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I. GENERAL

A. Differences Between Metai and Semiconductor Electrodes

The thermodynamics of galvanic cells are gimilar for metal or seml-
conductor eieCtrodes.‘ But;.in the kinetics of the electrode reactions,
the type of electronic conductance found .in the electrdde changes con-
siderably the baglc concepts for describing charge-transfer processes at
the'electrode surface . Emphesis, therefere, is given in this chapter to
the electrode kinetics and closely related»proﬁlems. Tt will be seen that
there are some unique~potentialities for the'understandiﬁg of ﬁhe role of
electron energy states in heterogeneous electrode reactiohs.\

Phenomenologically, the striking difference between a semlconductor
and a metal lies In the much lower coneentration of mobile electrons
available for electfic conduction in semiconductors. Two kinds ofrmobile
electronic charge carriers can be distingulshed, electrons in the con-
duetion band and holes in the Velence band, the 1after behaviné like posi-
tively charged particles of about the electron‘mass._ These two differences
cause the main distinctions in the electfode behavior of semiconducters.

Because of the lower carrier concentrations, the semiconductor cannot
be treated in eleetrostatics like a conductor of infinite conductivity.
This restricts the possible accumulation of charge carriers in the surface
of the crystal when the electrode 1s charged by means of an external counter _
charge in tﬁe adjaeent electrolyte as one does in polarizing an electfblyﬁic
cell. The interior remains charge free in a metal; in a semiconductor
however, the excese charge extends falrly far Into the interior over the
so-ealled "space charge layer" and the electrical forces (field strengtﬁ)

drop to much lower values then in a metal-electrolyte interface.
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The charge distribution just under a semiconducfor surface 1is very
similar to that of a diffuse double layer in a dilute electrolyte. Carrier
concentrations of 1015 to 1017/cm5 are quite normal in semiconducfors compared

with 1019/cm3 for a O.0l-molar electrolyte solution. Since the extension of

a diffuse double layer, according to the Gouy-Chapman theory, is proportional

to the inverse square root :of the carrier concentration, this humerical relation

indicates that the electrolyte at a semiconductor-electrolyte interface &s
usually much closer to an infinitely good conductor than the semiconductor,
and, therefore the charge distribution is inverted to that of a metal elec-
trode. Figure 1 shows a comparison between the course followed by the
eleetrical potential for a semiconductor and for a metal electrode at the
same potential difference between electrode and electrolyte.

At a metal electrode, the electrical field strength in the interface

7 volt/cm

varies for a 1l-volt change in the applied voltage by an order of 10
or more. These enormous electrostatic forces change the.energy bafrier in
shape and height and lead to a variatiOn of rate constants for anodic and
cathodic processes, as was discussed in Chapter IIT of this volume.

The variation of field strength in the surface of a semiconductor is
normally much smaller. Therefore, the influence of eleetrostatic forces
on the energy barriers fo# charge-transfer proeesses are‘usuall& negligible,
In place of this, the concentration of electronic charge carriers in the sur-
faee itself, which'varies by orders of magnitude with changing volfage,
‘becomes fhe important factor for the rate ef all reactions in which these
charge carriers take part directlyz And only processes in which tﬁe elec-

tronic carriers are involved as reactants can be influenced by the applied

voltage.




In othgr words, the applied voltage at a semiconductor electrode
controls the probability factor (entropy factor) of a surface reaction
primarily and not, as at metal electrodes, the energy factbr.

This direct participation of the mobile electronic charge carriers
leads to the'bther)important aspect of semiconductor electrochemistry.
Since we havertWO types of electronic carriers, electrons and holes, the -
question arises whether these carriers behave differently or not. Experi-
mental evidence has shown that there are indeed extreme differences in
the reaction behavior of electrons and holes, or more precisely, since
holes are fictitilous particles, between electrons in the conduction and
in the valence band.»bThis can be well understoed from théoretiqal reasons
basedvon the great.differencé in binding energy for these separate energy
stdées in'the crystal,

Electrons and holes represent -
excited electronic states of the‘crystal. This leads to a close connection
between electrode reactions and photochemical processes at semiconductors,
which can be seen in the fact that illumination of the electrode surface

is one of the most important ways of qualifying the type of electronic

interaction in charge-transfer reactions.

Bs . Experimental Problems and Special Techniques
In general, semiconductor electrode resctions are rather irreversible,
Equilibrium data, therefore, must usually be derived from thermodynamic
calculations.
For studying kinetics, all the various techniques develbped for

metal electrode investigations can be employed. Stationary or cyeclic



current voltage curves, as well as transients of cuirent or voltage under
controlled cohditions, are among the most generélly applied modes of -
investigation. Because the carrier distribution in the space~charge layer is:one L
of. the most dimportant factors for. any analysiS“bfuthearedétion»m@cﬁanism;.
impedance meaéureméntsfornrelaXation:analyses,ofzshort;pulses plaj-a ’'key
role in many-experiments,
In analyzing correlations between cu:rent and voltagé, unavoidable
ohmic resistances in the electrode itself ecan cause serious errors if not
corrected to sufficient aceuracys. Contacts between metals and the semi-
conducting electrode used for current supply must be controlled for ohmieé
behavior ory,better, the potential must be measured with the help of an
auxiliary connection whiéh is not loaded‘with the current for electrolysis.
The properties of semieconductors depend to an enormous extent on

impurity concentrations and must be controlled as well as possible, Since
<cryst&l'size, surfacé orientation, and_grain boundaries strongly influence
the properties of semiconduétors,.reliable studies of semiconductor elec-
trodes should be carried out with single erystals cut in definite orien-
tations, After mechanical surface treatment, however, the damaged surface
. layers have to be removed by chemical or electroehemicai etching, which
u:gives reproducible surfacesalthough their real structures are not\known in
ény detail,

. The electronie characteristics of a semiconductor have to be known
under working copditions. Nbrmal semiconductor technology and research 4
have made available a great number of techniques for defining the electronic

propertles under static and transient behavior. Such techniques -- 1ike

earrier concentration modulation by means of p-n junetions or illumination,
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surface conductance studies, or photovoltage measurements -- can and

must be combined with electrochemical techniques to obtain all necessary

information. Examples are given later in connection with special problems,
As thils chapter is merely a survey of fundamentals, many details

must be omlitted. The interested reader,’fherefore, may be referred to

some more comprehensive reviews [Dewald (1959); Green (1959); Gerischer

(1961); Holmes (1961); and Myamlin and Pleskov (1965)]. The physical

concepts which have to be applled to semiconductor surfaceé are compre-

hensively reviewed by Many et al., (1965) and Frankl (1967).
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II, ELECTRICAL DOUBLE LAYER AT SEMICONDUCTOR-ELECTROLYTE INTERFACE

A. Charge Distribution and Differential Capaecity

At a semiconductor-electrolyte interface, the conductance type
changes from electronie to ionle. If no electrochemieal reaction is
available to aet in the interface as a transmuter for the conductance
mechanism, the interface represénts a barrler for the flow of electric
current, Electrical charges can then be accumulated at both s ides of the
interface and the electrode behaves like a condensers This accumulation
of charge 1s 1imited by leakage, ises, electrochemical reactions whieh
finally start when the electrical forces at the electrode surface exceed
the respective critical values for the particular electrode reactions.
Asalohg as this leakage current is negligible or small compared with the
rate of exchange of charge earriers between the space charge layer and
the bulk, the charge distribution at both sides of the phase boundary can
be deseribed in terms of a éendensor model with equilibrium charge distri-
bution in both phases separately. The laws of electrostatics then control

the course of electrical potential from one phase to the other. The model

that fits best this situation is shown in Fig. 2 {compare also Boddy (1965),

Harten (1964), and Memming and Schwandt(1967)J.

This model represents the main different types of chafges which con-
tribute to the double layert
'(a) space charge of electrons and holes and of fixed, immobile donor

or acceptor states in the lattice, Uga®

(b) trapped charge in surface states, of both possible signs, U (the

sign of the surface-state charge can be opposite to the space charge ).
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(¢) charges of adsorbed lons or lonized surface groups on the crystal,
again of both possible signs, of amount 44
(d) the ionie counter charge in the electrolyte, qeq®

' Electroneutrality demands

Qg0 + g + 9aq + 1 = o . . (1)

The sfati&l distribution of.carriers in the semiconduetor follows Boltzmann
statisties for the mobile carriers, electrons énd holes, as long as their
concentration does not approach the fangé of degeneracy. The occubation
of the donor or aceceptor states as well as of surface states is described
by Fermi statistics, compare, €.ga, Hanneyv(l959), Shockléy (1963),

Spenke. . (1965). For ions adsorbed from the electrolyfe, or surface groups
that react with electrolyﬁe.components, again Boltzmann statisties have

to be applied, modified by the restrictions due to a limited number of

surface sites, By these basic laws, the correlations between charge

. density and electrostatie potentlal can be derived and compared with ex-

périmental data., Since the electrostatic potential cannot be measured
direetly, the most valuable_inférmation has beén obtaihed from cépacity'
measurements, to which we refer later.
e .-_lw»-Spaeeﬁehérgéflayer

Wé denote the electrostatic potential in the chane—free interior
of the semiconductor with ¢i’ and the equllibrium concentrations of elec~

trons and holes in the interior may be n. and Pgs. respectively. Between

0

g and Pyr WE have the equilibrium correlation

E
‘ * = 2 = * - —m
Ny ¢ Py =y No* Nyt exp ( 0 ), (2)



=B

I

where n intrinsic concentration of electrons and holes,

=
It

effective density of states for the bottom of the con-

ductance band,

effective density of states for the top of the wvalence

F

band,

i

E energy gap between conductance and valence banda.Q

gap
When the distance from the surface 1s denoted by x, the charge dis-

tribution is given by

“n(x)

)

n

0] kT ?

e (P =D, )
« exp <+ ..O—.g_}i_.l_ v (Ba,)

i

e (D -0, ) . ,
0 ) 47 i> , (3b)

p(x) =p,« exp <— T

0]

acceptor states depend on the position of the respective energy level to

with e, = elementary charge of the electron. The charges in donor or

" the Fermi level, locally; Let us assume that there is in the crystal

a donor with a single energy level ED,;and.With a Qoncentration,'cD.

Then the cencentration of ionized donors, CD#’PiB given by

R T e o e ()
1+ &y exp( F D gf (x) 73 >

where g is the degeneracy of the donor ehergy level and EF 1s the Fermi
energy in the semieconductor.
The corresponding expression for ionized acceptors, with a single -

energy level E, of degeneracy,gA,and bulk concentration, CA" is

A



S0P B ) )
kT

R Y

1+ L exp (
€a

The Fermi energy of the semiconductor bulk is correlated with the con-

centration oflelectron and holes there by'the;equ&tiqng,

E_~.E |
FIF
ng, = ninexp_<-—jai——> s (6a)
[ E-E | ‘
D =nmn.* ir¥ F
Po = 1y ©XP < KT > ’ (€0)

where iEF is the Fermi level of an intrinsic semiconduétor, with
Ny = Py = Ny, for which one finds [for these fundamentals compare Hanney,
(1959); Shockley (1963); Spenke (1965)]

1 | e |
Ep =5 (%, + Ey) = kT In T (7)

As Nb and'Nv,are in the same order of magnitude, usually, the Fermi level
of an intrinsic semiconductor is closé to the middle of the band gap.
From these basic equations, the whole charge q%Q can be correlated

with the change of potential ¢ from buik, ¢i’ to the surface, ¢s, with-

help of Poisson's equation, which reads, for the one~dimensional case,

2
d 1 '
L= o), (8)
dx 0
where ¢ = dlelectric constant of the vacuwm | SSSiOHR -1 s
0] volt

¢ = dimensionless dieiectric constant of the medium relative

to the vacuum,
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The density of electric charge, p, is glven by
o(x) = eglp(x) - n(x) + e 4(x) - ¢ =(x)] . (9)

After integration of Poisscn's equation‘with respect to x, and using the

boundary condition:, %% = 0, in the bulk, one can correlate the field

strength in the surface with the net charge by

dQD ~ 1 T oo . _ 1 : .
(dX) R / p(x) @x =+ o=+ qg, (10)
5 0] X 0

This equation can be combined with another integrated form of Poisson's

equation, namely,

2 o g
(asz)XS: + <y _é p(x) (d—x—) dx = + T 'és o(¢) d?b, (11)

s

to give a correlation between the excess charge in the space~charge layer

and the potential difference between surfaée and bulk,

¢
‘qic = 2eeof ' o(e) d¢ . (12)
¢

s
From Eﬁsg (9) and (3), (4) and (5), p(¢) can be obtained, and then Eq.
(12) can be integrated for the particular conditions, which gives a
relation between q_ and the poiential-drop in the space charge layer,(¢s-¢i);ﬂ¢s."
Absolute excess charges are much harder to measure than differential

~dg ¥

changes, Therefore, the differential capacity CSc = is the

more interesting magnitude. From Eq. (12) one derives:




] ] e

C

g, _<eeo>1/e olt,),

se dﬁ¢s 2 ¢i
f p(¢)ag
o)

7 (13)

This equation has been solved for varioué conditions [for more details

~ compare Brattain and Bardeen (1953), Kingston and Neustadter (1955),

Green (1959a),Seiwatz and Green (1958), Dewald (1960), Green (l959b),
Myemlin and Pleskov (1965), Many, Goldstein, and Grover (1965)]. Simplest
sltuations are found wheré the ionized accéptor and donor states have
constant concentration‘over the whole space-charge range or are negligible,
as in intrinsic semiconductors. For_the latter>case, the capacity is

symmetrical around ¢S = ¢i’ the so-called "flat band situation,”

2ee.e 2n. 1/2 [e (00 )
¢ =|—20 1 + cosh |- (14)
sec kT > 2T

i

eed"’ : VE
. cogh >/

ee kT
with L = ——9——5- the Debye length for an intrinsic semiconductor, and
2n.e
i0
v edA¢ . o
VS = fETbi ‘v Figure 3 shows the space-charge capacitance of an intrinsiec

germanium surface according to this relation., In reality, the range of -
applicability of this equation is limited by the width of the band gap.
If‘eO(A¢s) approaches Egap/27 further accumulation of charges becomes
restricted by the density of states, and degeneracy begins, which slows

down the further increase of the capacity (Green, 1959). In Fig. 3, the



influence of degeneracy is also shown.

The capacity of n- or p-type specimens follows a more complex corre-
lation, which shall be given for a semiconductor in which the doping and
acceptor impurities have energy levels very close to the band edges and
are therefore fully ionized. The space charge capacity then has the

values [compare Myamlin and Pleskov (1965), Boddy (1965)]

€€ | \. 'Vs -1 +vs l
- _0, ¥y (e °-1) -y (e °-1) (15)
se L = 1 +V _1 ’ :
‘/[y(e 51y (e Vsa1)+(yy V)
P n, ' .
with y = Hg = Hi = po/nO + This relationship goes through a minimum
i 0

also, as shown in Fig. 3 for an n~type specimen.

