species

;éuﬁﬁthales_.by dipping them in appropriate-sélutibns of

-advantages ..of. such a method is to deposit the films -on

32

e méééfg'édlté without the application’ of any. electric

_¥];Ij5frveﬁiﬁd L is the most widely-uséd of this ‘techniques.
Metallicc as  “well- as compound ° films '(5uthides;;

e sgleqf&es)' and-"their alloys can be deposited. For non--

...regbectiyely ‘and. E* is the standard elecfrochemicalf



potential, The  reverse of an electronation is
deelectronation- process in which loss of an electron

occurs. Thus the "REDD*? system is a8 combination of two

‘species where, one species losses an electron, while other

gains., Tﬁe elect}on energy states in a redox electrolyte are
N ]

) analogous ° to the energy states in the solid by the ene}gy

" change @

[ OX Solv 1+ ey w===== [ Red.S0lw ] =—=—m-—m=—————— (2.2)

in _thé“ﬂreactién. This means that a free -electron -from

N

infinity  is introduced into the solution and it occupies the

3 - *
G

" lowest énergy state in an oxidised epecies (without change

.

in solvation structure) called as enerqy of the€ unoccupied

. states, The process exactly reverse of ‘this gives energy of

tHe occupied states (reduced species). The  summation of
theserzdtcdpiéd_hﬁp' non-occupied energy states gives the

b?dbability‘f&ﬁckion as:

DRJO.K .‘_ ". '(E) = D.Tu" (E) + DOx (E’ ) .o w ‘.2-:'3)

Nhiéh; is similar to the density of states function in

so;ids::4§!.

The - functions D,y (E)  and Dy (E) can
. further be expressed asi

‘Dyeg - (E) = C gy W oyed (E) and !

) - ] . . :.-u (2.4‘)

Doy - < (EY = C,y Wk (E) " .

Where.‘ W,ﬂ’ and W, are given by the thermal

F

distributioon functions of 1onic configurations and Cred

and - Coyy.. - are concentrations of ions in solution.

Under .equilibrium condition the occupation of these
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. - - .
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.

energy states in electrolyte is again given E?' the:

Fermidistributiun functions as : 3
A , Dyed (E) = D vedex (E) [ E =~ Eg yogox 3 and
e . ' ) . .. (2.5) .
e E D ox (E) =D ,egox (E) ['Ep—E 1. : ‘

fﬁhEHé’ ﬂfg;abx¢ :is the chemical potential of e}ectrons in

.redox electrolyte. A detailed mathematical analyéis is made

Vel by Ger*scher 148!, Both metals and éemi;onguctois can.
?ﬁ¥f¢,€- perform redou react;ons with electrblvte 1491 . The' transiar
. 'fcf; an électron to or from the solution can take Dlace only

-, .' N

U xn “the energy region of the conduction band while thaé of

" the - Héle " in the energy region of the .va}ance band. Such

trans#er ‘can-occur between two states having same energy,

one empty.and other filled.

L] .
L
»

,32.4 Tj%'sem;ggnduétgrfslgctrglytg (S/E) Interface..

- »

-2-.4. f 'Beﬂ'é':al .

The charge' transfer ~“across the semiconductor-

if' L 'electru}vte _1nter¥ace in dark or in light results in the

- -
£ ]

P ; flow of ‘current ..through the _juqction ‘Fcrhed by the

ER 59M1conductor ‘and electrolyte. This is the key - concept in

ﬂ,u?j. - _the work;ng of aaotoelectrochemical solar cells. The work of
ST . R . F .- * .
"Brattain_ and. Garrett !580.51! forms the basis of earlier

.‘studiés . of sémiconductor eléectrolyte inter#aées.. Gerischer
e 1524541  "deriving an analogy with semiconductor physics,

- has . suggested that the oxidised and reduced species may

-

;’%"'_: '-fbé liﬁked:(espgctively with the conduction and valance bands

‘ﬁf e (Nénﬂ- dééupied .and occhoied'energy states). A term EF

. . . e - . L4
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.;'J . " redox can also be defined similar to & semiconductor

The energy necessary to transfer an

-

" Fermi ieygl‘.EF .

~electron from the reduced species to the oxidised species is
analogous to the band gap, ‘Eg’, of a seMiconductor and redox’
A ‘potential is.a potential required to transfer an electron

from a redox species to a vacuum level or vice versa.

_.f. ; o The analogy betweeh a semzconductor and ah 'ele:trolyte
PR B is noc' perfect. The nature of charge carrlers.in the tuo
oha;es i;‘ehtxrelv dz#ferent One is electronzc whxle. other_
." iooxc;ilh the semiconductors the environmenc seen by ah

electron is an'"eléctron cloud" and its motion is under the

periodic potentials of positively charged and fixed ion

- -

cores. ‘In 'the electrolytes ions move with ' an ionic

tldud of bpposlte charge with or without change in solvatxon

shell.. As two ohases are distinctly different,, 1t would be

Lf‘“.“li 1nterestinq to know what happens when the two are brought 15‘
':}f:j .. contact. Deep 1n51de the semiconductor the charge carriers

are in an atmosphere,o¥ isotropic forces and that'inside the

{g;g.;f' y:'-éfeciro3$té-'het force on an ion is zero. Hence at the
PR 1nter¥ace boundary picture is different. At theﬂinéeh4aceian ..
:.:}f_ - ian is" under the two d:fferent forces: one due to ions of an

electrolyte .and other due to the electrode.This -ahisoﬁropy
|

of forceé “at. the boundary leads to a quite distinct

:i' f . .' gkructure' of the inter#ace compared to bulk structure. The

.l SR ahisothqoic"forces at the interfacial region results in a

A Tnew arrangement of solvent dipoles and ions of. the

electrolyte and’ electrons of the electrode. This.

ﬁ":w.:z : electrification of the electrode-electrolyte interface ‘is .

- - *r oz
* Y - LI ¥
- = . -
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‘shown in fig.2.1.

In the begining the anisotropy of forces at the

intgriacé makes the charge carriers to accumulate near the

surfabe;' When there is a sufficient build - up of charges on

béth- Qiﬂes ”the electrical forces at the surface overpower
fhe‘ barriers * resulting in the flow -of charges. An

ehuxlxhriup :is -established ‘when the elegtrochemical

v 1-,'

.:’Es E-" . (Equ.‘lllbrlUM) - R R T . ‘2..6) .

-~

. :negiop-'aéls as a barrier for further flow of charges. The

‘ :ddiéﬁ%ial.-qra@iéﬁﬁ is high at the surfacer and gradually

-fdéEFeasesj T as fweﬁmoye away from it which:gives.iise.'to a
3, v ow- . S, . N

idqublé‘iayer.‘ﬂﬁsiudy of the double layer.at the: electrode-

-~

‘eléétédiééé' interface is related- to the chafge transfer

s

reactfoﬁé;ﬂdgrrosibn etc,

.
K

2. 4 2 Structure of the double }ayer at lthe. Electrode~

_k Electrolyte Interface.

