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I. INTRODUCTION

Recent advances in semiconductor physics, and the wide
application of semiconductor devices in radio circuits have
created a new branch of electrochemistry: the electro-
chemistry of semiconductors. Over 200 papers primarily
concerned with the electrochemical properties of silicon
and germanium have been published since 1955. In more
recent years, electrochemists have become interested in
new semiconducting materials, such as intermetallic com~
pounds, silicon carbide, and various oxides and sulphides.

The development of semiconductor electrochemistry
owes its origin to the experiments of Brattain and Garrett.
In the Soviet Union, Efimov and Erusalimchik were the first
to study semiconductor electrochemistry, but it was not
long before the researches of workers at the Institute of
Electrochemistry and the Institute of Physical Chemistry
of the Academy of Sciences of the USSR, and at the Karpov
Physicochemical Institute began to show an awareness of
semiconductor problems. Theoretical studies of semi-
conductor electrochemistry in the USSR were started under
the initiative of V.G.Levich.

Gerischer, Green, and Dewald are among those who
‘have made significant contribution to the development of
basic ideas in semiconductor electrochemistry.

11, THE SEMICONDUCTOR-ELECTROLYTE SYSTEM
AT EQUILIBRIUM

1, Potential Distribution at the Phase Boundary

The equilibrium potential of a semiconductor is the
potential differencet in the equilibrium system:

metal M | semiconductor | electrolyte | metal M,

This potential does not depend on the position of the Fermi
level in the semiconductor 1,2,

The Galvani potential which appears at the phase bound-
ary between semiconductor and electrolyte is distributed
over three separate regions: the diffuse part of the double
layer in the electrolyte, the Helmholtz double layer, and
the semiconductorf. Its magnitude is a function of the
position of the Fermi level in the semiconductor 1,28, It
can be shown (see below) that in the absence of surface
states§ the potential drop across the first two regions
can be made negligibly small in comparison with the change

t Equilibrium potentials for reactions at germanium and
silicon electrodes in aqueous solutions have béen calculated®~>,
[More recent values can be found in Holmes 160 [Ed. of Trans-
lation).]

1 Contributions to the Galvani potential arising from adsorption
of polar molecules of the solvent (or solute) on the electrode will
not be considered.

§ The term surface state "#® refers to an electronic energy
level localised at the semiconductor surface. These levels
appear when the crystal lattice is cleaved to generate a surface
(Tamm states), when impurities are adsorbed on the surface, and
8o on.
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in potential within the semiconductor. We shall also calcu-
late the thickness of the space-charge layer in the semi-
conductor.

Consider first Poisson's equation in the form

dio(x) _ _ 4n
o =P @
where ¢ (x) is the potential at the point x, p(x)isthe space-
-charge density at the same point, and € is the dielectric
permittivity of the medium. The x axis is chosen normal
to the phase boundary. Let the semiconductor occupy the
region x > 0, and the electrolyte occupy the region x < -d,,
where d, is the thickness of the Helmholtz layer (of the
order of 10~8 cm).

In an n -type semiconductor with fully ionised donor
levels the space-charge density is given by the expression

p(x) = e[—n(x) + p(x) + Nol,

where n, p, and Np are the concentrations of electrons,
positive holes, and donors respectively, and e is the abso-
lute value of the electronic charge. At equilibrium, the
concentrations of free current carriers in the presence of
an electric field in the semiconductor are given by Boltz-
mann expressions:

e[o (x)—op5]
kT

_‘[O (x)—@p]
n)=nee P =poe T )
The symbols 7., P, and ¢p refer to the electron concen-
tration, the hole concentration, and the potential at a point
far removed from the space-charge region (x — ), An
adequate, though qualitative, description of the system can
be obtained by considering only small changes in potential.
We shall assume, in other words, that e¢/kT is much less
than unity everywhere in the semiconductor. This enables
us to neglect higher terms in the series expansions of the
exponentials of Eqn. (2), and to express the space-charge
density in the form

plx)= {—nm[l +f(&;ﬁ‘:2§2] -{-pm{]—e(%';—;wlg)]-l—l\lp]e. 3)

At a point well inside the semiconductor there is no space
charge, and -%» + P + Np = 0. In an n-type semiconduc-
tor 7. > po. Under these conditions Eqn. (3) takes the
form

_ e —epl
p(x)=—e* T e

Poisson's equation [Eqn. (1)] can now be written in the form

dg _ 4net[o () —qpln,
o e kT ! @

where €, is the dielectric constant of the semiconductor.

Integration of Eqn. (4) gives

2 4aged
(£2) =S e —oap.