It 1s worthwhile to summarize qualitatively the three main situations
to be found 1n the double layer of a semiconductor:

(a) eniichmentilayer, where the excess charge has the same sign as
the majority carrier of the bulk and is constituted meinly by these
carriers;

(v) dépletion layer, where the excess charge has opposite sign to
the majority carrier in the bulk, and consists mainly of ionized donors
or aeceptors for n~ or p-type specimens, respectivély;

(¢) inversion layer, in which the excess charge of
opposite sign to the majority carriers inereases near the surface so mu@h
that the minority carriers of the bulk become. the'excess carriers in a
space adjacent,to the surface, The excess charge is constituted in this.

case by lonized donors or acceptors and the minority carriers.
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These three situations are shown in Fig. 4 for an n-type semiconductor.’
It must be noted that inversion layers often cennot be formed at semi-
conductors with wide bahd'gap when the equilibrium between electrons

and holes cannot be inverted because of too slow thermal generation of
electron—hoie pairs.‘ In this case withdrawing the majority carriers
from the surface results in a depletion layer, for which the capacity at

potential differences |A¢S| > 10 52 ~ 250 mV) for an n~type specimen is

0]

given byﬁthe Schottky-Mott equation, [Schottky (1942), Mott (193%9)].

A} 2 . _KT
<Cls'c> ) eeoeb <N <‘A¢S‘Eg> 'v ' (l6>

For a p-type sem{conductor, where this situation would be found at nega-

tive excess charge, has to be replaced by GA'“

°p

If the electronic levels of donor or aceeptor states cannot be
represented by a single energy, the capacity follows more complex rela-
tioné, whieh are not discussed here [Green (1959)].

2+ Surface States

Surface states can be of the donor or aéceptor types They are
localized electroniec quantum states, and can Ee charagterized by their

energy level and degeneracye [Compare Many et al., (1965) or Myamlin and

Pleskov (1965)s] The occupation by electrons is controlled by Fermi

‘statistics. For an ééceptor surface state with a single energy term,

sEA’ the number of negatively charged states _NA_ is glven as



~1ha

N ~=N . 7 b4 (lYa)
Am A 1 At PPy Ep
1+ —— exp
8 kT

and the number of positively charged donor states, ,Nb+ , with an energy
-ZI_.evel sED as

1
N, = N« . (17b)
D <EF_SED + -eOA‘d)s)
1+ sgD exp . .

kT

The resulting differentlal capacitance is

ag - eZ e ( BByt s )
¢ o es %0 N s W .
‘ss dA(bs kT )} °D. L. o ( EF-SED+eOA¢S)_ 2
- $8p P kT
1, exp ( _sEAf" EF"e()A(_bs
SgA kT
+ N, 5 (18)
‘ [ 1 < sFa Fre g
1 4+ —— exp T .
€A /.
= plss T aCss N

" The minus sign aceounts for the inversion in sign of A(bs and q\‘ss‘

This capacity has two maxima for the conditions

(a) ofr T € Mg = SFp KT 1n qp, with

2
e

P O - = R
Cog = i ND . ) - (19a)
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+ = - ' :
and (b) oFp * g% = E,-KT In g, with
.
eo )
Cos “ 7 N . (19b)

These are the condltions under which the Fermi level of the semiconductor
Just passes the effective energy level, sE-kT in %o of one of the surface
states due to the bending of bands with‘changing A¢s’ For a density of sur-

1 2
face states of the order of 10 3/cm , which 1s equivalent to about 1% of

- the surface sites per cm?, these capacities have values in the order of

20 uF/cmg. in Fig. 5, an example is given for the surface-state capacity
as a function of A¢S.

| The capacity of these surface states is 1in parallel to the space
charge layer capacity and can be detected therefore, only if a maximum
is fpﬁnd in the range where Csc is not much larger than the maximum of CSS.
5? Counter charge in the électrolyte and in ionized surface groups.

For the reason of electroneutrality, the net charge in the semicon-

‘ductor must be compensated by a charge of opposite sign In the electro-

lyte. These charges can.be so cloSely attached to the surface of the

:semiconductor by chemical interaction that, in some cases, it is impossible

‘to make any distinction between charges in surface states and in bonded

ionic groups on the surface., But in our concebtion, the distinetion is
based not on the location but on fhe origin. If the charge is.formed
by electron exchange with the semiconductor‘we speak of a surface étate;
if by'chemical reaction with the electrolyte we dénote thils charge as

an lonie surface group or adsorbed ion.
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As already mentioned in ﬁhe introduetion, the electric: field
 strength on semiconductor electrode surfaces is usvally much less than

at metal electrodes. This has the result that, in the absence of ionized
surface groups and surface states, the electrostatic potential in the

| electrolyte, ¢el,is very close to ¢s, the difference béing

d¢ ’
-0, = - - 5 —— [ 22 :
qu ¢el P Oy €y (dx)s * Xd:lpol-e ? (20)

~ where 6H, the thickness of the Helmholtz double layer, is 4dn the order of
a few~3~units controlled by'thé size of ions, and e, €, are the effective
dielectric constants of the semiconductor and of the Helmholtz double
layer, respectively] Xdipole is the contribution of oriented dipolgs in
the Helmholtz layer and of the eleetrical momentum in the surface of the
semieconduetor to the difference in electrostatic potential.

(%%) is correlated to A¢s by Eqe (lO) and. will not range, except
for the c:se of degeneracy in the surface, above about 106 volt/em. With
a value of’ﬁH ~ 2 A, the difference between ¢e1 and ¢S remalins then on

the order of 20 mV or below if we do not count X The unknown

dipole®
electrical momentum of the surface can certainly amount ﬁo larger values
but will remain very little influenced by the charging state of the
surfaces We can conclude that the potential differenece between the»
interior of the semiconductor and the élect;91yte,'1ﬁ¢l = |¢i-¢el|;'Will

 be very close to lA¢s|;minus a constants

8 =&y =By = (D=0 ) + (840 1) ~ - 80 = Xgypg1e

The sign of Ad is opposite to N because in electrochemlstry one
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is used to take the electrolyte as reference polnt fdr the potential,
whereas in semlconductor physics the bulk of the crystal has usually

this function. The differential change of the net charge in the semicon-
' ductor with the potential drop in the Helmholtz double layer can be de~-

rived from Eqs. (10) and (20) as

C. =
B~ Oy 5

In the presence of electronic surface states, Eqs (22) has to.be

replaced by the relation

: +
SC SR 7. '

This relation indiéates that, only if Ugg >>'qsc, the potential difference
in the Helmholtz layer may reach a usual magnitude for metal electrodes.
In such a case, the Helmholtz double layer becomes controlled by the
surface states and éhanges to some exfent with Ad. |

A different siltuation is found in the presence of ionized groups
in the surféce which are. formed Ey'reaction with the electrolyte, e.ge-

by a process 1ike»

X < X"  (2ka)

solv ————i# ads
oxr
R-Y R+ Y (24b)
5 ——— solv “’ . :

attaching a negative charge to the surface. In this case the equilibrium
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charge is mainly controlled by the chemical interaction, and the potential

difference in the Helmholtz layer can become fully fixed, if enough lons

are'adsorbed or formed.

The equilibrium conditions for reactions of the type of Eq. (2L) are

%@;O%fﬁg

«N J
C Al

Zad-eo"Aqf)H = Tl -

- °p HET (25)

d

sol. 5ol

‘where Zg is the net charge of a surface group, and"°uad are the

o
da Hso1
standard chemical potentials for the species in solution and on the
surface; Cool and ocsol are the concentration in solution and. that in

the standard state; Néd and 6Néd are the surface concentrations of ad-

sorbed cﬁarged species for the equilibrium state and for maximal coverage.
In the presencelof ionie groups on the surface, a yet larger amount

of charge is necessary to changeﬁﬂh» therefore increasing the effective

capacity of the Helmholtz layer. This increase can be derived from

N

Eq. (25) by assuming that the additional charge is glven by.zadaeo- ad

and is located practically in the surface at x5 this means

CH_= o «(q +qg + Zea " €0 " Néd) ’ .(26)

or
a(q +q ) GO.EH. a

SO D e ),
3 A¢H 6H NG ad "0 “ad’ ?

which, from Eq. (22), results in
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ola, . +q_)
sc 58
=C. +C (27)
. “H ad ’
) A¢H» .
with C , = = o - (z_, e B
a " T, (%aa % Yaa)
This gives, from Eq. (25),
2 2 o )
ad KT ad aNad *

Equation (27) indicatee that the charges in the electrolyte and in>ionized
surface groups ac£ in parallel as countef charges for the semiconductor net
charge. - Therefore, the whole charge distfibution can be described by a
model of two pairs of parallel capacitors in series, as shown in Fig. 6,
and.the net capacity of.the electrode double layer, CD, is given by a |

combination of Eq. (13), (18), and (26); namely

NP 1 - 1 1
: = = + . . (29)
g CD Csc + Css CH + Cad

This net double-layer capacity describes the variation of ¢i-¢el = N

With the net charge gq = q_Sc + qss' The relation between the.variatione

of the potential difference in the semiconductor and in the Helmholtz

double layer is given by

- a("\q).'s o 5(¢i—¢s) _ Cy +‘cad
Z¢}{ ) a(Ebs'CbeET— Coe ¥ g ’

s

(30)

sc
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which is an important result although the absolute values of ¢ remain

unknowne

Bs Relaxation Phenomena and Effect of Illumination

In Section ITA we have discussed equilibrium of charge distribution,
disregarding the time for establishing equilibrlum. Some of the processes
invoived, however, can be rather slow, énd give additional information
on the double layer. ZEquilibrium in the space-charge layer is established
very fast 1f the mobility of the majority carrier is not unusuglly
small. But electron exchange between bulk and surface states is often
i» much slower and does not follow fast changes. Thevsame might be found
- for the gdsorption'of ions or the formation of ionized groups in the
surfaee and for reactions which change the dipole momentum in the
surface. | |

Furthermore, if the equilibrium‘is disturbed by external forces,
like illumination or high éléctric fields, a charge distribution ecan
be obtained which is rather different from equilibrium. A few typical
examples are discussed 1n the followlngs A detailed analysis is given in
the book by Myamlin and Pleskov (1965).

l. Relaxation at high frequencies

If an ac voltage is applied externally to a semieconductor electrode
in a galvanic cell with an unpolarizable eounter electrode, the potential
drop " 4¢s.in the space charge will follow the external signal with a-
time constant givén by‘Reitcsc{ﬁﬁgisHmeansuthat*for a: frequeney - ::
w'=‘2ﬂv,= l/Rex£.Cséztherphase‘shift»willwreach.hSﬁdeg.‘ARéitvis-ggmp%etely

controlled by the ohmiec resistance in the semiconduetor and the electrolyte.
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The real relaxation time of the space~charge layer would be smaller by

sC

a factor of s where Rsc is the ohmic resistance in the space-charge

layer, that izxzhe resistance over a distance L in the semiconductor. Since
the Debye leﬁgth, L, is normally émall compared with the distance at
which an ohmie contect can be made, the response of the space-charge layer
is controlled by the external conditions., Only In some extreme cases,
where the space-charge layer is formed not so much by charge movement as by
generation or recombination processes, asvin the formation of a depletion
or an inversion layer, the relaxation of space-charge formation can be-
come an observable processs

Such relaxation phenomena,‘though very important fdr semiconductor
technology and theory, are not interesting for electrochemical processes.

But the relaxation of the‘charge in surface states can be very important

for electrochemical problems and must be discussed in some detail.

2+ Relaxation in surface states
The electron transfer reaction for an acceptor surface state can

occur in two possible ways:

(a) strong coupling with the.. conduetion band,
kion - ' '
AS te /> A, , (31a)

C neutr
with a rate of

dN, - .
"EE* ==(,kion.ns.( NA~NA‘) -Ckneutr NA— 3 <528)
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(
(b) strong coupling with the valence band,
Vkio - + -
AS<;———E> AT +n (31b)

aneutr

with the rate

dNA-

i = voion (M Nam) ety * Pt Ny - (52p)

The relaxation process for any deviation in N,_. from the equilibrium value

ONA" at constant n of Pys follows the time law,

%
ANA- = (NA— - ONA-)OC €xp (" :E‘— )’

A
where T, is. the relaxation time,
T, for process a) |
CfA ) Ckion‘nz+bkneutr ’ : (358?
v¥a for process‘b)
ViA ) Vkion i aneutf * Pg ) | (550)

Analogous relations are found for the respective charging process

of a donor state, Xk
9_292_;> ot + e; (34a)
8 ottt s

C neutr

D

or

+ Vkion -+ o
D, +h ——=——>D_ , ‘ (34pb)
aneutr
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"where the relaxation times are

1 _
N y
Ckneutr ns + Ckion

(352)

¢'p T

T

o l .
= ’ -' (350)
VD aneutr + Vkion ) ps. g

If a surface state is coupled as well to the conduction band as to the
valence band, the effective relaxation time contains all the rate con-

stants in the denominator and is given, for an acceptor state, for example,

by -

. 1 - | A 36)
. -+ Y o hd
Ckion ns*vkion+ckneutr aneutr\ps CTA VA
The surface state capacity becomes frequency-~dependent if w approaches
l/TA or l/TD. This time dependence can be described (Myamlin and Pleskov,

1965) by a complex capacitance,

_ l-iwmA l~iunA :
(,SS((D) = Acss(a)=o)s_ —5 + Dcss (x=0)+ =5 (37)
14w TA : 1+w TD

bcss (w=0) are the equilibrium values of Eq. (18)

and 1 is the imaginary unit. Equation (37) shows that for frequencies

where Acss (w=0) and
l/TA or l/"rD the capacity decreases rapidlj, S l/a?, and also the then
dominatlng resistlve part decreases wifh l/h» Therefore, at high enough
frequencies, CSs can be neglected and only CSc is left.
' We have treated only the simplest case with single-energy~term
~surface étates and one reléxation time for cach separate state. Often
the situation is more complicated because of a distribution of the

energy levels over a wide~range. Then, the frequency response must be
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represented by a relaxation spectrum, but thls 1s ocutside the scope of
~this chapter.

The relaxation of a charge in ionized surface groups follows fully
analogous relationships. The charge density in such groups, however,
depends little on the applied voltage; the resulting relaxation is
hardly detectaeble in the overall capacity. Only under special circum-
stances will this kind of relaxation process become obvious. One such
case has been found at germanium surfaces, where a reaction occurs which
varies the surface composition with the electron and hole concentration.
[Turner (1956), Gobrecht, et al. (1966), Gerischer (1966).] This causes
a change of the dipole momentum initthe surface which must be compensated
by a matching rearrangement of the excess chargef[Gefischer, (1965)].

3+ Effect of illumination

Il1lumination generates electron-hole pairs if the light energy
exceeds the energy difference of the band gap. This generation of
carriers causes an increase in their coneentrations compared with the
equilibrium values in the dark, and changes the carrier distribution in
the double layer of & semiconductor electrodes

Light absorption 1s a process which usually extends nonuniformly

over a crystal. The spatidl distribution of absorbed light quanta.is
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therefore a cfucial parameter for the distribution of carrie:é. Two
limiting conditions wi;l be discussed here for which the situation can
most easily be described [compare, e.g., Bube (1900), Shockley (1963),
Taue (1962),Ryvkin (1965)] .

(a) Light absorption occufs préctically homogeneously over a range
of the mean diffusion length, [, of the minority cérrier, and this
diffusion length is large compared with the Debye length, L, of the space-
charge layer. This is the case for light of energy close below the-ab-
sorption edge for which the absorption coefficient, «, (cm_l) is small.
A characteristic parameter for the depth of penetration of light ié-% .