. ,v

A.-qualitative picture in fig. 2.1 shows that -the

,eléctrbde-éleﬁtrﬁlvtg'interface gets rectified as a resulﬁ

"of a redistribution of charges. .Upon emersion of" a

éémfconductbr into’ an electrolyte the surface "of " the

. ‘semiconductof - acquires a net charge density. Both
semiccnduéto? sur&ace and electrolyte region near the

'boundarv acquxre potentxal dxstrxbutlcn whxch ﬁecreases Nlth'

- .

A

% ] ) .
potent;al Dﬂ the electrode side (Es . ) and on the electrolyte
] S
‘siHe ‘El ) becnmes eduali; ‘i.e.

'jIhus- theﬁépténtial gradient associated with tﬁe interface 1



[ -.-,'

+ -
Electrolyte |4
- :

+ + + + +

T

L+ 4+ + +

Figd ‘1 QUIII tatxve description of charge distributton
“near the electrodq/klectrblyte interface:

Electrode Electrolyte - .
.,:: -f &' . .? -
P *
) TN ‘
— N ;
o] N\
e \ _
§ ’ ' k]
o i
© & !
.]Z____u . » X
) . H
qu 1 2. Hermho!tz-Perin model ) -

_ - a) Schemdtlc charge distribution -
e, . b).Electr!cal equivalent of'interface
' c) notenticl dlstrlbution towards the electrolyte.

- 37 .
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distance ¢rom the phase boundary. The . overall charge

neptraiitv occurs when
.qs. ' ~‘= 9es : (2':.7)
‘Where q, and q, are respectively charges near
fhe,semicoqductor and electrolyte side; of the interface. To
exaﬁi&b"%ﬁé .strgcture 64 the double la;er. we divide the
':iﬁﬁeéigce-iﬁgo two regions : | |

‘a) Electrolyte side of interface, and

¥ b)Y Electrode side of interface.

'Z;KQ’Eiéct(olyte side of the interface.

e
-
-

. {Héimhdlkz_-lﬁﬁb assumed that the charged layers of

[

'"}cﬁsi¥ﬁ%m§ a.sheath at the dipped metal surface as shown in

'+ #ig. 2.2 (a¥. The Helmholtz-Perrin model suggests -.the

AR ead
.

-~

ﬂu'Qlétfraﬁe-eiécbrblyte_ interface as a parallel plates of
7 tdndenser tﬁirged oppositely but with equal charges as shown
T in #idﬁ;é.z }E)._The term double layer thus originated. All

B »'tﬁe}ppﬁential is assumed to ke dropped across the sheath of,

b - - . .- - - |' ,. - * ) .
the: ions of -thickness S“ called to be a -double " layer.

. $épar-ation &s shown in fig. 2.2(c). This ° §,° is initially

:assigned ~to be independent of the voltage applied to the

f.eféct%éde. If:ﬂphe charge on- the 'capaqitdr is -dQ_ énq
péteﬁtiél; across the layer is dV, then ~the differential

+
¥

;auacitor-is'given-by.

o dq €€,

o dv Y
where, {° = av ‘ . '
'.‘,S_H €& Lo wes (2.8)
-"‘- ) ] ) " da .

.
~
el



‘;_Tdoes not conf;ne themselves to a plane as was suggested by

oL 39

" where € and €,  are the dielectric constaete of
the materlal and free space, respectively. This voltage
independency of §n or C is against the experimedtal
s ubserdetions. Gouy 156! and Chapman :52; suggested that the
electﬁode surface on whicﬁ charges have accueelated may Ee
cnné;dered .-as a large central _ion. exerting a _Planer
eiectrosf&k{c";ield on the solution side of the interface.
" This }*orcé Fal]s off slowly as one moves deeper. into ghe

. solutibn bulk ‘away from the electrode surface. Thee ions -

. the Helmholtz~Perr1n model but they form a d;fiused layer ‘as
'z.shown in f;g. 2 J(a). This diffused ionic laver- is called

_ﬁ '“Gouv Layer" Fig}2.3(b) shows' approximate potential

d;str;bution according to Gouy-Chapman theorv and the charge

b

. distribution . in  the Gouy layer is given by the Poissons -

equatron H

. ﬁ = expl-lg .X) - .. (2.9)
" . () - on) G - .
~where, .fﬁ:= notentzal at any dxstance % 1n electrolyte.
. . i
A % = potential at x = @ and
- Fay
LG = .Bouy Layer thickness or Debye length.

It 'was found that : i) Charge density eistribution in Gouy
l.ayer decays exponentially with distance in the electrolyte.
ii) Thi:knese.--LG (fig 2.3(c)) . varies inversely with .
‘.square root of the ionic concentration, and

iiy) Differential capacity of the Gouy laver is vortaee and

ceneentratiqn depenedent.

G, BALABANER RARDERAR UBME?
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*" called ““contact ‘ adsorbed * ions". The locus of all such

Stern (158! predicted that the ions, being of ¥ini£e

size, keep a minimum distance of aopproach to the electrode

surface. Thus double layer. 1s neither abrupt nor diffused

but a combination of the two. The situation is shown in

‘$ig.2.4(a), Here interface distribution i1 divided into

lafers
i) Dense @ ﬂere ions stuck tp the electroqé apd‘ potential
vaéiét;oa is linear,
iifni;fdsed' :‘Formed as a8 result of opposite_tendencies of
:,thé téiéra&tivé*cpulombic force and disordering thermal
.";luctugtinng Qhere potential decays exponentially as

shown in fig. 2.4. (b).

1ﬁThe stern model does not explain explicitly -how.the 1ons

. -:aréj:=stpcﬁ= to the. electrode: The probable reason may be

%:'ZQhe .hvdrqééd electrode surface and stripping off solution.

""The . stripping .off solution means pushiﬁg some water

molecules  away and sit in close contact with the electrode

by stripping-off their solvation. The i1ons so sitting are

§

jcontacf;‘adsorbed ions form the "Inner Helmholtz Plane

(iHP)“. The solbaﬁed ions are in the "Quter 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). Thé IHP consisting of water dipoles and specifically

adsorbgd ions which forms a saturated dielectric laver

with a dielectric constant equal to 6.

12254
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ii) The OHP éansiating of solvaéed ions at a distance of
their closest approach to the elctrmae surface. The
degrée of orientation decreanses with ‘distance from the
electrode surface hence OHP consist of partially
oriented water molecules with diélectric ccnétant
between & and 78. A mean value of about 48 is qually
taken-

'iii)Gouy layer due tg disordering of thermal .fluctuations

.;nd'@he ordering electrical for;es-tend to'&orm diffuse

- ignic’ Iavéi.'Thus G-C theory fails near the electrode .,

5urfage. Tﬁus.sieén's suqggestion ha; to. be considered.