The electric field intensity E is related to dg/dx by the

expression E = -dg/dx. The field at the semiconductor
surface (x = 0) is therefore given by

@ AT
E, = d—:',wheredl = l/ A;Ie'nw . (5)

The quantity d, has the dimension of length and is called
the Debye length. Expression (5) can be interpreted as
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follows: the potential drop ¢, in the semiconductor is con-
centrated in a region of thickness d, (the Debye length) such
that the ratio of ¢, to d, measures the intensity of the elec-
tric field at the surface of the semiconductor, E Y.

As stated above, the value of the Galvani potential can
be considered as the sum of three terms: ¢ =¢, + ¢, + {/,
where ¢,, ¢,, and {' denote the potential drop in the Helm-
holtz layer, in the semiconductor, and in the diffuse part of
the electrolyte double layer respectively.

The charge density in a uni-univalent electrolyte is given
by
p=(c,+ce (6)
where ¢, and c. denote the number of cations and of anions
per cm®. By simultaneously solving Poisson's equation (1)
and Eqn. (6) for the electrolyte we obtain an expression of
the same form as Eqn. (5) for the y’ -potential ¥, Hence

we conclude that the diffuse charge distributions in the
semiconductor and in the electrolyte are very similar,

Since the electric field in the Helmholtz double layer is
assumed to be constant, i.e.

P = Eod,,
we can express the Galvani potential in the form
@ = Exd, + Eody + Eads, (7)

where E, is the electric field in the solution at x = -d;. If
we now assume that the semiconductor surface is free from
surface states we can use Gauss' theorem and state that
the electrostatic induction does not show a discontinuity at
the interface:

8050 = elEl = BIEI: (8)

where €, €,, and €, denote the permittivities of the Helm-
holtz layer, the semiconductor, and the electrolyte respec-

tively. The ratio of the potential drops can now be found
from Eqgns. (5) and (8):

B _hes %Dl

Y dyey’ ' dyey (9)

Thus we see that, provided a correction for the difference
in permiftivity of the two media is made, the ratio of the
potential drop in the semiconductor to that in the electrolyte
is equal to the ratio of the corresponding Debye lengths.
The Debye length of a semiconductor of not too high carrier
density usually differs from the thickness of the diffuse layer
inan electrolyte by several powers of ten. Thus, in a semi-
conductor of the germanium type with a density of donor
levels Np = 7o = 10" cm=3, €, = 16, kT =4 X 10~ erg at
room temperature, and we obtain

(10)

dy=10"* em.

The thickness of the diffuse layer in an electrolyte, d,,
decreases with increase in concentration, and becomes
infinitesimally small in very concentrated solutions. Ina
normal solution (¢ = 102 ions cm=-3, €, = 80) the thickness
d, is approximately

an

dey=10"7 c¢m.

¥ We have adopted the terminology of semiconductor physics
in calling the quantity dy the Debye length. The charge density in
a double layer was first calculated, however, by Gouy”.

The thickness of the Helmholtz layer is approximately
10-8 cm. Therefore, using Eqns. (9), (10), and (11), we
conclude that in sufficiently concentrated solutions the
major part of the Galvani potential drop occurs in the semi-
conductor. Thus we are justified in considering the semi-
conductor —solution interface as a capacitor in which the two
layers of charge have a diffuse structure. The properties
of the interface are determined mainly by the distributed
space charge in the semiconductor.

The importance of the assumed absence of surface states
on the semiconductor needs to be stressed. In the pre-
sence of a large density of surface states the potential dif-
ference across the Helmholtz layer can account for a large
fraction of the drop in Galvani potential. We shall calcu-
late the potential drop in the Helmholtz region for the case
of a density of surface states Ng = 10 cm~2, assuming a
degree of ionisation of 0.1. From the formula for a plane
parallel-plate condenser, the electric field in the Helm-
holtz ;ayer is given by the following expression (in which
€, =3):

4nN, e 0.1

g

E,

=~ 17 Vem™.

In this case the potential drop in the Helmholtz double layer
accounts for a few tenths of a voltf.

Experimentally it is found that, as in the case of metal-
lic electrodes, the potential drop across the diffuse part of
the double layer in the electrolyte (') is appreciable only
in extremely dilute solutions. Recent work!!;,!2 has shown
that the Y’ -potential of a germanium electrode in dilute
aqueous solutions is of the order of 20—-40 mV and de-
creases rapidly with increase in concentration.