(b) Most of the incident 1light is absorbed in a range % that
is small compared with the space charge layer, L, the diffusion length
being again large compared wifh L, asvéhown in Figse Te

In case a, the generation Qf.electron—hole pairs by light is_

constant over the whole space of £ at a rate «x*I., in palrs per volume:

0
unit where IO is the light infensity-in suitable units.  The recombination
‘ : * % * ¥

rate is given by ren-+p , where r is a rate constant and n , p are

the electron and hole concentrations in the diffusion layer { under

illumination.. In the dark, the recombination under equilibrium, Teny*Pos

is compensated by thermal generation, g. The steady state under illumi-
A * * :

nation is reached when the excess concentrations, An =n I and

* *
Ap =p -Py? recombine at the same rate as light is absorbed, which neans

; T ( * ¥ ') (n. & * * + An* A *)
K o = r(n «p =~ goapo = r{ny Ap + pO An D .

Because the stolchiometry of electrom~hole pair formation demands
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* *
Ap =An , we obtain

* *
» = \ . -
K+ I, r(no+po) On + re An . (38)

Equation (58) indicates that An* and Ap* increase linearly with IO

as long as An* remains small compared with the majority carrier concen-
trétion. After illumination is suddenly interrupted, the excess con-
centration of electron~hole pairs An* decays with exp (- %%J, where T

is the life-time of excess electron-hole pairs,

1
r(no+po)

T = (39)
The excess concentration in the steady staté, Eq. (38), can therefore be

represented also by

A = Ap* =KL 7. (40)

In case b, the generated electron hole pairs diffuse into the bulk,
where they recombine, If the diffusion length is large enough, & >> L,
the recombination in the spéce~charge layer can be neglected in the
vabsence of surface recombination. Then,bthe rate of diffusion is
controlled by the flux of minority carriers into the bulk, and the

steady-state distribution must fulfill the condition

D % *
p.28n _fn (41)
ox v

~ where D is the diffusion coeffieient of the minority carrier and it is

¥* .
assumed that An remains small compared with the majority carrier
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concentration; T is given by Eq. (39). The solution, under the correct
boundary conditions, for that part of electron-hole pairs which recom-

bines outside the space-charge layer is

An*(x) = Aﬁ; + exp (- E%E (k2)

*
where AnL is the excess concentration at the end of the space-charge

layer, x = L, and { is the diffusion length of minority carriers, with

g = Dt . | (43)

Using Fiek's first law, a correlation between AnY and

L
the light intensity can be obtained, which reads, after correction for

surface recombination and recombination in the space charge layer itself,

B S

Here IS represents the current dénsity consumed for.éurface recombination
and by recombination in thé spacé-charge layers

We see that in.bofh casges the concentration of electrons and
holes increases proportidnally'to the intensity.of incident light as

long as the light intensgity does not become too highe If the flux of

- electrons and holes produced in the space-charge layer does not reach

the ordér of magnitude of the thermal exchange of carriers between the
space-charge layer and the bulk, the carrier distribution ovér the
space-charge layer remains in equilibrium with the steady-state carrier
concentration in the adjacent bulk, that is, n* and p*o All space-charge
layer properties can then be obtained from the same set of correlations

8s derived for the dark in the previous section, with the only difference of
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: * *
replacing n, and B, in Eqe (15) by n and p «
The result of illumination is therefore an inecrease in capacity
as long as equilibrium for both types of carriers is maintained, and an ¢

increase in the concentration of electrons and holes in the surface as

wellt -
e Ad
ns-x- = n¥ e €Xp < OkTS>; (L|.5a)
R e A
psﬂy = p¥ « exp<~ OkTS>’ : (45’0)

The increase of capacity ¢an be used to get information on the charge
of the double layer, and the variation of carrier density is very impor-
tant for testing the influence of electronie charge carriers on surface

reactions, as we shall see later.

C. Belected Experimental Results

The capacity behavior of Ge, Si, GaAs, and Zn0 single-crystal
electrodes has been studied in some detail. Best known are the properties
of germanium, which we shali use as an example for thé demonstration of
space-charge properties, [Bohnenkemp.and Engell (1957), Boddy (1964)].
The influence of surface states can be exeluded by using high enough
frequencies [Bohnenkamp and Engell (1957), Gobrecht and Meinhardt (1963), 4
Hofmann~Perez and Gerischer (1961)] or short enough pulses for the
capacity measurements [Bratﬁain and Boddy (1962)]. frequencies above
56 kHz or pulses on the order of 10 Qsec have given satisfactory resultse.

To exclude changes in the voltage drop of the Helmholtz double layer, a



rapid sweep technique has to be applied for the variation of the electrode
potential to obtain the correct capacity versus space-charge voltage
"dependence [ Boddy and Sundbu;g (1963), Gerischer et al. (1965)].

If corrected for the increase of area by surface roughness, the
results agree well with theory, as shown in Figs 8« Because A@S, the
theoretical parameter for Csc’ cannot be measured direetly, the necessary
information on the poﬁential drop must be obtained from the externally
applied cell voltage, U, measured against a sgitable reference eleectrode.
Ag long as A¢H‘in the Helmholtz double layer remains.constant; U and
4¢s- ~ move fully in parallel. Then, the most convenient reference
potential for: the énalysis of ﬁhe space-~charge behavior is the flat
band potentiai, i.es., the zero polnt of space charge. This point can be -
referred to the minimum in the theoretical capacity curves of Eq. (14)

or- (15) and the electrode potential at this point, U, , can be used to

ko)
link the experimental.capacity'curves in terms of cell voltages with

the potential drop in the space charge layer by the relation
U-Upq = =205 0 « (46)

This has been done for the capacity measurements referred to in Fig. 8.
For a highly'doped specimen the theoreticall& expected ﬁinimum in
the Capaéity is not found [Memming (1963)] because equilibrium distribu-
tion cannot be egtablished for the minority earriers. The flat band
potential must be determined in a different way. Equation (16) has
‘shownvthat‘a plot of (;/Csc)efagagnst U shduld give a straight 1inex
“with an intersectibn on the abscissa at }Z¢S1-= %2 for a debleﬁiont

3 o
layer. Dewald (1960) has studied zinc oxide crystals, which are normally
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n-type by an excess of metal atoms on interstitial lattice places, and
gives a good example for this_behavior under anodic locad. The flat-band
pogition of a ZnO electrode depends, as does that for germanium, on the
pH of the electrolyte, which has been studied in detail by Lohmann (1966).

Another gdod example for the formation of a depletion layer at an
electrode under anodic polarization is cﬁdmium sulfide, which has been
investigated by Tyagi (1963). A plot of capacity measurements for
determining the flat-band bosition is represented in Fig. Q.

Photovoltage measurements have also been employed for testing the
.distribution of charge 1n the space.charge layer and are used as a
convenient toél for finding the flat band potential [Dewald 1960),
Lazorenk§~Manevich (1962)1.

The photovoltage under steady~state conditions depends to-a large
extent on the surface properties and on charge~transfer reactlons in the
surface, It is therefore much more conciusive for characterizing the
space~-charge situation to measure the photoeffects with short light pulses
under such conditions ﬁhét the surface éharge remains unchénged. This
so—calledvs@rface'photovoltage comprehends only_the changé of potential
drop in the space-charge layer, which is caused by electron-hole pair
generation therein [Garrett and Brattain (1955), B?attain and Garrett
(1955), Lazorenko-Manevich (1962), Pleskov and Tyagi (1961), Boddy and
Brattain (1963), Boddy (1965)]. Following the existing potential gradients,
these carriers_will move in the opposite direction and create an electric
field opposlte in sign to the field present in the space~charge layer
in the dark, As a result of this very fast process, the previously

.axiéting Np will be reduced in absolute value, If Q¢s =0, l.e., 8t



-31-

the flat band position, no driving force exists for separating the charge
carriers of opposite sign .. Then, only a small potential difference 1is
created by the different mobilities of electrons and holes, the so~called
Dember potential, which is 1n principle the same phenomenon as the diffusion
potential in electrolytes When>ions of opposite charge have different
mobilities [compare Many et al, (1965)]. In semiconductors the Dember
potential is normally very small and can be neglected for most purposess
Therefore, the change in sign of the surface photovoltage; measured with
short 1light pulses, indicates clearly the position of the flat-band
situations The exact theory of surface photovoltage has been worked

out in detail by Garrett and Brattain (1955) and Brattain and Garrett (1955).
Figure 10 shows some experimental results obtained by Boddy and Brattain
(1963 ). for a Ge-electrode in comparison with a theoretical curve -under

the assumption that surface recombination is either negligible or constant
over“thewwhole range of potential.

Tt has been observed that the flat-band potential of a semiconductor
electrode can be greatly shifted by varying the composition of the
electrolyte [Bohnenkamp and Engell (1957), Boddy and Brattain (1965),
Hofmann-Perez and Gerischer (1961), Gobrecht and Meinhardt (196k4),
Gobrecht et al« (1966)]. Most of the semiconductor electrode flat-band
potentials are Influenced by the pH of équeoquelectrolytes in a very
regular way, This 1s shown in Fige 11 for an intrinsic Ge electrode.

A plausible explanation of this result is to assume that the surface
of germanium in contact with agqueous solution is covered by a monblayer
of OH groups, which are chemically bonded to Ge atoms in the surface

[Turner (1956), Harvey et al. (1968), Beck and Gerischer (1959)]. This
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"surface hydroxide" has some acidity, and the dissociation equilibrium
1s controlled by the pH of the solution accérding to the process

[Hofmann~Perez and Gerischer (1961)]

(Ge-OH + Hy0 = GeO” + K0 . (47)

In this surface reaction,‘an electric charge is transferred from a place
on the surface to a place in the outer Helmholtz layer of the eleectrolytes
This process 1s therefore controlled, at least partially, by the difference
in the electrostatic potential between surface sites and'the bulk of the
electrolyte, denoted in the<preceding section with Ag@F

The thermodynamical discussion of thié equilibrium leads to a

correlation like

‘ | 2,34kT
- — R - .
Apy = const, < [pH]-log (fGeO' X, O‘)’- (48)
where and x are the activity coefficlent and the mole fraction

GeO~ GeO™

of GeO in the surface. As long as this mole fraction does not change to
a 1arger‘extent by the variation in surface charges which are necessary
to change A¢S, a linear relation between thg flat-band potential Ufb
and pH sould be expected, as found in the experiment§ of Fig. 11l. The
deviation in the slope at low pH might indicate that the mole fraction,
Xpeq? Decomes so small there that the last term of Eq. (47) gains
importance.

A similar influence of some anions in the electreolyte, especilally
J~, has been attributed to an exchange of OH groups by J in the surface
compoundé [Boddy (1965), Brattain and Boddy (1966)]. This varies the

dipole momentum of the surface and also the mole fractlon of dissociable

surface groups, which is reflected in a shift of the flat-band potential.
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But the conditions are much more complex for such exchange reactions

and have not yet been discussged quantitatively.
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III, ELECTRON TRANSFER REACTIONS
Ay Theory
» le TFundsmental agmpects
In en eleetron transfer feaetion, the gemiconduector acts only as
donor or acceptor for electrons without chemicalvchénge of its eonsti-
tutions This is possible if a suitable aceceptor or donor is available
in the electrolyte. The generally accepted concept for the theory of
this process is based on the Franck~Condon princ¢iple, and takes the
conversion of energy into aceount [Randles (1952), Hush (1958), Hush
(1956), Marcus (1956) (1959) (1964) (1968); ). Dewald (1959), Dogonadze
end Chizmadzhev (1962), Levieh (1966), Gerischer (1960), (1960), (1961)1.
Since the electron transfer is a fast proeess eompdred with atomic
movements, the chemieal arrangement of atoms is not ehanged durlng the
transfer time, The conservation of energy demands further that the
electron exechangesocecur between electron states of the same energy‘levei,
within the range of kT, 'Othefwise, a too great eontribution of phonon
gupport would be neeessary for the ele¢tron transfer, which would make
the process veiy im@robaﬁle. The energy econgervation prineiple permits
radiationless electron transfer processes at a semiconductor eleetrode
only on eﬁergy levels in the range of the-conduction or of the valence
band, exeluding ail donor or acceptor states in the solution with energy
levels within the range ©f the band. gaps This situatlion is represented in

Fige 12, and can be described by two different reaction patﬁs:

i

A+e =D (49)

D +n . (50)

4

" and A
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What process is possible depends on the relative position between-the
energy levels of the redox components and the band edges of the semi-
_conductor, with the vacﬁum level as the common reference energy.

The band model for solids give sufficient information about the
electronic energy levels in a semiconductor. In the electrolyte, the
electron energy levels are located at the donors and acceptors that
are the reduced and oxidized components of a redox system in the solution.
The energy levels of thése states can be defined in a fﬁlly analogous
way as energy levels in a solid, namely by‘the energy of electron emission
from a donor state or electron attachment to an acceptor state'[derischer,
(1960), (1961)1.

There is an important difference, however, between energy levels of
delocalized electrons iﬁﬁé crystalline solid and those of localized
states in a polarizable and polar solvent. Whereas, in the first case,
no distinction can be made whethef such a:level is occupiled or not, in
the latter case this makes a great difference in the position of the

'energy level due to the strong ihteraction energies with the solvent.

This can be demonstrated by the cyecle

(é) (Red)solv,R -a(ox*)solv’R + e; for which AE = + °T (51a)
(0) (ok*)solv’R-e (OX+)501V)QX for which AE = ~Ay_ (51b)
(c) (o;(*)solv,OX +e, > (Rea) ) o for vhich AE = %A (51c)
(a) (Red)solv,ox —)_(Red)solv’R for which AR = - (514)



36w

This describes (a) an ionization process from the most probable solvation
state of the reduced component (index, solv,R) without change of solvation
strueture (Franck-Condon principle); (b) the formation of the most
probable solvation strueture of the oxidized component (index, solv,0x);
(c) electron attachment to the oxidized component without solvation shell
rearrangement; (d) formation of the stable solvation shell for the reduced
species,

The steps in free energy for this eycle are sketched in Fig. 13.
Entropy changes oeeur only in processes (b) and (d), while for steps (a)
and (c), which do not invoiye struetural changes, standard free energy
and -enthalpy are‘equal.

The energy differenee for step (a) repregents the energy level of
ogeupied electron states in the redox solution whieh will be found with
the highest probability averaged ovef time at the redueced component;  the
energy difference in step (c) describes the most probable unoeccupied
level, Tigure 13 shows that the levéls.having maximal statistical weight
are different by the sum of the rearrangement energies of the solvation
shells and that thé'ocnupied levels are deeper than the unoeeupled ones.