) Fo; a{} péackical purposes., G T'C -5 Lheéry is correct

-att léy ion concentration. At high ionic 'conéentratiOn

.fhé- sdreéningxcharge clouds assume a lavered structure

:{59{.:‘Re:éﬁﬁly:-Liu has developed a Lattice-Gas model

%a;gd'“bn. above -ideas where Soth ions and solvené )

maleéuleé are taken as hard spheres of equal radii and

they are assumed to form a parallel layers near. the

. planar electrode as- shown in ig.2'5 The lattice

.:Qa?ameter is chosen as the distance of closest: éprnaé?

'of " two molecules. Liu s model gave reasonabie

_des&riqtién.o# the properties of the electrolyte in “the-

-iﬁterface région and was better than the all earlier

modeis. For detailed discussion re#der may refer to

Bockris qnd Reddy 160!, Paréugs 1610, Délaphy 162! and

Barlow:!63!.
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'f”{ii';Eléctrons = and holes are .charge. .carriers “in

- ‘.\.45.
2.4.2.2 Semiconhductor side of the interface.

The flrst ‘systematic znveathatlon of the semlcnnductor

surface in contact with an electrolyte was reported -by

Brittain and BarretiS@! . Many references are now available

with .excallent.asuects of semiconductor - electrochemistry’

-:54.60;44—67fu_ It - may _be recalled that the anisotropic .

4orces #afafﬁe electrode—electro]vte xnterfa:e-and a. charge

‘ftransfer across the interface leads to ‘the rearrangement of,

‘?;electrcns - ‘ahd ;ons. The charge distribution of the

& *,

xelectrnde. .side are widely different for metals and

g e .'...

s = T et , .
‘semiconductors principally because :

¢
[

iquLasemrconductors ‘while in metals only ' electrons -carries

::the charges.

3fii¢-The charge carrier density in the semlCO“dUCt°r is low ¢

g? , 28 _s
.1 ta ll : cm ) as against in metals (1@ cm?”).

;111) For metals the charges are located at the sarface whlle

txfar‘”semiconductors they forms a’ space " charge layer
w;thln the semlconductor near the 1nterface.

The potentxal and charge dlstrzbutlon on the alectrode
51de of the semlconductcr—electrolyte and metal-electrolyte.
1ntef¥aces are' gavea in fig.2.6 (a,b). The-nature of éhe‘
spage.vcharge‘layer,depends upon the manner in which. charge

transfer occurs across the interface.

Three types of situatiors can arise :

i) If ‘semiconductor acquires excess majority.carriers the

space charge layer is termed an "énrichment layer”

LY
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o

a layer léads downward band bending for n-type while
upward for p;tbpe semiconduc tors,
ii) 1+ 5dr#ace‘becomes dgolpted of .majority . carriers then
sPacencharge is known as “"depletion layer" . This leads
ED Jpwarq Eand bending for p-type seqiconductors..
'iii)!# charge Jistribution is such'thaE the minority carrier
concentratlnn at the .surface is qreater than’ that within
the' bulk. _Space charge laver under this condition is

-~

.balled-'as""inversion layer". This'leads to a large

. 'upﬁafdi'bendiﬁq.for n-type and downward for p-type. - The
) Ebévqiéhrge;situations are shown in fig. 2.6. (c,d).

Aécbrdiﬁg . to. Braittain and Garrett -.the charge

fe . L

dlstributlon and potentxal in the space charge layer can be
4armulated by solving poisson’'s equatxon and can be
linearised fo' first approximation. Subsequently, the

potent1a1 drop in the space charge layer can be expressed as

:ﬁ,?”ﬁ'gxp‘ -Lex) . : « ®m e (2'1;@')
clp - >
- where ;.- (E,. E, K. qué . ) .

: P e crL- ——————————————

. . .. 2 nl q' )
.‘ oy

charge laféru The potential drop in the space charde' layer

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

L°= ———————————————— ' ‘2.11).

C; is cqrfed aé'Debve length and gives the extent o!’space‘

47

The profile of potential distribution according to

equation (2.1@) is shown in fig. 2.6 (b). Equation (2.11)

Clearly shows that , L, varies as the inverse square root of



e

the carrier contentration.

When ‘N, ' is very high, LD becomes very-small and
all the charges on electrode side then confine near the

surface a case similar to the metal electrodes.
2.4,2.3 holg of surface states and surface adsorbed ions.

Ihe potential and charge distribution at the electrode-

'.electrolyte inter#ace are affected by the surface states’ and

M
.

surface adsorbed ions at the interface. Surface states .are

LI

-"-Qessent1allv the results of non~per10d1c1ty of the Iattlce at
-the boundarv which lead to the formation’ of electrnn;c
;siates localised at the surface as shown in f;g '2.7. They *

can further be iormed by the adsorption o+ foreign atoms or

ions. _Tha'su?face_stqtes act as a traps for charge‘carrxers

and hence.éuﬁétantially modify the space charge, of Gouy and:

Helmholtz layers. Adsorption at the surface can also

substantially change the charge and potential distribution

- in the various regions of the electrode-electrolyte

'inéecface@

2;4.2.4 "Cbmbleie ' picture of -the electrode~electrolyte

inter?ace;

Thé resulting picture of the semiconduétor electrolyte
interface (fig 2.8a) consists of tSe following :

i) Diffused space charge ‘'layer in the semiconductor
Lincluding surface states and adsorbed ions),

ii) Helmholtz lavyer,

.
L >
. .
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i1i) Gouy layer.

The charge distribution (fig 2.8h) at the semiconductor

"electrolyte interface appears somet what qualitatively

symmetrical. The total cHarge on the semiconductor side . of

the interface is,

qs ) =q_5c' *q_sS +q-ads . . evs (2.12)

The electroneutrality demands :

: =g + + = q. e (2.13)
_qs . g Tss D ads . Tex
. w.hf..re”: qsc. . - e qss ' qu ' q--ads corr_espon‘ds

resbectiVely to. ¢harges in the space charge, surface states,

eiectrulyte, and due to adsorbed ionic groups. The actual
’ !-distfiﬁg@ién’é* charge carriers may be quité“cémplicated and

‘it . is. doubtful whether M.B. or F.D. statistics are

.

-

"3deb}kcéﬁlé to the theory of space charge layer under strong

'?ield "at the boundary and ‘LD' * is comparable with length

-

‘6¢ an - electron wave in semiconductor. The potential

dﬁstributioq is given 1in fig.2.8 (c).The total potential’ J{'
. . ‘ e 6o
is 3 d

]

“
.

}({m __.éc d o4 A e

For. concentrated electrolyte solutions pétentia{ drop

_across the Helmholtz and gouy layers can be neglected '

compared with space charge layer which is geénerally the case

for PEC solar cells.