The difference in potential across the space-charge
region of the semiconductor (¢,) can be deduced from
measurements of the surface conductivity (o) of the semi-
conductor in contact with the solution. Garrett and Brat-
tain 13 have calculated an expression relating o to ¢, for a
“dry” semiconductor surface}. Harten!® concluded, from
a detailed study of the experimental and theoretical curves
for a silicon electrode, that a potential applied to the sili-
con-electrolyte interface will appear almost exclusively
within the semiconductor. Krotova showed ¢, by the same
procedure, that some 15 to 50% of the potential of a ger-
manium electrode close to its steady-state potential appears
across the Helmholtz layer. The inference is that ger-
manjum surfaces, as normally prepared, contain an appre-~
ciable density of surface states; adsorption of traces of
copper from the solution can account for some of them 7,

In the zinc oxide electrode, on the other hand, practic-
ally the whole of the charge is concentrated within the
semiconductor; in other words, this material is free from
surface states18-2,

Illumination of a semiconductor electrode affects the
potential drop (¢,) within the semiconductor, and therefore
also the electrode potential. Garrett and Brattain!®
point out that the photopotential G.e. the change in electrode
potential upon illumination) must vanish when there is no

t The Helmholtz potential drop can also become appreciable if
the space charge in the semiconductor is very large?.

1 Myamlini4 has derived an expression for ¢ at the semicon-
ductor—-electrolyte boundary.

209
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space charge in the semiconductor. The electrode potential
(measured against some reference electrode) which corre-
sponds to this state of affairs is called the “flat band poten-
tial” because there is no electric field to distort the edges
of the energy bands near the semiconductor surface.
Measurements of photopotential are therefore a very con-
venient way of obtaining the value of the flat band poten-
tial 2,22, The influence of free electron concentration on
the flat band potential of germanium provides further sup-
port for the conclusion that in this material the potential
drop in the space-charge region of the semiconductor is
comparable in magnitude with the potential drop in the
Helmholtz layer %§.

The flat band potential of germanium is affected by the
method of surface preparation and also by the nature of the
electrolyte #, In germanium with intrinsic conductivity,
for example, the flat band potential is 0.5 V in 1 N KOH and
0.13 Vin 1 N H,80,, showing that even in the absence of
space charge within the semiconductor, the Helmholtz
potential drop (and therefore also the surface charge) is
quite appreciable.

The appearance of surface charge on germanium has
been discussed 2: in terms of oxidation of the surface.
Measurements of charging curves have shown 2%6-3% that ger-
manium surfaces are normally covered with a monolayer
of oxide in non-oxidising solutions. Evidently the surface
oxide partly dissociates (e.g. by forming GeOOH~ groups in
an alkaline medium), the degree of dissociation depending
on the pH of the solution. The surface charge thus gener-
ated is retained even when there is no space charge in the
semiconductor (i.e. at the flat band potential) and is balanced
by the charge of the ions electrostatically adsorbed from
the solution. The double layer present on a germanium
electrode at its flat band potential has an obvious similarity
to the structure of a mercury surface at the point of zero
charge under conditions of specific adsorption of, say,
bromide ions¥. The flat band potential should not be con-
fused, however, with the zero-charge potential: the latter
corresponds to a situation such that both the space charge
and the surface charge must vanish.

The surface recombination velocity}, an important pro-
perty of semiconductor surfaces, is related to the potential
drop across the Debye region of the semiconductor?. It
has been shown that the surface recombination velocity at a
semiconductor —electrolyte interface is a function of poten-
tial 3043, solution composition4¢-46, and surface prepara-
tion. A characteristic, bell-shaped curve is obtained when
the surface recombination velocity is plotted against poten-
tial: the situation is therefore analogous to the semicon-~
ductor-gas interface+?’. The parameters of the curve can
beusedto characterise the recombination centres by evaluat-
ing the ratio of the capture cross-sections for electrens
and for holes3. Mild anodic etching of the germanium
reduces the rate of surface recombination; strong cathodic
polarisation, on the other hand, sharply increases it39,48,%9,
It would appear that additional recombination centres are
created, under these conditions, as a result of adsorption
of the evolved hydrogen or penetration of the hydrogen into
the germanium crystal lattice}.

§ See also Refs, 16 and 24,

T The adsorption of various ions on germanium and silicon has
been investigated®1-%8,

+ See p.215.

+ It has been suggested ®® that adsorbed hydrogen can give rise
to acceptor levels as well as recombination centres.
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2. Differential Capacity

We shall now calculate the capacity of a semiconductor
electrode. The differential capacity is defined as

= |dQ/d¢|, where @ is the total charge and ¢ is the total
potential drop. We can write @ = @, + Qg, where @, is the
space charge in the semiconductor and @g the charge in the
surface states. Allowing for the charge in the donor and
the acceptor levels, and making use of Eqn. (2), we write
Poisson's equation {Eqn, (1)] in the form

dip 4n

il

dx? 2

p=e(N,—N,+p—n), (12)

where N4 is the concentration of acceptor levels.