At present there is no way for measuring the lonization energies or
eleetron affinities under the restrietion of the Franck~Condon principle

direetlyy But the energy combinations

Tmhe =% +A_ = =" (52)

Ox R EF,redox,
repregenting the change in free energy for a redox reaction of the type

. +
(Red)sorv,m 7 (% Jgorv,00 * % # - (53)
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can be obtained from the standafd redox potentials in a relative scale,
At a redox electrode, the reaction for which equilibrium is obtained
differs from Eq. (53) only in the state of the electron, which comes from
the electrode where it has on the aﬁerage the energy of the Fermi level,

EF,
. +om

L + .
(REd)solv,R = (ox )solv,Ox Eg ‘ (53a)

To balance the freé~energyvdifference, the mean free energy of this

electron in the metal must be a level that corresponds to °E y the

F,redox

free'energy in reaction (51)s Since, under equilibrium conditions, the

electrode potenfial difference is adjusting a situation in which -

o

; - ' o
EF,electrode s the value of 'E

“F;redox ig directly related to

EF,redox

the standard redox potential (at equal concentration of oxidized and-

reduced species) of a redox system by

]

- : = o - . ° . >
EFy‘redox const o U}edox (54)
Here °U is the standard redox potential In the European scale.

redox ‘ _
This relation indicates that redox systems that are highly oxldizing

¥,redox valueg,than reducing systems.

have deeperéE

- -32.1 Kinetics
In the simplest approach, the rate of electron transfer, aceording
to the preceding prineciple, will be proportional to the density of oceupied
energy states in the one phase and unoccupied states in the other phase
that are on the same energy levels, Because the energy states are dis-

tributed over a wide range of energies, an integration has to be executed
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‘over all corresponding energy levels. This leads to an expression for

the cathodic process, J = electron transfer from eled¢trode to oxidized species

in the solution of the type [Dogonadze and Chizmadzhev (1962), Levich

\ -

(1966), Gerischer (1960), (1961)].

57wy [ k(E) « Dy(®) + W, (E) a8, (550)

. + : . .
and for the anodle process, j = eleetron transfer from reduced species

in solution to the electrode

5t ea [0 k(®) Dy(E) « Wy (E) & . (55)

In these equations ¢, and ¢_ are the concentrations, and DG(E) and

Ox R

DQ(E) are the densities of occupled and unoceupied states in the semi-
conductor on a partiecular energy level Ee Wéx(E) and WR(E) denote the
distribution functions for finding respectively an oxidized or a reduced
component in a solvation state that corresponds to an energy level E.
Thege distribution funections represent the average in time over all
possible thermal fluctuations in energy caused by interaction with the
solvent or directly bonded ligands. This probability function has a
meximum at the most probable solvation state and decreases exponentially
to both sides of these energies, which we shall denote (compare Fig. 13)
by

°EQK7= - °Aand By . =-°I, (56)

k(E) is a factor that gives the transfer probability for a species

-

(" .
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of the redox system during its "encounter time" with the surface; x(E)
includes the quantﬁm mechanical transfer probability summed over all
distances. [Compare Levich.(l966).]

Because the density~of-states function has a gap between the band
edges, it is convenient to divide the integrals of Eq. (55) into two
parts which cover the eﬁergy states in the valence or in the conduction
band. [Gerischer (1961).] In this way, the currents in the conduction

band and the valence band can be expressed separatelys
.ot .t 0 .
Jo = dg - dg = kg * cg fE K(E) *+ Dy(E) « W (B) aB  (57a)
. _ o

”kE . G fEZ kK(E) « DO(E) . WOX(E) dE,

: E '
Sy =3y = 3y =35 ey [ k(B) Dy(E) W(R) aE (57)
-kg . éOx[iY k(D) DO(E)-- WbX(D) dE .

Figure 1k shows these functions and their produets. The results of such
an integration is indicated for two different redox systems, one in which

S

is elose to EC and another in which °F is close to Eva

EF,redox Fyredox

As seen in Fig. 1b, electron transfer is possible only in the conduction
band in the first case and in ﬁhe valénce band in the latter case.

As a general conelusion the following is obtained. Redox systems,
which have a positive eénough standard potential, that the surface of the
semiconduetor becomes p~type in contact with this system at equilibrium
conditions, exchange electrons with the valence band. Redox systems with
éuch‘a negative standard potential that the electrode becomes n-type at
equilibrium exchange electrons with the conduction band.

Because the main electron transfer takes place in a narrow energy

range above and below the band edge energies E, and EV’ the situation

c
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is well described by the approximations

$ + . i . a * . K ¢« C L] .
Jo = kg * K(Bg) v g = Wp(Eg) *Ng - kg« k(Eg) « eq « W (Bg) « ng s
(58a)

Iy = v k() © eg ¢ WR(By) epg - Ky e K(By) ¢ o v WG (B) < Ny
(580)

where K(EG)’ K(Ey), W(EG), and W(E;) are the values of these functions
at the band edges. The denslties of occupied aﬁd unocecupied electron
states in the semiconductor are represented by the concentrations of
electrons and holes in the surface and by the effeectlve densities of
statesvat the Eand'edgesa

The vaiues of k(E) and W(E) are iﬁdependent of the applied voltage,
" as long as the pofential jump in the Helmhdltz layer does not change con-
. siderably with varying excess charge. Equations (58a) and (58b) indicate
“theréfofe that the varlation of eurrents due to the applied potential can be
attributed only to a variation of the coneentraiions of electrons and
holes in the surface. This shows that eleectrode processes on semicondue-
tors are much eloser to normal reaetion kineties ﬁhan those processes on
metals where the activation energy varies so widely with the applied
vpltage;

This constancy of the energy correlations between the semiconductor
éiectrode surface and the electrolyte has to be taken "cum grano salis™
beecause chemical interaction ecan change the potentlal drop in the Helm-~
holtz layer quite drastically as we discussed in the first sectibn. Re~
liéble comparisons between different redox reactions can be made, there-

fore, only at "constant chemical composition” of the solution, whiech means
’ / s
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constant insofar as the chemical state of the semiconductor surface is
influenced by £he components of the solution. Quantitative predictians
can be made only under these restrietions, and have their value more in
a relative than 1n an absolute scale,

Taking advantage of the equilibrium conditions for the charge
transfer processes described in Egs. (58a) and (58b), namely that
jc =0 and %f =0 simultaneouély if the eoncentrations of electrons and

holes in the surface correspond to the equilibrium values n and P
b

5,0

for -the respeetive redox reaction, one can write the rate equation in

0

another way which is more useful for experimental applicationst

[ ¢ ¢ n
s s R,s8 0x,8 ] :
Jo=dgo | & -7 . = , (592)
| "R,0 0x,0 8,0 ]
'GR 5 Pg cOx s-
s s : 35S - »4
R’O S’O OX,O J

with the exehange currents at equilibrium j and jV 0 given by
. 3

c,0

P

.
It

+ | , o
0 kC'- k(Eg) _CR,O . Wh(EC) Ng (60a)

i

L

Ko ¢ K(Eg) * Cop 0 * Wox(Ee) * g o

i+ K (By)

Jv,0 = * Cr,0 * Wp(By) * Pg o
=k . K (Ey) °.00x,o . wa(EV) * Ny, (60b)
and e, , C the concentrations of the redox components in the range

Rys? "0x,s
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of.- interaetlon with the electrode surface, The‘same s#t of equations has
been-derived by Dewald (1953) on the basis Qf the electron transfer
theory of Marcus (1956, 1959, i968‘ )e A more quantitative expression
for the funetions k(E) and W(E) has been derived by Dogonadze and Chiz-
madzhev (1962, 1963) with the assumption that the distribution funetion
W(E) is stfictly controlled by the eleetrostatle interaction between the
central ion and the pqlarizable surroundings. These expreéssions are
discussed by Ievieh in this volume (Chapter 8)s Since the eritical para-
meters needed in this treafment, like the rearrangement energies XOX
and AR_.rfrom Figs 13, are not accessible-at.present, we shall not use
these fofmuias in this chapters -

IfIthe'variation of_thé eléetr§de potential at varying polarizing
letage'cccursAfully‘ofér ﬁhe’spacé~éharge’layer, A¢ﬁ-iemaiﬁing constant,
the surfaee ceoncentrations of earriers follow the applied voltage-expoeen-

tially.[compare Egs. (3) and (46)1,

n | e (0D - A¢ )\ e.
= 5 - exp < 0 ‘s-k'T 550 > = exp <- —%T"‘> (61)
5,0 .
and |
Ps _ oo [ - eO(Advs-Acbs,o) - eq (@)
pé,O kT v kT :

where n = U = UO is the overvoltage applied to the electrode, in its
usual definition, |

. The combination of Eqs. (59), (61) and (62} results in a most-simple type
of current voltage curve, whleh, in the absence of concentration polari-

zation, i.e, with

]
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CR;S Ox,s 1
C )
R,0  ~0x,0
reads en
. . 0 ‘
Jc - JC’O (l - exp (- —l_{’—I’. ) » (658‘)
awmd gymdy (e (P -1) . (630)

v = Jy,0 KT .

The characferistic feature of such a cufren% voltage eurve 1g that in the
conduction band dnly: the-éethodiec process is Iinfluenced by the applied
voltage whereas in the Vidlence band ‘only the anodic préceSS:depends on::
the voltage.}yThis’differénce gives the bagis for a distinction

between these two processes, as we shall see later in connection with some
experimental examples.,

Complications In the rate processeé can arise by.shifts in the
Helmholtz layer potential droplwithvexternally'applied voltage. [Gerischer
(1961)]. For semlconductors with a wide band gap, surface staﬁes as
additlonal donor and acceptof energy levels in the forbidden range of the

band gap should contribute-essentially'to the electron transfer processes.

The energy conditlons for such mechanisms of electron transfer are repre-

sented in Fig. 15«

Be Redox'Reéctions at Semiconductors
l. Techniques of investigations
The most interesting problem for redox reactions on semiconductor
surfaces is to dlstinguish between electron transfer in the conduction

band and Iin the valence band. This can be done by a few technligues which
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will be discussed in some detail. A second step is the determination of
exchange current rates, or rate constants, for the electron transfer
processes in each separate bands The latter step is the more difficult
because one runs into the same problems as with metal electrodes, namely
the uncertainty of surface structure and of composition of the interfacial
1ayér.

as Current voltage curves at n- and p-type electrodes.

As long as electronic equilibrium remains established up to the
surface of a semiconductor electrode, the surface concentration of elec~
trons and holes, all other properties being equal, does not depend on the
doping of the semiconductor if the electrode 1s on the same electrode
potential. The reason is that the_difference between the concentrations
in the bulk is'just compensated by the respective differences in A¢S at
the same externally applied voitage, if the potential drop over thé
Helmholtz double layer is the same. Figure 16 shows schematically the
course of band energies and concentrations for an n-type and a p-type
electrode of the same material at the same electrode potential in contact
with a metal on one side and With a redox electrolyte on the other, and
for equal differences of the electron energy EF between electrode and
electrolytes

From this figure, based on Egs. (3) and (6), it can be seen that
the rates of electron tranéfer should bé equal and. independent of tﬁe
doping of a.semiconductor, as already implicitly expressedvin Eqs. (61),
(62) and (63). But this also includes the assumption that electxl'onic
equilibrium can be maintained in the space-charge layer in spite of the

current necessary for the electrode reaction in the surface.
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There 1s one situation in the space charge layer, however, in which
this obviously cannot be verified. This is the case of an inversion
layer with consumption of the minority carriers of the bulk in the elec~

trode reaction on the surface. The inversion layer represents a p=-n

- Junction which would be biased, in this case, in the reverse direction,

and through which, therefore, only a limited current can pass, the so-called
saturation current. This is controlled by diffuslon and generation of
minority carriers over the depth of the mean diffusion length, I, e.gs,

for electrons as minorities,

nO Dn
Jgat = €00y’ T = € Mo T (64)

where £ is the diffusién length (Eq. 43) and T, 1s the lifetime of
electrons as in Eqs (39). Dn is the diffusion coefficient.

1 This saturation current can be increased éonsiderably'by surface
generation, but, so long as surface generation does not become extremely
fast, the consumption of minority carriers in a redox reaction is indica-
ted by the appearance of a saturation current at high enough polarization
for the particular maférial.

Equation (59) shows. that an electron transfer in the conduction
band would be indicated by a saturation current for the cathodic process
'on'p~type samples and an electron transfer in the valence band by a
saturation current for the anodic reaction on n~type crystals. Typical
current yoltagefcurves for all possible procedses at n- and p-type speci-
mens ‘are drawn in Fig. 17, without taking into account COncentrétion polari-

“zation, which in any case limits the current at high rates. Caleulations of
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the whole current voltage. curves with controlﬁbyuminerit& carrier transport
have been carried out by'Vdovinfet al. (1959).

Electronie saturation currents and mass-transfer-limited ecurrent
cah easily be distinguished by the presence or absence of a photoeffect,
[Dewald (1960)], since only electronically.cdntrolled currents inerease
immediately under illuminatien; In this way, the comparison between
n-type and p-type behavior will give in many‘systems direet information
on the role of the energy bands in eleectron transfer,

bs Transistorlike devieces

An ingendous method has been worked out by Brattain and Garrett (1955)
ueing a eoupled p-n junetien as an indicator fer the eleetronie processes
in the electrode surface, Sueh a deviece is shown scheﬁatically'in Fig.

"18s One side of a thin slice of a'semiconductor, either n~ or p-type,
.serves as electrodes. On the other slde, a contact with a piece of opposite
conductivity type is made in such a way that a p-n junetion is formed,
which covers the whole erea used as electrode side. Around -

this slice an ohmie contect connects the interior of the siice'with two
separate external ecircuits. If the thickness of the slice is on the order
of the diffusion length of the minority earriersin the slice, the p-n
junctiqn at the baeck can be used to measure the minority earrier currents
whieh are injeected or extracted in the electrode reaction at the front

8 iden

[

Figure 18 shows how this devlce works for an n-type electrode as a
deteetor for hole currents, If voltage is applied in the reverse'diree-
tion of the p-n Junction at the back, this junction acts as a collector

for the hole injection current on the front., The losses by recombination
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during the diffusioh through the sliée can be measured and when these
losses are taken into account the result gives quantitétive information
on'the injected currentss The same infbfmation can also be obtained,
but with less accuracy, from volfage measurements at the p-n junction on
the back side in open eireuit,

The analogous deviece with a p-type slice acts ag an indieator for -
electron injection and extractions The functién of these devieces 1s the
same as that of a translstors The eleetrode side is the emltter, the
chmic contaet is the baée, and the p-n Junetion in the back 1s the colleetor.

A similar arranéement has been used by Pleskov (1961) with two
electrolytie contaects on both sides of the slice. This works in the
same way 1f an electrode proeess is found for the back side which is
limited by the transport of minorlty ecarriers to the surface. Such
reactlons are the anodie diasolution for n#tyﬁe germanium élices [ Bohnen-
kamp and Engell (1957)] and the reduetion of H,0, for p-type slices
[Mindt (1966)].

¢+ Other methods

A feryvsimple indieatlon ean be used for the injeetion of holes by
exbléiting the fact that the anodiec dissolution of all semiconductors
consumes holes, This proeess is discussed in the next chapter and we use
1t here as a faects Ifzthetanodic dissolution 18 controlled by hole trans-~
port to the surface, a saturation current is observed at n~type specimens,
If a redox systems is added whlch is redueced under this condition by
electrons of the valence band, holes are injected which allow the rate

of digsolution to increase [Gerisecher and Beck (1957)]. If the redox
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system is oxidized by holes, the dissolution rate is reduced by this
competing proeess. Proeesses in the eonduction band interfere with
simﬁitaneous processes 1n the vdlenee band only by recombination which
is a minor effeet and can be estimated. |

The partial reactions ean be determined by measuring the chemiecal
changes in the system . Direet information on the mechanism of a redox
reaction can be obtained by correlafing these partial~current voltage
curves with the net current voltage curves Figure 19 shows an example
for such a type of analysise

The photo response ecan also be used for a Quick gualitative analysis
of the type of redox progess going on. The ceurrent is changed,under
illgmination only when the minority earriers take part In the redox
reaction. Quantitative results can be obtained in the range of saturation
currents from the eurrent incerease under 1llumination as has been alreédy
mentioned in Section IIIB,las | e

2. Selected experimental results

ae Mechanigmw of redox reactions

Germanium and gallium arsenide electrodes have been most intensively
studled as electrodes for redox reaétions. An example of the information
as obtainéd from the difference in the behavior of p- and n-typelspecimens
is given in Fig. 20 for the hydrogen evelution reaction in GaAs.