2.4.3 Electrical equivalent of double-layér and
différential capacitance :

Neglecting surface states and adsorption as a first
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(3]
approximation, <the simplest electrical eguivalent.of a 5-E
interface can be régarded as a series combination of three
capacitances . CSC .C" and CG « The total

capacitance is given by '

1 1. 1 1 _
e Lh o ems b e 4 e - C el (2.15)
’- cy G Cy Ce
: : For. - moderately concentrated electrolytes, the
@ontribgtioﬁ”kto, CT . by C, and C. ..can be ignored.

Ll .

N -“:: . Thus ‘thé" total capacitance is solely that due to a space

<% . T'tharge . Fegion. ‘As the surface states deteriorate the

P

ﬁ.i : performance of PEC cell, a model to account for the

. © ° ° bebaviour of.a surface states can be.incorporated into an

‘eduivalent cdircuit of the interface as shown in £ig.2.9

A S

ezt . ¢

[ o Each of n-surface states is represented as a series

surface'sfages are in parallel with each other and‘with the
_:éemi?qqaﬁgtor sﬁace charge canacitapce (Fsc):' The - total
“‘élect'rode “capacitance, therefore, is Csc: +2 Ci. This
netwérk. ;f Daral1el'capécitors 1s in s;ries with the .bulk

resistance (RSC ) of the material, the double laver

capacitance (C,, ). and the solution resistance (Rg, )

between the semiconductor and the reference electrode.

Because the potentiostat maintains potential control between

combiration of a .capacitance (L) and a resistor (R). The .

f

the reference electrode probe and the contact -on back of

s+ sémiconductor, the remainder of the solution and counter

electrode impedances have no effect under usual conditions



*
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R | Csc Cdi Rsol

.
- . . Z
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-

Fig 2.9 The Semiconductor/e]°ctro1yte intefface:

an equivalent Circuit approach.




- X

N
and therefore are -not included in the equivalent circuit.
Aﬁy Faradaic brocess will short across CSC and CdI as

represented by Z. The analysis was . simplified by

controlling the conditions to minimise any Faradaic process

S0 ghat Z can be replaced by an infinite ;ﬁpedance. Also CdL

is much larger than Ciand can be ignored !67:.

. 2.4,8 Space -charge capacitance and ‘the Mott~8chdtt@y

. Dlot-.

The electrode electrolyte interface can further be

¢

‘‘analysed . ta’ obtsin the flat band potential. Thus the

e .

‘measuremen.t bf differential space charge layer capacitance

.providéé ‘a 'éonvenient . tool for obtaining. the useful

Al

'-'fhfdﬁmétioné :about both the .semiconductﬁﬁ and an

‘electrolyte; = As discussed earlier for semiconductor

,”'élécirurvte_sqfar cells the contribution to the capacitance-

is- through capacitances due to depletion region, Helmholtz
layers and the Gouy diffused layer., Neglecting the surface

5t§tes.'aﬁd assuming all the donors and.acceptors as fully

i
ot

'iunisedfand,high ionic concentration of the redox couple, the.

"“space charge layer.capacitance is given by :

. ' 1
_ . €€, - [Aerpt-yir+ 5\4 exply)+l A=A)] .
c . =‘___.l:—. —————————————————— - "i ———————— ‘1---‘2'16)
sc. O [Atexpt-y)-12+ X' texp.y=1)+(A-X) YT

where, ) =

K T ..'(2.17)



where )‘O&) = potential at a distance x in the space

charge -laver ' '

f

it

potential at the boundary i.e. at x=o,

€g = dielectric coristant uf the semiconductor,
€, = permittivity of the free space,
and ,other terms have their usual significance. For

intrinsic: semiconductors,

imme =ng endtg /e, 30 s
'HenCE'eduaéion (2.186) reduces to :
€. 6 (afg

C'= -——=-—= cosh ~-—-=-——- ce (2.18)

..
“t

The. capacitance vs. voltage curve is ‘symmetrical as -
0 1 - - . -

"shown in the fig. .2.10.

. fhe.}sﬁacéhcharQE capacitance passes through a minimum

St.ég“ ., = 0, a situation corresponding to a flat band "’
potential. Equation (2.18) is valid for small band bending
and is limited by the bandgap. Whendﬁi = Eqfo.

iurthér -accumulation - of charges become restricted by the
densiiy of states and degeneracy begins., This slows down

fur;her increases in capacity as shown in fig. 2.10

For heavily doped n-type semiconductor.n; > &
-t ) :
AOOA.

Far negative electrostatic potential in space charge,
Vi 3> 1 and A &' s¢ a and equation 2.146 simplifies
to ¢ . .. 2 ) ; _

C . Eg E qND ] .¢ _ K . *

sc 2 ” - -{2-18)

-
[l
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The Cg ;s.Ji plot for this cese is depicted in
+$ig. 2.11. The curve is similar though somewhat flattened.
quation 2.19 can be rewritten and a more informative
" equation is obtain as :
y | 5 }[ or .
SR B e [ 0.~ TL—] .. (2.20)

Cse

Equation- ’(Z.ZWf is called a« the Mott-Schottky

_eﬁuatfcn..accoﬁding to which 1/@& - . 4& plot is a
- straight  line. . However ., %g cannot be measured

'*%"‘ .dirécg1y, GenérailQ electrode potentials are -measured

L+ .7 -agaifst’ a reference electrode (NHE or SCE).- The measured
’ o pétentiﬁlidf+4eﬁence V corresponds to: :
ST Ty L - : T .. (2.2
creere Y, e %{ L }£HE

. " -The ~importance of Mott-Schottky plot 1s to find the #flat

... .pand potential (v, ). For g = @, .the bands are
ST L PR b Sc

almost flat and the Mott-Schottky equation can be -written

—gmmToem = mmeeemieee—s (V-Vg, = KT/Q) ... (2.22)

Tﬁeréiore,- a ' plot of l/d;: . . vs.e{ectrode

" potential 'V; will be a straight line-aﬁd intercept with the
- voltaée axis éives the value of "V, ‘and the slope: gives
. tge donor concentration. The diagrammatic representation is
shown for A and.p type semiconductors in +ig. 2.12.Further,
the Matg—Schottky plot determines the type of majority
R ) carrier; and the band bending,’'V, which is a maximum open

circuit voltage obtained +from a PEC cell. The 'V, is



et
bty

related to 'V‘fb as ¢

cee (2.23) -

%o T ‘[‘fr-_zfs‘ez _______ -]
@ q. .
‘where, E,, redox = ~(8.5qVuue ¥ QVredox ) -+ (2.20)

Thus values of Vvedox for many redox; couples can be
obtained from -the data given by Latimer !68! and Lewis et al.
:é?!. n-Thé“depletlon“layer width and position of the  band

edbés- éan. be calcglated using Mott~-Schottky plots., The

ﬂhajorify}cérrier‘depletioﬁ layer.width "W'. can be calculat?d

" #¥om thé folowing relation :

oL . 1
26, & V=-vg - 5,1/9-‘ _ _
, T eee (2.25)

i

w‘- - '.-—'-:---'-:--—-— .