The current limitation at the p-type specimen and the photoeffect.
at-this sample indicate clearly that the hydrogen ion reduction occurs.
by electron transfer from the conduction band. Similar behavior has

been found in Ge electrodes, but the saturation current is much less
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pronounced there and is clearly seen only in transient current voltage

behavior, because surface states are formed in the cathodie range which

. act as highly active generation centers for electronss The saturation

current therefore vanishes aftér'short times, [Brattain and Garrett (1955),
Gerischer (1960)]. This could be caused also by deposition of impurities
from the solution, which act: as generation centers [Harvey (1968)].

No electronic limitation ig the cathodic current for the reduction
of Fe+5 lons 1s found at p-t&pe Ge or GaAé electrodes, [Beck and Gerischer
(1959); Pleskov (1961), Gerischer and Mattes (1966)]. The limiting
current for this reactlon is controlled by mass transfer in solution,
indicating that the electron transfer is fast and not ‘rate-determining.
The same conclusion for the mechanism of the Fe+3/Fe+2 redox reaction
is obtained from an application of the transition technique, An example
is shown in Fig. 21, This technique has been used extensively by Pleskov
(1961) for studying redox reactions on germanium.

As explained in the preceding section, the anodic saturation curfent
in presence of an oxidapt»can be used for fhe analysis of redox processes
directly. Figure 22 shows current voltage curves for an nftype GaAs

P,

electrode withogt‘and in the presence of Fe+ ions. The partial currents
obtained. from anaiysis of the net chemical changes are included also.

One can see that the mte of dissolution increases linearly with the rate

of réductioh, completely compensating the cathodic process in the ¥ange

of current saturation,bwhich shows clearly that hoies are injected in the
redox reaction. TFor germenium electrodes there 1s even an overcompensétion

in the anodic range caused by the fact that the anodié oxidation there

goes on partlally via injection of electrons.
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The resﬁlts obtaiﬁed for redex reactlons in germanium are summarized
iin Table I, which gilves direct evidence that the theoretleal assumptions
discussed in the first seetion desecribe the situation very wells Redox
systems with a positive standard potential.exchange holes, those with
a negative standard potential electron.

There seam to be some exceptions to this rule [Pleskov (1961)],
esgs the process Jg + 2e” - 3J7, which has e standard potential similar
te that of the Fe+§/Fe+2iredox system. From & naive approach, one would
therefore expect that the iodine reduétion should oeceur via the valence
band teqi But o&viously the net reaction as éiven above does not repre~
seﬁt‘the realieharge~transfer step. It could be shown that the electron
is picked up in the reaction Jé+ e~ —aJéu,‘with chemical reactions in
serles to obtainéthe overall reaction [Gerischer and Mattes (1967)].

For thls charge-transfer step, the standard potential 1s in a range where
the surface charge would be negative; which lets this process fit into: the
theory too, Other apparent exceptions, like the HEO2 reduction, could

be explained in another way By a catalyzing surface reaction { Gerischer
‘and Mindt (1966)]. There seem to be no contradictions, from present
experimental evidence agalnst the theoretical principles on which
predictions of the expected type of electron transfer at semiconductors

are baseds
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Table I, Redox systems on germanium

Mechanism

C0), /e0, : :

Redox system Electrolyte Standard
' ~potential
Mnoe/MnOu" 1N HQSO?1L 4 LR valenee band
'Ce+5 /C'e'#+ SN HQSOI.L 1e39 valenee band
CaH, (OH),/CH) 0, 1N H,80), 10490 velence band
I"'e""e/rl‘e'*‘3 ’ i) Hclou ‘04,61+ valenee band
L'TE"/J'_ | 1N HC10), eoniduetion band
o [ . v .
,Fe-(‘.GN,)G & - 0401 N H;80) 0452 valence band
H2-02/02v AN Hésh' o : "‘ ; "~ gonduetion band
H“i-/H2 1N stoh 0 ~eonduetion band
VMILQ/V"}‘;5 -~ Del N HESQA ~ 0435 éonduétio.n band
041N HCL - 0050 " eonduetion band
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In semiconductors with a wide band gap, redox reactions of the
minorities can be found only under illumination. A good example is
zine oxide, in which holes generated by light absorptlon can oxidize
very stable molecules sugh as alecohols and carbonic acids tMarkham and
Upret (1965), Morrison and Freund (1967), (1968)].

Simiiar proecesses have been observed on Cd8 electrodes under illumination
and anodic polarization [Haberkorn (1967)]. It is interesting to note
that the primary reaction produets of these processes are often further
oxidized by electron injection into the conduction band, which tells us
that the radiecal intermedlates in these oxidation reaetions have a
relatively low work funetion and highly reducing charactef.

be Réte of redox reaetlons

Experimental experience has shown that the ekxchange currents at
equilibrium for a particular redox system are In mest cases smaller at
a semlconduetor than at a metal, Thls is 1n agreement with the predic-
tions from theory because the main eleetron exehange at a metal electrode
occurs on the energy levels around the Fermi energy of the metal, whereas
in semiconductors these energy levels are excluded as long as thg‘Fermi
energy of the redox systems does not fall Into the range of any band
in the semiconductor., The number of corresponding energy levels is
>therefor¢ smaller in a semlconductor electrode, which results in a re-
duced exchange currenta.

The quantitative analysis is often ecomplicated by parallel reactions
or by more or less regular varlations in the surface propertles of the
semiconducfor. Figure 23 glves an example of a ecurrent-voltage curve

obtalned at a Ge eleetrode for the oxldation of V'+2 ionse [Mauerer (1965).]
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Since the oxidation occurs by injection of electrons into the conduction
band, the rate should be equa1 at n- and p-type electrodes and indepen~
dent of the applied voltage. Though the firSt_prediction is fulfilled
in the raﬁge of comparability, the current increases slightly with
electrode potential. This can be explained in this system by the assump-~
tion that theApoﬁential drop in the Helmholtz layer does change simul-
taneously'wiﬁh A@S, which has been confirmed by capacity measurements
erm which the potential drop in the space-charge layer could be derived.
At higher voltages, the electron injection current becomes constant be-
cause there the p-n-inversion is reached and any further increase in thé
voltagé does not change the potential drop in the Helmholtz double layer.
Better agreement with theory, without the need of adjustmentvforv
kinetical complications, was found for redox reactions on semicbnductors
with a large band gap., Figure 24 gives an example in the reduction of

Pe™ fons in Cds, which is controlled by the electroh concentration in

the surface and should therefore have a slope of < io;U-j - gg-% 60 mv
at room temperature [Tyagai (1965), Roth (1966)]. The measured slope. is
very close to this value., In other cases, the slope has been found higher
than theory predicts, [Dewald (1960a), (1960b), Lohmann (1966)], which seems
to be caused by varigtions in the Helmholtz double layer.

Quantitative data of this kind are scarce at present and moré effort
is needed 'in this field.. |

| C. Charge Injection into Insulators
1. Carrier injection and current voltage curves
The use of inéulators as electrodes seems rather paradoxical, since

their high resistance allows only extremely small currents, and high

voltages are needed as driving forces. But the resistance can decrease
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* by ahlarge extent if insulators are brought into contact with suitable
chérge—injecting medias It has been fouﬁd by Kallman and Pope (1960)
that electrolytes which contain redox couples zre often excellené charge
injectors, which has subsequently'been studied in more detail by Méhl
(1965 and 1967). From a theoretical point of view, such contacts between
insulators and elecﬂrolytes are.of special interest. Therefofe, their
properties are discussed in this section.

The distinction beﬁween a semiconductor and an insulator is purely
pragmatical and;arbitrary. The electronic states in the insulator can
‘also-be described by the band model. Only, the band gap is higher than
for most semiconductors and the absence of sultable dopants prevents
cbnductivity; Under illumination of light of high enough energy,'in—
sulators become conducting by excitation of electrons. vElectronic charge
carriérs produced in such a way, if they reach a surface that is in ‘
contact. with an electrolyte, can react with any electron acceptor or
donor in very much the same way as discussed in the preceding section
for electrons and holes in éemiconductors, The same principles can be
- applied, as shown by Mehl (1965), to explain the influence of the standard
po£ential of a redox couple on the preferential type of electron~fransfer
reaction. Oxidizing redox couples react with electrons in the valence
band, i.es, in bonding orbitals, and reducing systems can exchange
electrons with the conduction band, i.e., with electrons in antibonding
orbitals.

" This means that oxidized species with high enough oxidét{on POVEY
can inject holes into insulators, and reducing specles with high enough

reduction power can inject electrons. A big difference in redox potential
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corresponding to the‘band gap in the insulator.shouid be found between 
systems which allow electron transfer with the valence band or with the
co;duction band according to the general prineiples outlined in section
IIT.AL (Fige 12)a
-The high resistanece of the Insulator generally prevents the
- deteetion of this proeess as long as the electrical fields are not high
enough- to transfef the Injected earriers from the surface to the bulk,
If such carriers move into the interior, the eonductivity in this range
increases and therefore a plot of the eurrent inecrease is steeper than
a linear relatiohtWith the applied volﬁage. This‘is a characteristic
difference‘between an insulator and a nofmal semiconduetor electrodes
the bulk of a semicoﬁductOr outside the space-~charge layer remains
electroneutral, whereas in an insulator the space charge extends over the
whole erystal and only the uncompensated excess carrlers of the space
charge itself transport the current.
The relation between this current and the voltage applied over the
insulator erystal of thickness d is given by Child's law, for the
. case that all injeeted carriers remain mobile and are not trapped at
lééalized gnergyvetates in the erystals, Child's law can be derived
- from thé“£q}lowing conslderations for a erystal into which one type
»of‘carrier iﬁiinjectedf
;rIn'the stationai& state, the current density in the erystal must be
thé.same at all cross sections through the erystal, which we shall
agsume as being a slice of thickness d with parallel faces, The distance

from the injecting surface will be denoted by x, The current-density is -
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given by

j = | e p(x) - F(x)fi éénst. (65)

where @ = mobilify of the 1njected carrier, and F = fileld strengths
The connection between electrostatic potential ¢ and e¢harge density p
is given by Poisson's law, Eqs (8)s With the boundary condition that
the field vanishes at the injective surface, one gets after first

- integration of Poissor's equation, and with use of Eg. (65),

ar __ L - J 1 |
ax e €0 o(x) = + use- g * Flx) °© (66)

This equation ean be integrated again, with the result

F(x)? = —24 | (67)

U*E*GO

The voltage drop over the erystal ean be derived from integration of
P(x)1

) |
59 =t [ B(x) ax =§. J2j/ue_—'veo~d5/2 , (68)

from which we obtain a relationship between current density and applied

voltage, U = 2@

o 2

which is Child's law.

- The difference in voltage dependence, from the law for space charge
limited currents in vacuum, results from the different conductance
mechanisms‘in a solid and in a vacuum.

If loéalized energy states for eleetrons are present within the

band gap, the current voltage curves become much more complex. Mobile
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carriers can be captured in such traps, increasing the space charge in
this way without changing the conduectivity. If this ratio between mobile
and trapped carriers remains constant, the only change in Eq. (69) is a
decréase of the effective mobility per charge carrier., But the traps
normally have qpite a distribution over a broad range of energies, with
the results that the probability of libeféting a trapped charge carrier

is much higher for shallow than for deep traps. The trapped'spacé charge
which compensates.to a large extent the externally applied voltage reduces
the current considerably. This can only be overcome by a high enough
increase of the external field strength which finally will cause an
emptying of traps by internal field emigsion into the bands. TFor an ex-
ponential distribution of traps in energy, this leads to current voltage
relations with a higher power than 2 for the voltage, as an approximation
over some limited ranges, as expréssed by Rose (1955), Lampert (1956),

(1964), Mark and Helfrich (1962).

Un+l

| J~a‘2‘n—+-l- , n>1 . N (70)
At high enough field stfengths, the traps tend to be depleted by fleld
emission into the continuous energy bands. If no charges remain trapped
at very high fields, one reacheg the situation of Child's law again as a
limiting case.
Obviously the current cannot exceed the rate of injection. There-
fore, the current voltage curves must finally become controlled by this
. Step, which will not be influenced by the applled field as long as the charge

density in the space charge layer does not reach extremely high values.

This results in a limiting current which can begin at any part
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of the current voltage curve, and gives direct information on the rate
of the injection process, These features of current voltage curves
for insulator crystals with charge injeetion from contaets are schemati-
cally shown in Fig. 25,

2. Experimental techniques and selected results

The major experimental difference for studying the eleetrochemis£ry
of insulators is the necessity of applying high eleetrical fields to
the electrode. To handle this problem without unnecessarily high vol-
tages the electrode should be made as thin as possible. There is
usually no difficulty in moblle charge carriers' leaving an insulator
at contacts with metals or with electrolytes. The side where carriers
are injected can therefore be studied direetly with the current behavior

d to the voltage drop over the crystals The most direct and

easiest wa& of determining the type of charge carrier which can be
injected is to use an injecting contact on one side and a noninjecting
oﬁ the other mide of the insulator. Current will then flow in one
direction only, indicating the sign of charge of the injected carrier.
Electrolyte solutions which are free of redox components make convenient
noninjecting contactsg it is diffiecult to meke a good contact by metals,
A cell of this type, with two electrolyte contacts for a thin insulator
erystal, is shown in Fig. ?6. [(Mulder (1965), Gerischer et al. (1967)]

Since currents are usually small, the auxiliary electrodes give
‘no special problems., If necessary, reference electro&es in the elec-
trolyte can be wed for determining the voltage drop over the erystal,.
Shielding and isolation from parasitic currents become a serious problem

in all such measurements. Further, the slow response of the voltage
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measurements at low voltages due to the high inner reéistance must be
‘teken into account if one tries to study the equilibrium situation for
‘charge injection at the  interface.

For simultaneous control of transport pfdcesses in the eleetrolyte,
an insulator eleectrode mounted on a rotating disk has been used by
Iohmann and Mehl (1967) for such cases where charge injection is a
fast process. Typical current voltage curves for the injection of holes
into a perylene erystal are shown in Fié. 27« In this system, a limiting
cufrent is reached already in the range where the trap distribution
controls the current-voltage curve, whiéh'increases with a power of n
in Eq. (70) between 5 and 6. |
| " An example for electron injection ig deseribed b& Mehl éﬁd Buchner
(1965)7. In accordance -v;ith the theoretical principles outliﬁed in the
preceding sectioné, a very negative redox potential ié‘necessary to
allow electron injection into organiﬁ cfystals of this type, in which
the energy of the conduction band lies rather high. Therefore, non-
aqueous solvents had tobe used to obtain gsuitable systems for electron
injections The absence of a limiting current in these results indicates
that the injeetion rate is high.

lIf the insulator is brought into éontact with two different
solutions, one of whicﬁ is able to inject holes and the
other electrons, double injection can be observed [Mehl (1966)3. Thié
is an especially inferesting case because the conduetivity type is now
differenﬁ atvboth contacts of the erystal. In the interior where the

carriers of opposite sign meet recombination occurs whiech is related, to
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some extent, to the emission of light. The light intensity for such a
double injection experiment in anthracene, in correlation with the current
density, is plotted in Fig., 28 according to experiments by Mehl (1966).
The highest Intensity of light emission is reaehed when one of the injection
processes becomes saturated; for the case represented in Fig. 28 this

is the hole injection. Further inerease of the current does not increase
the concentration of holes in the crystal,rbut only the concentration.

of electrons, which sghould result in giving a constant light intensity.

In the experiments shown in Fig. 28, however, the amount of light even
decreases at higher eurrent densities; becau se of some additional radla-
tioﬁless surface-recombination processes, whieh cannot be discussed in

detall here.

" D¢ Light-Induced Electron Transfer

In the foregoing seetions we have discussed some processes in which
the absorption of light in the semiconductor enhances possible electron
transfer reactions by creating additional charge carriers. We shall
discuss 1n the following such processes that. are possible only under
illumination and do not take place in the dark. Two different possi-
bilities can be distinguished, depending on whether light is absorbed
in the electrode and the reaction is due to the exeitation of eleetrons
in the semiconductor or whether it is the reactant that absorbs the
light and reacts 1in an excited state.

l, Excitation of the electrode as a primary step

If the light is absorbéd by the eleetrode, we can find elther the

generation of'electron-hole‘pairs, as already discussed, or of excited
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" where . the

energy states of the crystal, the so-called "egcitons,
electrons remain in strong coupling with the pogitive charge. The

reactions of free carriers with electron acceptors or donors have already
been discussed in enough detail that little has to be added here, since

it mekes no difference whether electrons or holes are already present

in the dark or only produced by the iliumination. The latter situation

is often found for semiconductors with a wide band gap and a very deep

lying energy of the wvalence band.v Such crystals are n-type, elther by

‘a natural electron donor excess or by doping, but cannot be made p-type,
and the generation of holes by_illuminatiqn.is the only way for studying
their reactionss The same is true for electrons and holes in insulators.

To study‘the reactions of those carriers generated by light it i1s necessary
to apply an electric field in sich a way that recombiﬁation is prevented.
For an n-type semicpndﬁctor, this condition ié fulfilled in the depletion
layer when allvthe light is absorbed in the depleted range. Under the
influence of the eleétric field, all electron~hole pairs are separated then,
the holes moving to the surface, where no electrons are present with which
they‘cbuld recombine, This process is shown in Fig. 29 in terms of the
band models, [Gerischer (1966).]

Holes which accumulate in the surface iﬁ this way can cause oxldation
processes which are otherwlse very unlikely. As already mentioned in
Section ITIB.2a, at a surface of a Zn0 or CdS electrode, when illuminated
by suitablevlight’and anodically polarized, many organic molecules are |
oxildized to radicals,vin reactions such as [Morrison and Freund (1967),

(1968), Markham and Upret (1965), Haberkorn (1967)]

ReH, + ' >« RH+ H « solv. (71)
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In p~type semiconductors with a wide band gap, the equivalent reduction
reactions by electrons should occur at cathodic polarization and illumi~
natlon,

Besides such a direct charge transfer, an indirect type of charge
injection has been observed after excitation of a crystaliby light of
a wavelength that does not generate free carriers. The excitons that are
generated can diffuse to the surface and can react there with electron
aceeptors or donors in either of the two following wayst [Kallmann and
‘Pope (1960), Mulder (1967), Mulder and de Jonge (196%)]

excits + A —» A" 41" g (72)
excity +D - D +e" ‘ - (73)
The conditions for such surface processes are not yet fully understood.
The process must obey the éonditions of energy conservation and the
Franck~Condon restriction for the charge transfer steps The latter results,
as we have keen in sectlon II,A, in the necessity to have electron energy
levels on equal height available for the transition from one quantum state
to the other,

- We assume that the excltation energy is transferred primarily from
the crystal to the acceptor or donor and subsequently the excited acceptor
or donor molecule injects the charge carrier into the semiconductor, being
reduced or oxidized in thils excited state,

The mechanism would be then very similar to this which will be dis-
cussed in the next section and the mechanism should be formulated instead
with Egs. (72) and (73) by

‘excits + A A —»A” +1n (728)

* -
excite + D> D —>D+ + e (73a)
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The necessary conditions for the electron energy levels in the
aceeptor and donor molecules are shown in Fig. 30. For process (72) to
“oceur, the ground level S must be In the range of the valence band, For
process (73), the excited level S* must be in the range of the conduction
band. In both cases, the difference between S and S* must correspond to
the exciton energy.

An example of a charge-transfer process, induced by generation of
excitons in a crystal, is given in Fig. 31.

-2+ Excitation of the electroh donor or aceeptor as a primary step

Spectral sensitization of photosénsitiye materials has been discussed
frequently under the aspect of electron injection or extraction by the ex~
cited dye molecules [Dorr and Scheibe (1961), Nelson (1967)]. The same
process has been found at semliconductor or insulator electrodes, [Gerischer
et ale (1967), Gerischer and Tributsch (1968)], and can be understood in
wayé fully analogous to the previously discussed transfer processes.

A simple picture of the possible mechanism i1s represented in Fig. 32,
The excited molecules, X, usually a dye‘beéause 1t needs a high absocrption
coefficient to get a big effect, can act elther as a donor or as an accep=
tor of electrons in the electrode. After light absorption, X + hv —aX*,
either of the followingnsteps can occur:

X 5x e (74)
or X X +nt _ (75)
Which of the two actually occurs depends on the correlation of the excited
and the ground states of the dye to the band edges. Flgure 32 shows the

two different conditions; for the process of Eq. (74), the electronic
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level of the excited molecule must be above the conduction band edge,
and for process (75); the ground level, which becomes emptled by excita- »
tion, must be below the valence band edge.

To make these processes most effective and to exclude the reverse
redctions, the electrode has to be polarized anodically (positively
charged) for the process of Eg. (74) and cathodically for that of Eg. (75).

Presence of impurity states or trap levels between the band gap
usually makes the gituation more complex, Transfer of the excitation
energy to the crystal, with the generation of mobile charge carriers as
a result, 1s posggible, and seems to play some role in those cases which
are of practlcal interest for photography. In the few hitherto studied
cases of sensitized electrode reactions, however, the dyes are either
oxidized or reduced, whieh proves that they exchange electrons with the
electrodes either in the excited state directly or with the impurity states
secondarilys The spectral efficlency of sensitized chdrge injection, the
so~called action spectrum, is identleal with the absorptlon speetrum of
the adsorbed dye molecules, indicating that there is only weak interactibn
of their electronic system with the electrode surface.

The following figures give examples for sueh processes. Figure 33
shows current-voltageicurves for ZnQ electrodes under anodic ﬁolarization
without and in the presence‘of a sensitizing dye, at various concetrations
of the dye [Gerischer and Tributsch (1968)]. As one sees, at high enough
anodic voltage -- with formation of a deﬁletion layer, compare Figs. 29 ~-
a saturation current is reached which is proportional to the light inten-
‘sity. 'The actioh spectrum is given in Fig. 34, with the normal absorpfion

- gpectrum for comparison, All long~known photographic phenomena of
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sensitization could be observed in such sensitized electrode reactions,
to0o, e.g« the effect of supersensitization, for which an example is given
in Fige. 354 The action spectrum is not changed by the presence of the
supersensitizer in thils case indicating that the main inferaction between
supersensitizer and sensitizer occurs afﬁer excitation of the dye
molecule [Gerischer and Tributsch (1968)1.

Whereas the direction of the current emphasizes electron injection
by excited dye molecules in ZnO electrodes, an effect.of opposite direction
has been found at organlc Insulator electrodes such as anthracene and
perylene [Gerischer et al. (1967)]s Figure 36 gives the injection current
for a'perylene erystal in contact with rhodamine B. The current voltage
.curVe obtained 1s typical for space~charge-limited currents up to the
voltage at which saturation is reached, which depends on light intensity
in these systems.v In these crystals, holes are injected and the dye is
reduced. The actioﬁ_spectrum is seen in Fig. 37.

Because thé dyes are oxidized or reducéd in these processes they
can sensitize only one if they_are not regenersted by another redox
reaction, In presence of a suitable reductant, or oxidant, respectively,
a dye molecule can act repeatedly as & sensitizer until an irreversgible

change oceurs by chemical sgide reactions.
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IV, ELECTROLYTIC. PROCESSES WITH CHEMICAL CHANGE OF THE SEMICONDUCTOR

All elements that are the constituents of semlceconductor erystals
are rather reactive chemically;"In the semleonductor erystal, however,
thg atoms are to a great extent stabilized against attack from outside
By their strong interaction =~ ise., by chemieal bonds -- with their
nearest neighbors in the.crystals, These bonds have mainly a covalent
character, with some degree of polarity in the compound semiconductors.
Any chemical attack that would result in forming new and stronger chemiecal
bonds to other reactants has first to break these bonds in the crystal,
and thils creates a high energy barrier for such reactions. This is why
‘electrons and holes play such & decisive role 1ln decomposition reactions
of semiconducting crystals, They represent electronie defects where the
bond network of the erystal is weakened and the atﬁack can be 1lnitiated.
Since the concentration of the electronic carriers can be easily varied
in the surface of a semleonductor eleectrode over orders Of magnitude,
and the progress of oxidation or reduction can be followed with
greatest sensitivity by the current of an eleetrochemical cell, the
mechanism of such bond breaking can be studied in detail by electrochemical

techniques, as is discussed in this chaptera

A, Oxldation Processes
1. Thgoretical considerations
In an electrochemical oxidation, the electrons of the surface atoms
which are in bonding energy states are removed from these states and
finally transferred to the external voltage source, which supplies the

driving force for this process. ~The transport of the charge through the
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interior of the semiconductor will occur, in accordance with.the conduc~
tivity type, preferentially in either the conductlon or the vélance band.
In. the surface reaction itself, however, electronic equilibrium cannot

be expected, since this is an lrreversible précess and since the oxidation
reactions in the surface are exclusively restricted to alternative paths
which involve either holes or electrons per step. Full equilibrium dis-
tribution of the carriers is establiéhed at some distance from the
gsurface., We discusg here first the oxidation of a chemical bond between
two surface atoms that might be located in the attackable site (kink site)
of a crystal surface. Because two electrons have to be removed from one
covalent bond, two steps are involved in the reaction in any cases These,
together with the two electronic alternativeé, give us four reactions to

discuss [Gerischer (1968)]:

A-A+X Lo A-X+Ae+e, (76)
-+ 2

A-A+X +nh > A-X+ A , (77)

Ae +X 2> A-X+e , (78)
v

Ae+X +n" Yo A-xX (79)

The assumptioﬁ that the bond is broken in tﬁo steps leads to the postiila-

tion of a radical intermediate, A *, with one unpaired electron. The-new 

bonq is formed with a nucleophilic ligand, Xf, to which, for simplicity,

a negative chargé_has_been‘attributed to compensate for.the~positve’

dhafge of the oxidized surface atoms. This ligand could also be a neutral

molecule and.the resulting product would then be an ion in the electrolyte,

or may later undergo some chemical change,
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The kineties of these steps are described by relationships as glven

in the following equations,

'El*
vl <V, o cx~ . NS . NC exp |~ =55} » (76a)
. .E2
VoV, t ey ¢ Nge poo-oexpl- o (77a)
.E*
. * O - - - -
Vg @ vy oy ¢ Np ot N, o+ exp —%E- (78a)
*
v, « v, «¢c -« N_ *p e exp -‘EE~ : (79a)
IS G S kT | ° '

In these equations the frequency factors are denoted by vy and the activa-
vation energies by E:; Ns is the number of: kink sites,'NR the. concentra-
tion of radicals in the surface.

The competing processes are reactions (76) and (77) on the one hand
and (78) and (79) on the other. Since the frequency faetors are similar,
the two last factors in the rate equations (76a-T79a) decide which process
is faster and therefore determine the reaction path.

We obtain some estimate of these relations from Fig. 38 in which an
energy profile is plotted against a reaction coordinate representing the
reaction path for both stéps. The energy difference for the initial states
of reaétibns (76) and (77) is equal to the band gap, because the presence
of a hole in a semiconductor means that one electron has been excited from
a bonding state in the valence band to an antibonding state in the conduc-
tion band. The transition states for both reactions are closer to the
final state of these first steps, and therefore it is to be assumed thgt

*

*
the difference in the activation energies El E2 willl be elose to Egap

b
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* g E 0.5 - -1 80)
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Comparing now the rates of the parallel paths (76) and (77), we obtain

Va | ~ g&_g ex By iﬁ'g (81)
7 N, P\Y1" T%F /

where PS is related to the difference in énergy between the Fermi level

in the surface, sEF’ and the top of the valence band by the relation

, E_~
Py = N, * exp (-—E—}—{‘T—El) - (82)

We therefore get from (81) and (82),

v, N Ny Vl.Eg&P«-(ASEF-EV)
——— L e N exp - (83 )
v, X kT

‘The effective densities of states in the valence and in° the éondué%ion'bénd
are normally ln the same order of magnitudes The exponential term is
therefore decisive., This term tells us that with Yy > 1/2, the second

path is much more llkely if the surface becomes p-type, which means if

Ny

SEF—EV < 1/2 (Egap + kT In 'ﬁg Ve Sinee the activation energy 1s usually
. high for the bond breaking reaction, one should expect that in all systems
it will need p~-type surfaces unfil this oxidation reaches measurable
rates, The predominance of path (77), i.e., the reaction with holes is
more pronounced as the band gap is higher, because the activation energy
musf increase with the band gap according to the conditions plotted in

Fig. 58q



For the second step, the situation is somewhat different. The
comparison between the rates of steps (78) and (79) can be made in fully
analogous ways. But the difference in activation energies is now corre-

lated with the energy difference between the energy term E_ of the unpaired

R
electron in the intermediate reaction state, the radical surface state,
and the energy at the bottom of the conduction band, because oxidation
of this radical surface state means, in terms of energy, transfer of the
unpaired electron to the conduction band:

E; - By =y, ¢ (BgEp) - (8L)

The relation between the rates of those second steps is therefore

N
e
N - - ~E_
i s .
= N €Xp [ ] kT ] b (85)
C
where <y, again is between 0.5 and 1. But Eg. (85) shows that this relation
R’ If ER is close to the wvalence

band edge, we have the éame situation as for the first reaction step.

now depends strongly on the position of E

If it is closer to the middle of the gap, a higher probability will be
fdund for an excitation of the unpaired electron into the conduction band
and the second step involves an injection of electrons instead of hole
consumption. This injection of electrons in the second step wiil

become more and more unlikely as the band gap increases, because this means
an increase of the activation barriers for both steps. The reaction will

v
below  the middle of the gap. So, for semiconductors with a high band gap,

then go only under such conditions that sEF is close to E_ and far
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one should expect a completely hole-consuming process,

For compound semieconductors, where the bond has some degree of
polarity, one can predict that the more electropositive component will
form the new bond to the ligand in the first reaction step, nd the more
electronegafive component will remain in the radical state, Besides
further oxidation of this raddieal atom, if possible at all, an association
type of reaction between adjacent surface radieals must then be taken into
account as an additional reaction possibility as shown in the following

series of reactions:

B+  (&-) v | -

A — B +X ——>A -X+B+e =, (86)

(6+)  (&-) v}

A — B +X +n > A-X + B e , (87)
v‘l

B* + X 2> BX+e” ’ (88)
vi

Be +X +h' > B-X , (89)
-

B¢ + B e ——2——> B-B . (90)

A comparison between the competing reaetions (86) and (87), or (88) and
(89), can be made in the same way as before for the fully covalent bond
types From such comparison, it can be derived that a contribution of elec~
tron injection by reaction (88) should become more and more unlikely with
increasing polariﬁy of the bond. The reason is that the bonding energy
states in a polar bond are more similar to the atomic energy states of

the more electronegative component than to those of the electropositive
§nes. Since the electron orbital of the unpalred eleetron at component

B is like an atomic orbital and has less interaction with the crystal
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than equivalent ones in intact bonds, this radical kenergy level, EB’ must
be close to EV in a polar erystal. This means that the relatlon equivalent
to Eqe (85) becomes very similar to that in Eq. (83), where we ecould with
great certainty exelude the electron injection for semiconductors with a
wider band gap.