. q-- Np

and “tﬁeapositfbh:of band edges can be calculated #$rom the

électron - and ‘hole density in conduction and valance bhands

. ow

as:
My = Nc exp (EC - EF / KT)
énd " * . » ‘2-26)
. P = N, exp (E_ - E, /KT) T
. o .
" where, "Nc:_, and N, are density of states
' respectively for conduction anc valance bands; E_ and E/
are respectively conduction and- valance band eddes.
Equation (2.26) gives :
"- E = E - KTcln n -
and, c . F ) (F—:;) N
' INc /), :
: - ! - (2:27)
EV = E’_. + KTIn (.g_.. :
Ny H

Under equi}ibrium EF Eﬁvtdox and using equation
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(2.28) Eé and Eé- can he obtained.

The ideal Mott-Schotiky behaviour 1% more an exception than
a rule for the semiconductor-electrolyte interface. The
depﬁrture from an.ideal behaviour has been observed for- many
semiconductors by various workers! 7@-74:!:.Scme of the

reasons for this non ideality are 1) Geometrical factors

such as- the edqge effect . non-planar interface, surfface

‘roughness  etc. leading to non-uniform a.c. current
distribGtior ;.ii) Non-uniform doping, 1ii) Presence of both

'f‘dqﬁof.iﬁnq.acéeptdr impurities, "iv) Presence of deep donors

and acceptors; and v) An extra contribution, ‘'C° to- the

‘total ‘capacitance due to i

a) the préseqce of an oxide film.

-b)‘ionic adsorption on the surface.

6)-Helmholtz layer capacitance.

. &{:é;istenbé ‘of an acid-base eqﬁilib?ium‘ at the

‘interface.

The total capaciﬁance is now ,

1 2
R + e vV -V - EI]L___
c?* c? €.€ 1 Np Y~ e qd (@-26)
Under such condit{on 1/7c* vs.V plot would give N, but
not Qﬁ ) unambiquously unless ‘C* is known. To illustrate

the above pbini an interesting example of the pH depeqdencé )
of }#b ’ observed for oxide semiconductor in contact
with electrolyte is as :75}:

M - 0 + H, O®g===> M - OH -+ OH  and

: O
M - 0 + H’r 0 =———=> MY = |V|< + Ht



The above equilibrium conditions indicate charge seperation.
One " part "is attached to the electrode and other is in
solution. Thus EOtential drop ecross Helmholtz layer would
vary witﬁ pH. The variation is described by the following
_relation :
. Sp{ constant + 0.059 o e (2.29
Teus Mott Schattky plot would be a set of parallal 'linesl
for dz#%erent pH values.Butler and Ginley :76,77! correlated
the pH dependance of Vg teelectron afflnlty(En) as
v Eg = Eg + v +dc + A ...(2.30)

‘ éherg‘ ;"’tﬁb'" ’ ie constant re!ating to the reéerance
-e;ectrége‘and vacuum level .

{ E,_ ‘ = :4.75 for SCE and E = -4.5 . $6r NHE),
. luh='cefeectiéh fector approximately equivalent to doped .fermi
. level and’ bottam of the conduction band.

'::zﬁﬁr. potential drop across Helmholtz layer due to specific .

adsorption oF 1ons. From equation (2.3@0) when

'A¢‘: . “‘, _,vs 'Vf-h vield a straight line _plot".‘-

. othefﬁise there wolud ‘'be a considerable deviation from the
straight line behaviour,.

« g

:Ih the derivatxon of the equation (2, 22) the effects
due ) the electrolyte or semxconductor 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
_ci;cumstancee become +{requency dependent as shown below in

+ig. 2.13 (a,b).
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Fig.2.13 _Mott-~Schottky plots for (a) CdSe, (h) Ti0, at

different frequencies.




The. plots 'show. different _inte;cepfs (fig.a¥ and
convergence (fig.b ) along voltage axis for: d1+Ferent
fngquen:igs.‘ Case (a) occurs because of ion or dipo}e
relaxation or adsorbed water dipole layer on the surface of

a film which introddces an extra capacitance in series. with

':fnéquency*ihdedéndent capacitance of the space charge lavyer.

Thé -case tb) occurs because of ‘the deviation #from the )

per{ect per;odlcity o+ the lattice near the surface or ' due

'-to smechanxcal " damage of the surfacei72i. The presence of

: _h'_'surface states gives ‘very complicated structure of the Mott-

Schottky plotS. qurlace states can pxchange the carriers

w1th 51ther to the band or to both hy electrostat;c couplan

'chara:terised by a time constant. This. leads " to the
':.;¥réduehcv *dxspers;on in Mott- Schottky plot"é? - Bince the
- cauacitor Css ] changes with both the applied voltage and

.siqnal {requency. rellable data on Vg and ND" can be

4 - (Y

'zobtaxned anly when the experiments are performed on well

'etched Sémnles. Mott-Schottky relat;on completely ¥axls Lo

défqéminE' fﬁ% > and_ND when sample’ thxckness is less

Lhadfkhé éﬁé&e charge layer 1781 .

-

Q:SJChéFgg—i}gﬁsfér Mechanism Across The Semiconductor/

.'Eléé@ro;fte Interface. -

In the foregning_fsectiun 2.4) discussion we have seen ahow .

" the  charge exchange between a semiconductor and an

electrolyte affects the potential and chdrge distribution

inside the - semiconductor and electrolyte without going into

the éetailé of actual charge transfer reactions. Excellent

62
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reviews on cﬁgrge.transfer reactions are now availablg by
many authors !5, 65,66, 79-81!. The ions in  the
Electrblyte are constantly under thermai mation., They kéep
strikingﬂthe.gemi;onductor'electrode. Under suitable values

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

BRI electron: . may either be. transferred +rom the electrolyte to
-ﬂ --éleétnode. and: vice-versa. Depending on the sign, the ionic

. specids ' will® éither be reduced or become oxidised. In an
idealiseﬂ~f&harge.gransfer reaction semiconductor acts only

>

“

",as donor- or acceptor for electrons without any chemical
“¢-charige: inits.constitution.

’

?uif"}. : h}z;s.lfthérge.fra“s{er-in dark :

‘-:5;: ﬁ,:LE;thé:BogiE;ve ions can move from the so!ulion side to the

~t
by ~

e w " electrode, they can jump back in the reverse direction,
. . - e - K .

b

_'&, . Eze ‘.-_:_'. ‘5’:‘0 - - R .. .
faceein. o0 - There‘ogcurs both electronation,
::'"--_-f‘." -- ': . _:,_‘ -. . .' ‘- A+ + E— _______ 5 D-
TSR oL e .

e 0T 7 and-de-electronation

ORI DA e + i - o :
R TR * Bt A + e- reactions 160!. I+ .a
M . - .‘c - “_ ., . .: .- e ) " - ' .. - - o »

: - .positive ion moves against the field direction in an

. . ! electronation reaction it moves in the direction of field. in

défqiectronatioh reaction. This is shown in fig. 2.14 " (a).