If the electronegative cgmponent of the semleonduetor is already so
negative in the electronegatlvity scale that it is unlikely to find a more
electronegative partner for further oxidatlon, the assoeiation or recom~
binatlon type of reaetion is the moat likely -~ or the only poséible OnE -~
for this serles of feactions.

In a real semiconduetor, an atom or molecuie in a kink site has
Valways more than one chemical bond to the erystals But, usually, breaking
of the first bond is the slowest step; the other ones follow relatively
fasf in conseecutive reaetlon steps which all contain the two stages as
discussed before but wlth lower aetivation barriers. What can be seen in
experiments will be the highest barrier and the net contribution of holes
and electrons in all bond-breaking steps necessary to remove one kink site
atom,or molecule from the erystale In spite of this complication the
experiments seem to glve, in most eases, rather elear information on the
type of preferential reactions, which will be shown in the next section.

2.‘ Selected examples |

That holes are needed for the anodie oxldation of semiconductor elee-
trodes can be seen immedlately from the different behavior of p~type and
n-type crystals [Brattain and Garrett (1955)]. Figure 39 gives an example
for germanium, showing that a saturation current is found in n-type

specimens which decreages with rilsing electron econduetivity and inereases
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under illuminations Obviously, hole transport to the surface, by diffusion
and generation, controis this saturation eurrent range, as discussed pre-
viously for hole-transfer reactions in Eqss (50)and (64), indicating that
holes are consumed in the rate-determining step.

More detailed analysis of the electronic progesses by various tech-
niques have shown [Brattain and Garrett (1955), Turner (1956), Beck and
Gerischer (1959), Boddy (1964)] that electrons are injected at Ge elec-

trodes simultaneously, and the net reaction can be deseribed by

&

Ge + mht ——> Ge ' 4 (b-m) e . (91)

The contribution of holes, characterized by the stoichiometrie number m,
was found between 2 and 4, and depends on the concentration of holes in
the surface [Gerischer and Beek (1960b). The kink site on a Ge erystal
surface has two intaet bonds to the‘crystal. The lower limit of m is 2,
whicﬁ means that the bond breaking needs one hole in the first stage for
~elther bond. The second stage follows a statistical ecorrelatlon between
hole consumption and electron injeetion whieh favors hole consumption if
holes are easily enough avallable [Gerischer and Beck (i960b)];

The current voltage curve, in a semilogarithmie plot, has a slope
of E"T%g—j between 70 and 80 mV in alkaline solutions and up to 120 mV
in acidic solutions, instead of the theoretical slope of 60 mV for a rate-
determining step with consumption of one hole [Beck and Gerischer (1959a)]«
As proven by Brattaln and Boddy (1965), this higher slope is caused by a
‘change in the potential drop over the Helmholtz double layer, and if one
plots.the current in the logarithmle scale agalnst the indeperidently

measured A¢s values, one obtains indeed the theoretical slope of 60 mV
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;ﬁer decade of the currents In highly coneentrated HF solution, Mehl and
~ Lohmann (1967) have observed the theoretical slope of about 60 mV/decade.
Summarilzing the various experiments: The mechanism of the anodiec oxidation
of germanium in alkaline soluti;n can be deseribed by the steps given
in Fige 40,

For silicon, with whieh the experiments must be carried out in HF
solutions to avoid the formation of current-blocking oxide layers, it was
.found that the primary oxidation leads to Si+2, with eonsumption of two
holes,and the formatlon of Sj:"LF is completed in consecutive chemical reactions with
water as oxidant [Flynn (1958), Turner (1958)]+ This indicates either an
association reaction of the radical surface states or, what seems more likely,
a fast chemical attack by the electrolyte on the - intermediates., Under
high voltagés, a direect oxidation to the tetravalent state has been ob-
served [Memming and Schwandt (1966)]. Gallium arsenide is oxidized with
consumption of six holes to Ga'” and As™ [Gerischer (1965)]. Only a very
small contribution of electrons has been found (less than 0.1%) [Gerischer
and Mattes, unpublished].

In ZnO crystals the energy terms of the valence band are at such
low levels that thermal generation éf holes does not oecur at normal
temperatures, The specimens arevusually'n-type because of an excess of
Zn atoms, When ZnO crystals of this type are used as eleetrodes, a
negligible current flows under anpdic polarization, The remalning tiny
current is caused by chemical dlssolution of the erystal, and Indicates
thé oxidation of excess Zn atomsiwhich become exposed to the electrolyte

during the progress of dissolution. Under illumination with light of

3TO0CA or smaller wave lengths, however, a current is found which is




proportional to the light intensity and causes decomposition of the ZnO
crystal [Williams (1960), Gerischer (1966), Lohmann (1966), Hauffe (1967)].
Sueh current voltage curves are shown in Fig. 4l.

The decomposition reaction under illumination can be described by

Zn0 + & hv - Zn0 + b+ 4T

+ +
27Zn0 + 4h - 2Zn 2 4 Oy '« (92)

The situation found in the anadically polarized Zn0O surface under illumi~
natlion has already been shown Iln Flg. 29. At high enough voltage; the
.deplefion layer in which we have the high electrie fieid that separates
electrons and holes has extended far enough Ilnto the erystal to obtain
100% efficieney for the charge separation. This situation is indicated

by the saturation_current in Fig. 41, where all holes produced by light
absorption react acecording to Eqs (92) without loss by recombination. This
reaction is an example for the mechanism of bond breaking in a polar
crystai where the association reaction of Eq. (90) is the second step
because the eleetronegative component cannot be oxidized further.

CdS erystals have been found quite similar in behavior, with a
decomposition reaction forming Cd+2 and elemental sulfur under 1llumination
[Williams (l960),vHaberk0rn (1967)]s Another interesting case iz
the ' behavior of p-type CuO, which decomposes in acid solutions under
anodic polarization into Cu+2 and O2 [Biekl (1966)]. Since this oxide
can be made p-type by doping, the anodic deeomposition in a reaction
analogous to Eg. (92) needs no 111lumination, and the electric fleld is
already suffieilent to let the concentration of holes inerease enough for

breaking the bonds in the erystal surface. with sufficient rate.
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Be Reductiﬁn Processes

l. Kineties

The presence of an electron in an antibonding orbital at surface
atoms means bond weakening as well &s the absenée of an electron in a
bonding orbital, This type of electronic defeet, however, is attacked
by electrophilic_reagents if a neW'bond_can be formed by a rearrangement
of the electrons in the bonding orbitals. Agéin, the other partner of
the attached bond remains in a radieal state as intermediate and can
react further with the electrophilic reagent or recombine, We discuss
_this process for a semieonductor with a polar bond, because this is the
morevgeneral case and one of practiéal importance, The following reaction

steps are to be expected [Gerischer and Mindt (1968)1-1 -

(&+) (=) _ vy
A B +e +Y > A* + B-Y , (93)
(&+) (-) v
A B o+ Y 2 5 A+ +BY+h', (9k)
v
Aw +e” + Yt 25 Ay R (95)
+ +
A" +Y —> A-Y +h (96)
Y,
Ae + Ae —2> A-A (97)
The kineties can be expressed by
Vi =V ey NS “ng cexp \--55 ) (93a)
E ¥*
V., < V. *¢e « N, N, o exp - —g— (9#&)
2 2 Y s v kT /~’ '
*

E
. ! - a r] - —l—
V5 o« 113j CY+ NR ns exp ( ®T » (953)

.
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L
V) = V) ¢ Cys @ Np oo N oexp <; o ) » (96a)
Ve = Vg * Ni * exp (—- _?k—'f) . (97a)

An argument similer to that given for the anodic processes, Egs. (76-79),
leads to the result that the difference of actlvation energies between

steps (93) and (94) are correlated to the band gap by the relation

E* E* ~ E
- IS gap ’
with Y1 > % « That means that in the first competing parallel reaction

step, the relationship should be

v N E-E, + v, E
1 C §F C 1 "ga
W, eXP-( S P) . (98)

For the second competing steps, the difference in aetivation energy will

be correlated to the energy levels EAn of the unpaired electron in the radical A-
and thé energy at the top of the valence band.. In a polar bond, the ahti-\
bonding orbitals are constituted mainly by the atomie orbitals of the more
electropositive components 'i"he radical As represents. therefore a surface
state, the enefgy level of which is cloge: to the bottom of the conduction

bands This has the consequence that,

process (96) becomes very unlikely for semiconductors with a wide band

gap, since.this reaction ineludes thermal excitation of an electron from

the #aience band, whereas thé competing step (95) 4s favored

by the high electron concentration necessary to start the preceding step



- (9%), which has a higher activation barrier anyway.

Fromnfhis”discussion we would expect that the reduetion of semicon~-
ductors with a wide band gap would proceed 100% via electrons of the .
conduetion baﬁd, and & saturation ecurrent should be found for p-type
specimenss Unfortunately, however, generation—recombindtion centers de~
veloped during the reduction process seem to play a much more important
role here than for oxidation .resctions, .and this can mask:the electronic effects
discussed above to a great extent,

24 Examples

Experimentally, one has to faee the problem that the products of the
reductive decomposition of a semiconduetor, in contrast to the anodie
decomposition, usually stiek on the surface and change its properties
radicallys, Furthermore, electrophilic reagents are much less common in
electrochemical processes‘than nueleophilic ones, The predominant
electrophilic reagent in aqueous electrolytes is the p?oton, but only a
few of the hydrides formed in the surface reaction are soluble or volatile.

Therefore, the reduetion process of the semiconductors germanium
and gallium arsenide stops after hydrogenation of the surface atoms, and
no further decomposition by formation of volatile hydrides could be
detected [Mindt (1966) ].

That the hydrogenation of a germanium surface oceurs by‘participation
of electrons could be shown by studying transient current voltage behavior
of thin slices, where the transistor technique described in Seetion ITIB.1
could be applied. Figure 42 shows a transient current voltage curve

with linear change of voltage over time, for p-type and n-type Ge slices

..



[Gerischer et al, (1966)]. Simultaneously, the electron or the hole
current on the back side of the slice 1s registered. The collector
currents for electrons on the back side (p-ﬁype glice) indicate clearly
fhat electrons are consumed.during reduction and injeeted during oxidation,
On the other hand, the hole current (n-type specimen) shows that, during
reduction, holes are injected and are extracted during oxidation. From
this and other evidence it was concluded that tﬁe hydregenation and
reoxldatlon of a germanium surface follows a mixed type of reaetion

mechanism, as deseribed by

+ -
———— [—
Ge OH + H' + e Gee + H)0 , .(99)

+ +
Ge* + H “e—GCe~H +h . , (100)

In the direction of reduetion, the first step invelving eleetron consump-
tion is rate-detérmining; in the reverse direction, the second step in-
volving hole consumptions Therefore, for the reductihﬁ step, a current
saturation has been observed in p-type samples, and for the oxidaticn,

in n~type samples,

The reduction of IT~VI-~compound semiconductors with a high polarity
of the bonds -- as in ZnQ, CdS, or other oxides and sulfides -- has not
yet been studied under thesg circumstances. The reason is that a new
phase, the metal deposit, is formed by reduetion, whileh not only aets as
generation~recombination sourege of high effieienay but also repreéents
a neW'interféce that has a very complex and unknown geometrical strueture
and poorly defined physieal and chemlcal properties. But there 1s no

doubt that the initlal formation of metal nuclel 1s catalyzed by electrons
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in the conduction band, and follows such kinetics as outlined in this
sections An example of the mechanism is given in Fige 43 for the reduection

of a Zn0 crystal.

Ce Decomposition Without Extérnal Current

In the presence of oxldlzing reagents, a semiconduetor is atiacked,
like most metalsy, If this happens in an electrolytic ceonduetive environ-
ment, the probabllity is very high that this attack proeceeds according
to an eleetrochemical meehanismi that means an anodie and a eathodle
process go on at equal rates on the surfage, in this way compensating
the net eleetriecal current to zeros The theory of sueh independent, super-
imposed partial éurrents, which are coupled only by ‘the eleetrical field
in the surface, has been worked out by Cs Wagner (1938)« But the appli~-
cation of this treatment without modificetion to semieconduetors leads to
some unexpected diffieulties, which are caused by the differentiation of
the partial ceurrents into eleetron and hole currentse This causes a new
type of coupling, discussed in the folléwing sections

Besides this electrochemiecal type of attack, a direct chemiecal
oxidation has been observed [Gerischer and Mindt (1968)]:in which - .
the rate does not depend on the charge in the surface, This attaék is
found only for oxidants whieh can form two new chemical bonds simultaneously
with the two partners of a chemical bond on the surface. The most important

of such reagents are 012, Bre, Ié, and HéOE. The mechaéism of this direct

attack is represented by Fig. hl.
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ly Theory of electrochemical corrosion.for semieonductors

The general condition for a steady state in corrosion 1s the balance
of anodic and cathodie currentss j+ =37 In metals, the partlal
éurrents depeﬁd, not only on the compogition of the surface and of the
electrolyte adjacent to the surface, but also on the electrical field
strength in the interface. This electrieal field influences these two
processes oppositely and the electrode potential adjusts itseif to ful-
£111 this balancing conditions

As we have seen in previous sectlons, the fileld strength varles
little at a sémiconductor surface, The governing factors for the rate
of éharge transfer reaétions are the concentrétions.of electrons and holes
in the surfacey But only an anodic reaetion in the valence hand and a
cathodie reaction in the conduetion band 18 Influenced by any change of
hole or of electron concentration, while the reverse processes go on at
practically constant rate, The balancing condition for the net current
does not necessarily mean the balancing of the pértial currents in each

of the bandss It only means
o+ + - -
Jotdy =dg+idyg « (101)

The net currents in each of the energy bands must not be zero, bub will
have opposlte signt

e s - e +
whexre jC is the electron injection current and —jv 1s the hole injection

current, which must be equal under corrosion conditions, We see from

Ege (102) that corrosion can lead to simultaneous injection of electrons
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and holes, Though formally jc could be negative, and éorrosion would
then mean electron-hole pair extraction, thls seems rather unlikely.

The reason ls that the cathodic procegs is usually overwhelmingly a
hole~injectlon reaction, because oxidants which can pick up electrons
only from the conduction band are not able to oxldize the semiconduetor
;crystal. But electron-hole pair injection is a rather common possibility
in the steady state for the corrosion of semiconductors.

In this case, the situation is very similar to that under iliumina-
tion and electron-hole pair injection causes a change in the distrlbution
of earriers in the space-charge layer, as was discussed for eapacity in
Section IIB.%. A detectable effect can be expected only if the space-
chaige layer 1s very sensitive to any change in the equilibrium distribu-
tion,'that is, for a depletion or an inversion layer, As we have seen,
the anodic oxidation of semiconductors consumes holes and oceurs only if
the surface is p-types Therefore, this eleectron-hole~pair injeetion can
be noticed only in n~type speclmens, and especlally when an inversion
layer 1s formed underneath the surfaée.

The resulting effect ls a deviation of corrosion potential in the negative
direction from that value which one would expect from simple superposition of
aﬁodic and eathodie current voltage cur&es, This can be treated [Gerischer
and Beck (1960a)] like the origin of a photovoltage in a p-n junction,
whieh reduces the potential drop over this Junction aceording to the

well known relationship [Ryvkin (1965), Bube (1960)]

jC
e i (14—, (103)
jsat

Au:l{-';——
o
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where jsat represents the satuiation current of the minority ecarrier
(holes in this case) to the surface. Since the change of the measured
electrode potential 1s opposite in sign te that of A¢S, such a deviation
in corrosion potential must have the negative sign for an n-type
specimen.

2« Examples

The dissolution rate of germaniumﬂin,various,oxidizing electrolytes
is controlled by'the'transtrt of the oxidant. In such a case, the corro-
sion potentlael, aceording to the superposition prineiple, should follow
the anodic current voltage curve asvmeasured in the absence of the oxi~-
dents This has been confirmed for p~type speelmens but is not correct
for n~type ones, as expected from the preceding section [Gerischer and
Beck (1960a)]s Figure 45 shows the relationship between corrosion rate
and corrosion potential for p-~ and n-~type germanium gamples, The deviation
between p~ and n-type samples increases with the corrosion rate and with
the concentration of electrons in the bulks The reason for both effects
is expressed by Eda (105). Increésing corroslon rate increases jC’
because the anodic proeess in germanium invoives a large amount of elec-
tron injection, as we have seen 1n Seetion IVD,2. Higher n-~type con-
ductivity normally reduces the saturati§n current and therefore increases
Axy ét the éame corrosion rates

Theée effects become'the m§re pronOunéed the higher the band gap is.
This can‘be seen iﬁ Figs 46 for the corrosion of GaAs, where the electron
injectibn could hardly be detected in another way than by studylng the
corrogion potential. The high sensitivity is feached in this case because

; |
of the smallnvalue of jsat'
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A helpful means for corrosion studies in semiconductors is 1llumi-
natlon, which increases the difference between n- and p-type samples
at the same corrosion rate because of an additicnal photovoltage to.that

glven in Eq. (103), If one knows or ean measure the electron-hole

palr generation rate by light of sultable intensity, this additional
photovoltage can give quantitative informstion on the unknown injection
rate by corrosion, To account for the effect of illumination in Eq.
(103), Jo in the numerator: of the last term has to be replaced by
(jc + jillum)’ where j,,, = is the illuminatlon effeet in terms of an
equivalent injeetion current.

The corrosion behavior of semiconductors with a wide band gap is
‘ generally econtrolled by chemical reactlons which are not in the scope
of this chapters Under illumination, however, the degomposition processes
by reactions of holes play a rather important role, For example, Zn0
corrodes under illumination by anodic decomposition into Zn ions and 02.
Simultaneously, H& or Héb from the eleectrolyte i1s reduced, or if enough
oxygen ls present, the eathodle process 1ls the reduction of oxygen
[Lohmann (1967)]. That the anodle decomposition is the primary step can
be concluded here from the féct that the steady-state potential shifts
to the cathodie dlrection under illumination, because of the loss of
positive charge in th% anodic process, until the cathodic processes can
compenﬁate-any further shift of the voltage,

There are many more important problems in the corrosion and eteching
of semiconductors, €.g., the question of how faces with opposite polarity
behave at erystals with a polar axis [Gatos and Lavine (1960a), Gatos

and Tevine (1960b), Lavine et al. (1961), Helland.et al. (1963),



:85-

Mariano and Haneman (1963)]. But these problems are not mainly con-
trolled by the semiconductor properties of the crystals on whieh

emphasis was placed in this chapter, and are not discussed further here.
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Legends for Figures

Electrostatic potential ¢ at metal-electrolyte and Semiconductor-
electrolyte interfaces.

Charge distribution at semiconductor-electrolyte interface.
Space-charge differential capacity for intrinsic and n-type
semiconductor versus potential drop between surface and bulk.
Carrier distribution and band bending for n-type semiconductor:
(a) accumulation layer,

(b) depletion layer,

(¢) 1inversion layer.

Additionalv . differential capacity versus potential difference
between surface and bulk.for two separate surface states.
Equivalent circuit for net semiconductor-electrolyte inteffacial
capacity.

Depth of light penetration, 1/k, depth of space charge layer, I,
and mean diffusion length, {, at semiconductor surface.
Differential capacity of an intrinsic germanium electrode in
contact with aqueous electrolyte at pH 5.7 (from Gerischer et al.
1965).

Depletion layer at CdS electrode in contact with electrolyte at
pH 13. Mott-Schottky plot for determining the flat band poten-
tial (from Haberkorn, 1967).

Instantaneous photovoltaic response versus electrode potential
for a germanium electrode in aqueous electrolyte at pH T.4

(after Boddy and Brattain 1963).



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

12.

15.

1k,

15.

16,

17.

18.

Flat band potential of iﬁtfineie germanium electrode versus pH
(from Hofmann-Pérez and Gerischer 1961). .

Energy correlations for electron transfer processes at semi-
conductor-electrolyte interface.

Free enthalpy cycle for electron transfer from and towards a
redox couple in solution under coﬁsideration of the Franck-
Condon principle.

Distribution functions of energy states for electrons, DG’

‘and holes, D®, as well as for the reduced and oxidized com-

ponents of two different redox systems, WR . and WOx versus
energy (left and middle parts). On the right part, the re-
sulting rate of electron transfer for the two redox couples
according to Eq. (57).

Electron transfer via éurface states at cathodic (left side)

or anodic polarization (right side).

Course of energy bands (upper part) and electronic carrier con-
Centrationé (Lower part) in n- and p-type eemiconductor
electrodes polarized to the same Fermi level by means of
contact with a metal.

Typical current voltage curves for the partial electron-transfer
currents in fhe conduction band and in the valence band. (Con-
centration polarization in fhe electrolyte is neglected.)
Transistor-like device for the detection of hole injection or
extraction,

(a) schematic sketch of the clrcuit,

(p) current-voltage curves for collector-base circuit.
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Analysis of superi@posed partial currents for determining hole
injection at n-type semiconductors (after Gerischer and Beck

1957; Beck and Gerischer 1959).

Current voltage curves for hydrogen evolution at Ga-As electrodes
(from Gerischer and Mattes 1966).

n-type Ge slice in transistor arrangement. Upper part: variation of

indicator current, under reversal bias of p-n junction at baek side,

dependence of polarization voltage for electrolysis. Lower part:

*3

current. voltage curve for reduction of Fe at front surface.

Analysis of partial current voltage curves for GaAs electrode in

+
5 in the electrolyte (from Gerischer and Mattes

presence of Fe
1966).

o o+,
Current voltage curve for oxidation of V ions at n-Ge electrode,
corrected for doneentration polarization (after Mauerer 1964).

+3
at CdS electrode

Current voltage curve for reduction of Fe
(after Roth 1966).

Typical current voltage behévior of insulators.

Cell arrangement for studying electrolytic processes at insula-
tors (after Mulder 1965; Gerischer et al. 1968). ’
Rate of hole injection into perylene crystals by'[Fe(CN)6]_3
ions versus voltage applied to the crystal (15 p thick) (after
Rebentrost 1968).

Intensity of emitted light (in arbitrary units) as function of

the double injection current (after Mehl 1966).
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30.

33.

36.

37.

Separation of electron-hole pairs, generated by light.ébsorption
in the space-charge layer, under the influence of the electric
field as indicated by the band bending.

Energy correlations for charge injection by interaction of ex-
citons with electron acceptors or donors. 8 = energy range for
ground level; s* = range for exclted levels.,

Injection current into anthracene crystal by interaction of
excitons with Tz+5 ions (10'?M in 0.5M HC1); crystal illumin-
ated with light of 403 mu wavelength (from Mehl and Hale 1968).
Energy correlations for electron or hole injection by excited
molecules adsorbed on the surface.

Sensitized photoinjection current at ZnO electrode versus elec-
trode potential. Lowest curve without sensitizer. Soluticn:

1 N KC1l; sensitizer: rhodamine B (from Gerischer and Tributsch
1968).

Action spectrum of photosensitized electron injection into ZnO
electrodes by rhodamine B; polarization, 0.5 volt (from Gerischer
and Tributsch 1968).

Supersensitization effect of added hydroquinoné. Zn0 electrode,
anodically polarized into saturation reglon; sensitizer: Rose-
bengale 2.5x10_5]ﬂ (from Geriseher and Tributsch 1968).
Photosensitized hole injection into perylene crystals from
rhodamine B for various concentrations of the sensitizer (after
Rebentrost 1968).

Action spectrum for photosensitized charge injection at perylene

by rhodamine B (after Rebentrost 1968).
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29.

Lo.
b,

43,

Lh,
45,

46,
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Energy profile for attack of covalent bonds in semiconductor
crystal surface.

Current voltage curves for anodic dissolution of p-type and
n-type germanium (from Beck and Gerischer 1959).

Mechanism of anodic dissolution of (111) face on germanium,
Anodic decomposition of Zn0O under illumination in terms of
current voltage curves (from Gerischer 1966).

Cyclic current voltage curves for transistor-like circuilt,
(a) n-type slice, indicating hole eurrents,

(b) p~type slice, indicating electron currents,

Ajh+ 1 variation of hole current

AJ _ ¢ variation of electron current in indicator circuit
(from Gerischer et al. 1966),

Mechanism of cathodic decomposition of ZnO by the action of
electrons.

Chemical oxidative attack on surface bonds.

Corrosion potential versus corrosion rate for p- and n-type.
germanium (after Gerischer and Beck 1960).

Corrosion potential versus rate of corrosion for p- and n-type

GaAs 2N H,80,, ce™ as oxidant.
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List of Symbols

electron affinity

capacity

capacity of adsorbed ions

net capacity of the double layer

capacity of Helmholtz double layer

space charge capacity

capacity of surface states

capacity of acceptor surface states

capaclty of donor surface states

concentration

acceptor concentration

concentration of ionized aceceptors

donor concentration

concentration
concentration
concentration
concentration
concentration
concentration

concentration

of
of
of
of
of
of

of

ionized donors

oxidized species

éxidized species in the interior of the electrolyte
oxidized species nhear the electrode surface

reduced speciles

reduced species in the interiér of the electrolyte

reduced species near the electrode surface

ion concentration in solution

standard ion concentration in solution

diffusion coefficient of minority carriers.

density of states for electrons

density of states for holes
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d thickness of insulator slice
E electron energy
E* activation energy (for electrochemical reactions)
EA acceptor energy level
sEA energy level of acceptor sufface state
EC energy of conduction-band edge
ED donor energy level
sED energy level of dono; surface state
EF Fermi energy
iEF Fermi energy of intrinsic semiconductor
OEF Fermi energy in semiconductor bulk
sEF Fermi energy in semiconductor surface
oEF,redox Ferm? energy of electron in redox system under standard
conditions
Egap energy gap
OEOX most probable energy level of the electron in the oxidized species
oERed most probable energy level of the electron in the reduced species
ER electronic energy level of radical intermediate
EV energy of valence-~band edge
e, absolute value of electron charge
F electric field strength
fi activity eoefficient
g rate of thermal generation of electron-hole pairs
- 8y degeneracy of acceptor level
gD degeneracy of donor level

degeneracy of acceptor surface state
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degeneracy of donor surface state

ionization energy

light intensity

rate of surface fecombination

=1

current density

anodic current density

cathodic current density

electron current density

electron exchange current density at equilibrium
injection current density by illumination

diode current density (indicating minority carrier injection)
saturation current density of minority carrier diffusion
hole current density

hole exchange current’densiﬁy at equilibrium
Boltzmann constant |

rate constant of anodiec electron reaction

rate constant of cathodic electron reaction

rate constant of anodic hole reaction

rate constant of cathodic hole reaction

rate constant for ionization

rate constant for neutralization

Debye length of intrinsic semiconductor
diffusion length of minority carriers

stoichiometric number, characterizing contribution of holes
to germanium dissolution
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concentration of acceptor surface states

concentration of ionized acceptor surface states

equilibrium concentration of ionized acceptor surface states

surface concentration of adsorbed species

surface concentration of adsorbed species for maximal coverage

effective density of states in the conduction band
concentration of donor surface states
concentration of ionized donor surface states
concentration of radicals in the surface

number of kink sites

effective density of states in the valence band
electron concentration

electron concentration under illumination
intrinsic carrier concentration

electron concentration in the bulk at equilibrium

electron concentration in the surface at equilibrium

electron concentration in the surface under illumination

value of ng in equilibrium with a special redox system
hole concentration

hole concentration under illumination

hole concentration in the bulk at equilibrium

hole concentration in the surface at equilibrium
hole concentration in the surface under illumination
value of P in equilibrium with a special redox system
electric charge

charge in adsorbed surface groups
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Aoy double layer charge in the electrolyté.
dgq space charge in the semiconductor
qq charge in surface states
ext ohmic resistance of semiconductor and electrolyte
FRSC ohmic resistance of the space charge layer
T rate of electron-hole recombination in the bulk
T absolute temperature
t time |
U electrode potential
cal electrode potential vs. calomel electrode
Uel cell voltage
UH electrode potential vs. hydrogen electrode
Uind dicde voltage
UO electrode potential in equilibrium with a special redox system
° redox Stendard redox potential
Ufb electrode potentisl at flat band condition
u carrier mobility
v reaction raté
v = e, A@S/RT, potential drop in the space charge layer (dimensionless)
wa distribution function for oxidlzed specles
Wy . distribution function for reduced species
X | coordinate
Xy mole fraction

X coordinate at semiconductor surface

y N /1y
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Variétion of electron current density in indicator circuit
variation of hole current density in indicator circuit
excess electron concentration under illumination

excess electron concentration under illumination at x = L

excess hole concentration under illumination

19 potential difference between interlor of the semi-
conduc%or and the electrolyte

@S - ®_,, potential drop in the Helmholtz double layer

@S - @i, potential drop in the space charge layer
value of A@S in equilibrium with a special redox system
thickness of Helmholtz double layer

dielectric constant of the semiconductor (dimensionless)

effective dielectric constant of the Helmholtz double layer
(dimensionless)

dielectric constant of vacuum (coulomb volt™ cm_l)
= U - UO’ overvoltage

light absorption coefficient

eleetron transfer probability

light waveleﬁgth

polarization energy for oxidized species

polarization energy for reduced species

 standard chemical potential at the electrode surface

standard chemical potential in solution
frequency

frequency factor

charge density

lifetime of minority carriers
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lifetime of electrons

relaxation time for acceptor surface states

relaxation time for donor surface states

electrostatic potential

elecfrésﬁatic potential in the interior df the electrolyte
glectrostatic potential in the interior of the semicondutor
electrostatic potential at the semiconductor surface
contribution of oriented dipoles to electrostatic potential

angular frequency
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. )

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