. Further, i+ the positive ions has to be activated through
'-ﬁ potentiél difference ° Pdﬁ' in electronation reaction, it
“has td be activated through the remainder ( 1'— PAﬁ' ) in

the de-electronation reaction; where P is symmertry factor

L -and lvﬂis potential through which 1on passes. Hence the
™ - wlectrical work for activation of reverse reaction is
-I' ; -.a
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C+ FL u-—prgiys 1, the plus sign i% because of the
‘direction of ion transfer and field are the same. Therefote-'.

the réte of de-electronation reaction becomes, E

'Ue = K Cp exp. (1<B).F Af/pr - -4 (2.31)
"and de—electronatxun current dens1ty is
- -~ _ Ap ' '
T F"Kc CD E”D(l P)F '—R"_“; -, u-(2-_32’

.There must-be some value of at which the rate of ' loss of

elgctrohs_and:béin of electrons by the grectfode are equal

+

1=chCu CXP("sFAE_) =4 Fﬁ' Cp’ cxPX_(—ﬁ)- F__Rf.? : eee(2.33)

The abové sﬁiﬁakidn,gives rate of two way electron traffic

-:-between a electrcde and an electrolvte when there ié no net

LR

"'charge trans#er from one- phase to the other.The' indi?;ﬂual

curFent ;fdensitv cUrraspondxng to this ° eﬁuifibrium
s;tuatxon is termed as equilibrium current density tio ".The
dxiference between de-electronat;on (i) and electronation

R o . . . - .
'¢1) current  densities gives trke non-equilibrium  current--

. density .

(i)given.~by-

RT 10--‘ (2-34’

where , Af = non equilibrium potential difference across
the interface corresponding to the current density 1, (A¢’!-

Ag) One ‘can split AP intd the equilibrium ¢ Aé ) and

" another portion V, by which the electrode potential departs

from the equilibrium,



N ’ - i'-E- v-"-‘ .Aﬁ' - Aﬁ ) o no..(‘2¢35)
Cose T e e _— -
' Then we can.wrile the net current density as: ’ ’
SRS . 1=i, [eyp (I-P)VF - exp —pVF - ... 02.36)
ey _ L - _RT- RT B R

' _66

j;-_%:ij Equation (2;36} is called as the famous éﬁtler;yolméé;_

relation JQGE;]';nd shows dependence of "current density

acrosé :b_mqtéfrsolution'inter¥ace on the portion- V. Small

. vy

:ﬂtﬁén&éé'uinf’v-'brpducés,large chénéés in .1t Anc anothér

-

1mprotant v‘baFéﬁétéf' is symmetry factor ’P'.f “In the

. ~

potential barr;er even in the absence o& electrlc field as

-:.u-.':-_.' .

L4 -

A e, em

N

{SF procesSes' such as .chemical reactxan-and diffusion: of

- \.- .-

Il .t
-"

ff?é&ﬁibn '(1 P) of the input electr;cal energy "q_" "turns

~ -

-~ .
PR

e '.-

ele:trode~electrolyte system there is a - hill shaped

ﬁhnwn in #iq. 2 14 tb) -6m.. Th15 harrmer haﬁ'tgfdo_n1th the

‘poﬁentxal barrxer. . The modifiration-'fs"such .that “only

- rate ennf@ssxon. This is because the atomic movements-

atomxc mavements 1n bond stretcning wh;ch 15 pré—rg&uisite,-

.ﬁ atéms anﬂ Aons. ‘Electric field modifies - the éxistinq{

ﬂuP 1nto tha‘change of activation energy and hence in thé‘1

:,. A e -._‘" . . 5 - - " -
%;E'”“k-ig_’necessary forﬁthe’system -to reach a barriér peak are only
S R ) :',_' - . N ..

1
Tt e ’ . -
S . . ' - .-
!

I barrier extends.~

8. . tar .
- -

A fractzun..of- total distance over which the potential
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. .’2,5.2 Charge -transfer in light :

The.:ohotogenerated carriers in the depletion region ~uooo‘

illumanatxon are separated by an electric fidld at the

1nterface J82 This process result in a counter ¥1eld whlch
r;ﬁs' maximum at ouen CLFCUlt condition cal]ed-es_%i . Th1s'
':' photovoltagé drags electrons from semiéonductor:: to the

;3": counter electrode » whereas, electrolyte dapturee the hoies.‘

The reactxon as a hole can be" +ormu43ted as:

=t - = h
[

omy e n“'=..", N + . : | __;-_;;;-;_ .
R e e W s Oy et
a.;; " 1‘-: L. J‘." A “":..A"I o “,-‘ '- .- L . . - .
LA L e T ;:;h }ﬁ i T semlconductor-electrode)
sl o ) - ngga —————————— .
a,_;.'ﬁf) ax (de) S REdCsle ' At
z. f;}ﬁ: - _;:,"‘.J: . . - 'countef électrode ).

o
L,

e The electrode plays nothing in the reactlon but acts only as’

f_ a ﬁshuttle for charge transter mechanism. Cunsider a n- type

?ﬁ,‘ sequonductof Jin contact with ' an electrolyte under )
e 111uo1natroo and let us assume that a forward Voltage Vo is .Exw
- ' Lo

Jg-f, applxed.; The sthematxc shoulng the energy level diagram ‘of o
,5-_1telectrbn -is» shown in fig. 2.15 (a). ‘The qoaei~Ferhi .levels ' _; .
f'-}. for elettron‘;EF )and for holes iEFP ) in the 'oéo]étioﬁ:: ':;

#fregion are assumed flat. It is further assumed that .under“:'

foruard'bias cond;t;on the separatlon between EF . and'EFp"

e N
s

'ia tbe'dep}etion.region is ‘U’ rather than 'V’ and is :83,
8&53}
S .

. o EF’!“ : :-__ EFP . = q=U ‘ » LN "2-‘37_).

The: assumotion that y U 3V, represents the fact that‘ the
minority carrier concentration under light is-'larger than'

its qoooehtrétion in dark. For holes tb flaw from the -
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semiconductor- to electrolyte, U is defined from the reaction
3

. ¢ =p (W) ' v .2.38)

ool pun /p . )
t: ‘KT. ) » ’ - . ’ ’
where: *, "p’ (W) = hole concentratien at ‘the edge of the

'3dep!€tfon regiOn (x=W) and R = the hole concentration in

f%JZ : %‘iﬁef bulk Jéf semlconductor in dark at equiliﬁrium. It is .
-::-}--: assumed thab«most of the applxed véltaqe appears acr;ss the
22§;;J'{;semlgoqﬂugﬁun,:pgpletlon region, thps the sgrxes resistance
:%i. :£116¥J a‘”ééfi"isz;égiidibie and elec@rolyfé ‘cdncéntéaiion is
;ﬁ? ﬂiqh. énouéh.éhch -that C,; is atleast é‘mégniiﬁdé' grgate&
%§i13f3 than Q;.ig.i‘ From the dealet;on layer agpgaxlmatzon ’ 'thé

f;-:1==_ wxdth of thé depletion layer is :

..'_'.,-1_: : " ) ‘ s W= wo ¢ VD- T Vo
(i o st . . . - . .
' cihe DD Wwhére, W, =(2E6, ).
X .. al .v".‘\‘ oo q‘ hln
- S . .. N L .
. fes is -a dielectric constant of the material and € . is
i permltlyxtv :of .a free space , ND = donhor conceptratipn .

f$ﬁif'3 and ‘YD ea equxllbrxum "band bendxng voltage. Thei hble' flux

?ﬁffﬂj from «Uepletaon .-region. Lnto the quas;—neutral reg;an at x"¥~
"w-.-‘; __"_ " . _:‘.- . . ] i

T e 3 s TS - , B

_,"i:'; - . —adw . . ‘

il

where-!'Db-. holg’d;ffusxv;ty.

.
- . .t - .
, .
. .
. : 2

éhﬁk- L. L = (DT ) = deffusion length,
:t ' “F = hole life time in the bulk of the

Tegl I, o semiconductor,

Mol . w0 L . g = Dg, = reverse saturation flux due to’ the
. . ; . P' — ..



_ hoge. diffusion, -
AL = light absorption cogfficient: and
gf = 1ncident photon flux after.alloQing for
‘.?105555 dhe togreflectxon and absorption by the .eIectrqiyée.

At the ‘interface the hole +lux into SEMLCOHdUCtOr is ¢ - .
R [ P(w)]fi+3 cxp(’q—v) JP “Ji("’} . . (2.80Y

Uuheve {i} e S C

B 3 - =

v - . .

.‘,: - ’ - . 2 — h - a

. I L ] . ' « 2.

- r .!" . s

VT DR A . tes N E . 2 — . .

O A T . -\, B9 . ;

e T Ter o et RN sy o ‘ TR ] (2-41)
5 ta . - .z (R . oy v

P PR I . St . L

B s R R -
=E KT MY i .

EhA R ML

DR - K

T T . g Y

g2t AT . H

e Y

-;.‘:;-:}. “TITKT ( AW, > . x?vsla)— J .

.. (2.42y

LN BJ"—

w0
ot i .:":_,. .-
.- Y vy
- h v . - . . .
'““.: e PR} ‘.‘ :
RV N e ) ' N
I TR T = 6 -U Nt) ST TTATTTTTIA
:;;"l " .'. : .- '.‘. ;.‘ . : Y -‘ v - “ ‘ '

. oo A o Lolo.. (2.43)
[N ) ..:-; . > [ :' . AR ) - * . o ) :
AN Yot S ) ‘
% P RTINS .
. " 2) =
: ' J:!(,) \ 'qu' Li__ xP (—« L
;.' :‘ ’ ] .: .‘.. ’ i +‘4L '
Lo RS '. e 1. <. [ LN

L LT e e.s (2088)
. yheke. Eé Band gap of the’ sem;conductor. . : .
L{_zﬁ._" ,‘ J igll seﬁaratlon between sem;ccnductor Ferm1 level in
%ﬂi':" ”-ﬁééﬂﬁuik“and thé bottom of the conduction band. .

s

"‘f .= capture cross section of elect¥on or of hole for:
T trap densxty Nt thh energy level at .or near the rntr;nsxc

e _Féarmi lpvel (Ed) and

;-. - = carrier thermal velocity ,

Ewl ':-~'Zﬁ } §~= hole effective life time in the depletlon region.

o ' At the semxconductur electrolyte 1nter4ace the hole#lux can

e
I



.be described by :
/) = - (5 5, ) [Py, P 1 e (28W)
- " wheré ; 5@ = gurface transfer VPlnciLy.-

surface recombination.velocity Snd

ul
4
it

B Ple = surface concentration of holes in the

.&ark. at’ equilibrium. S, depends upoun concehtration of

;*r'“ . maJorltv and mxnorlty carrxers at the =ur+ace. The hole flux

whlch contriﬁutes to ‘the current 1s :

_';ui”?Jr? J(oki,"g:;g:—' - _ L ...(2246).

To -evaluate equation (2.46), the ratio of the hole.

&;ﬁé;j dens;tv at the surface to hole densxtv at Lhe edge. of the.

_deﬁletxpn.regxon*has +o be found out from :

._.. i “4 ex? [ F_ts:t_)_-_—_ff_p_gc'_)__j" o ..‘('2.4’7).

s o8 ‘2'“8)-

/KTJ

'. vee $2.897.
-._'_._-.__-:--_a--- -"evp (q,kT) (Vv - w‘?

- P (.w')_ [ D .

‘where ;ét" = 1ntr1n51c concentrataion 04 semlconductor.

-Usihg;fz.QB)_. (2.40) and (2.85 - 2.49) one:obtains :

e (2.58).

J - Jd - J't .
Cw :ﬁhé}é;:fia = mirority carrier flux due to hole injection

v
H
i
‘.
o
1]
N
'

. diffusidhfahd'is as :

( )J 3*P<q‘—)+8exi’% }r}j cer (2,510
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The diéection of ‘Jdg” is opposite to the

photogéneréted' flux and hence it can be referred to as the

opposing flux.
)f[i— ext

the photoflux

J, =

.'i

(G
i+4t

cee (2.52)

. which_is the useful’ photogenerated’

current of a sc}ar cell. The direction of this photbcurrent

1:15 from semxconductor to. the electrolyte. The diode

.- [
. Y ..__- -

?shown by the ‘equation (2.51) flows in opposxte dlrectxon ko

-

ﬁﬂ @hat of the phntocurrent and is combination of three

a8

current Components 83,85, namely hole injection current ,:

' recomb;natxon generation current and eléctron exchange

current. Usually electron exrhange ccmpdnent 15 -orders of

magnxtude greater than the other two. The behind

'feasons

are. i) the concentratlon of electrons at- the 5urfac§

:._
s 2"

much

is

larqer" than that of the holes and i;) for n tyue-

sem{:bnductor' the overlap between the éonduction band and

:pxidised :ﬁpagieé of an electrolyte is greater than the

"‘ 1 et M ) ’
“: overlap“between the valance band and reduced species.

- ~
w -

:é;éJéific;enc& Calculation.

Tﬁe‘outpuf voltage/power 1s mostly limited by the band

* bending at the interface and a maximum. photopotential is

"obtained at the flat band situation , "under high light

intensity.

ThHe. maximum photopotential is:

(”h o=

—
——

(2.53)

'current:
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'The*é{?iciéncy of conversion of a cell (n) is defined as:

(output - -power) ' (2.54),
’“'_ : n'= ettt TR I /.| A
: . -(ipput power)
Ca, L The quantum éfficxency is def;ned 35

Numbers of photoelectrons flowing per unlt area

R PR =_ ——---‘ ——————————————————————————————————————————————————
AL ‘:“ ?kl Number of anxdent photcns with energy hsper unlt area

' LW
f_nx;.~'-' ca N( e) ' .
:72,% S me—mm————— ve.(2.55), -
P -'.”i 7 ”, . NChO ) '

The ” varrcus. expressions for efficiency used by

'.- - -,

dl#ferent authors are manlfestatxon of equatxons (2.54) and -

¢2 55).2--1

' LbierSky +86 .and Archer (87!, neglecting. the losses due
tb ohmxt resxstance y overpotential , liqht"absorption‘ in
the solulion ,etc.. have discusced the efficiency of a

-I photbvoltalc cell as ¢

_( ALEINCEICE .
TL E‘3 ___________ -- X L e=st2.56)¢
; Fs N(E)dE -

T p E‘-', \ .0 .
U TR . where , E = band gap of the material ,

:ﬂéTufﬂ{; ':: ."j.dﬁjf“-"ﬁiE) = Number of photons Qith enérgy E,-

: '. '_ IS S "'-_','UE:)' = Fraction of photons ai:sorb;d.

;;? ?t - :: . Tﬁg' lbwé% limit 'in the integ}ai at the numerator ( .%9
%?%fé;p"" f:i; Ehéitﬁresha&g.cptical energy of the photons responsible
;faé?? . for pﬁotbgenération of e-h pairs. Equation (2.56) is
%l;iﬁ . _- $u€gé§téd for the larger magnitudes of band g;p ‘EQ ) and o

: _"___5,;., 3 ' ' -4(E) meay.the band edge is

:-‘:.'"_:\.: ‘:-- .o . . "‘ . ?Eb?—_:__fs_zn— . (2 . )
‘;:.v R ' . -. - . - hv » » 'n . .
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o - where A- is constant and n=1 for direct a]ﬁowed
:transikioné-and n=4 for indirect transition. It is 'obvious
U trom equation (2.57),that for 4’ to be large, Eg must be
o :; . -'Qmale ?fhus‘:éhuations (2.56) and (2.57) are .the two

conradxctarv conditl—ons and ‘Q would be a maxmem for some

hig'.-n;ﬂﬁ ontimum value-'of-Eg . Assume that all the photons are
ST LT - . . .
'ﬁk,:i;ﬂ”f,'.'ébsorbeﬂ- in a narrow region beneath the 1nterface (-(= 1),

- . ..

:Neqlecting alL possxble losses, the hyputhehxcaj. coqveré&on

”;E eff;cxewcv, n; can- be given as :

N(E)dE ) ... (2.58).

fE’E N(E) dE _ ' _ .
:A' s;mple xcarculatlon ¥or AM solar radiation -is given in

flg 23?5(b). The .conversion. efficiency has a max imum aruund

,Eé:ﬁ ﬂ;ék-l ZEV. :with' the maximum wvalue 47%. For rea
?ﬁﬁnxfg _ﬂfnconversxan gff1ciency. the +following losses are to be

L T I

considered 'B.'-

.-f;-. i. Uhmi: loss across the external load iR,

u?! *

ii § Energy Iost in the separation-of e-h pair in the _space
charge layer.
-}zf.‘jil)#Losses~due tu'minoritv carriers “Fiﬂﬁn ) and ﬁajority

S :.gaﬁriers" (qrf;q )at the semiconductor and counter

.qhﬁfﬁ“ - ‘. elettrodes, Hespeétively. The estimated loss of energy

a3 .« = L3
v . . Lo

::"’ _J ' .'15 apprnxxmately.
Lok T ' AR ve. (2.59)°
S AGloss>/ 05 +e("1’m+ T ) + 4R |

'-The real situation conversion ef#1c1encv as a function

}f}%?f' . of, the bandgap for regeneratxve type electrochemical
DRI P . .
-t _ photovoltaic cell is given as :



.. , -

TL'n‘gn: Tzahrp ( j"' AGln.ﬁ /Fq) . B «0e (2,60 Y

=1r{:f.‘"*“ ~ On the similar lines of equation (2.54), the eiffciencv

R o - of'hn“guternallf biased cell can be defined as 674 :

T (6ﬁﬁpdtféhém{cél power)—(electrical input power S
e qf?'f*-f—ﬁ77*7~7~~-“—-~—4~—-*-—~———-—T—f—r~-—~——~j...(2.61)
sot. o0 L input-gptical ‘power ' ' -

' Q:Aécéﬁnfg ?6&? ohmic loss in the external load can . be
. : } . - - . -

BB R .9_ . .
sl LR +LQHg/2F
. b3 S .. th

e

. -'l.' (2-‘62‘) .

_ ='heat of combustion of Hy CbB.k.éal.mol ¥ ar
. _"..: "" . .:_(285-6 k-J-le _)‘ T ‘.

::‘”F"= Faraday constant,
U _i - ="Photocurrent flowing though R" . and- *°
‘,“‘_: _‘:" N -;. o L Lt . .

L ?w;-h = incident light energy,

;:’f B .‘ﬂ:'?ok séaféée:devices, the storage efficiency is :

ot o Moo T e Mt /Ry ) et
5"‘. .E‘ a‘:- ‘:" ) o . v : —— ! ¢

% . SR where [ 'AEStoy . < E3 AGy,,, ' otherwise 'storage
R -, would rot take place AE, = equilibrium cell voltage
;';'. P L of'. the .. Hn./o . fuel cell in the case of water
S T T 2 . :

-Q;%I S photoéfectrbTyéis. #rcm fig. 2.15{b), 1t is clear that a

%Lﬁi"' _théoregical' effiéiencv- of about 25% is expected for
:} _redenéiégigé - type PEC cells for g semiconductor with E9
.2'13 = 444-t°.im7.éV- The band gap of some semiconduc tor .v£s~a-
;i .??} ' ngge;iiyiency is-given in fig. 2.16(;).

5¢:'3, . The "conversion efficiency for pHotoeleciro{ysis cell
R with single electrode is much lower about 12% with a

" semiconductor of optimum bandgap of about 2.2eV. Much lower

e, .
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.. " .bandgap . semiconductors can, .however, _be .used in

. photoqlectrolysié cell with two (n + p )~ electrode

| ..combinatibn; Now it is well known that the maximum open

cifcd{@'u.édlfagé _attainable from .an electrochemical - .

N pﬁotovqlitic cell would be : . ) K '
. g : -.' » ".‘ e K * R . - i :
L. :_x . H ,__' O . . * . '_ . )
T IR VAR Y IRV PR -7 § LA
- : .i.&- .‘ '- s _; s 3 -.‘ _-:“ OC ' .- - Rdox_ ) - ‘Fb . - -: . . g , .
_ - m?hdi?fgﬁélultiM§te efficiency would also depend upon )
i : as shown in fig. 2.16(b).. o S
::—_:"’T- . . 2 . L . .
3 - :
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