The potential ¢ g, deep within the semiconductor and far
from the space-charge region, is given by the expression
Np—N,=2n sich 22 , (13)
where n; is the free electron concentration in the pure
(intrinsic) semiconductor.

The last equation is readily integrated and leads to an
expression for the total charge in the semiconductor, Q,.
The final result is5!

a==VZ2( o) 180k U, Uy — U — (coshl  —coshU ] ™, (14)

where

_"/'1_‘"'- _ %5 @s
Ly= 8netn, * UB" kT ' Us T

In these expressmns ¢g is the potential at the semiconduc-
tor surface, i.e. at x =0. Eqn. (14) gives the total space
charge in the semiconductor, @,, as a function of the poten-
tial difference ¢, = ¢@g-¢B within the semiconductor, and
of the number of donor and acceptor levels.

The next step is to allow for the charge trapped in any
surface states which may be present on the semiconductor
surface. We shall consider a concrete case and assume
that donor levels are present on the surface (i.e. levels
which are positively charged when empty and neutral when
occupied by an electron). Let Ng be the number of sur-
face states per unit area. The electronic occupancy of
these states is governed by the Fermi distribution:

Ns

Eg—Eg’
1 4-exp sIzTF

where Eg is the energy level of the surface states and Ep
is the Fermi level. The energy difference Eg - E¢ is a
function of the potential drop in the space-charge region of
the semiconductor. The actual energy of an electron in a
surface state is given by

Eg' —e (‘Ps - (PB):
where Eg is the energy level of the surface states in the

ﬂs‘=

absence of space charge in the semiconductor. The charge
in the surface states is given by the expression
Qs = e(Ng—ng) = L . ()

14 exp FE =S t;tws—vs)

It is convenient to evaluate the quantity 1/C,

1 0(%+%+¢’)l=la(@s—%+%+¢’) _
c Q Q

0(Ps—95) | g, ,
=| e+ Rl =b g (6)
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where C,, C,, and C, are the capacities of the semiconduc-
tor (with allowance for surface states), of the Helmholtz
layer, and of the diffuse part of the double layer in the
electrolyte, respectively., The capacity of the semiconduc-
tor, C, = 1dQ/d(@g -¢g) |, can be calculated ? by means of
Eqns. (12) and (1 5§:

& |sinh Up ~ sinh Ug| +
4x V_Z_Lp i[Siﬂlh Ug(Up - Ug)—(cosh Up — cosh Us)]z

C=

EF—E}'F‘(‘PS—WE)
Nget  exp *T

kT (T explEp — Eg T e(9s — 9pVRT)Y

The electric field in the Helmholtz part of the double layer
is constant, and therefore the capacity C, of the Heimholtz
region can be calculated from the formula for a parallel-
-plate condenser:

a7

Co= 4—;;7 =107 em™ = 10pF em™.

The capacity of the diffuse layer in the electrolyte is given
by 1°:

1 .
= ﬁd—x(:osh 21;-7_. (18)
We have seen that the total capacity of the semiconductor -
electrolyte system is determined by the diffuse and the
surface charges in the semiconductor, by the Helmholtz
layer, and by the diffuse charge in the electrolyte. We
shall proceed to evaluate the various contributions to the
total capacity for the specific case of an n-type semicon-

G

ductor (n;/Np <« 1) free from surface charge. Under these
conditions Eqn. (17) simplifies to
[N
Ci= ey _i_| {—ehT (19)
V&a: 4 e%—i—-ﬂ‘-]‘/.
AT

Terms proportional to n;/Np (i.e. <« 1) are ignored in the
above formula. Green? has derived expressions in which
these terms are retained. At potentials of the order of

¢ = kT/e the capacities of the semiconductor (C,) and of the
electrolyte (C,) are found from Eqns. (18) and (19) to be in-
versely proportional to the appropriate Debye length.
Introducing the approximate numerical values of the Debye
lengths, and using Eqn. (16), the final result is that the
total capacity of the system is controlled by the capacity of
the diffuse part of the semiconductor double layer.

Under conditions of appreciable surface charge on the
semiconductor (e.g. with a density Ng = 10 cm~2 of sur-
face states, assumed to be 10% ionised) we have e®Ng/kT ~
=~ 107 cm™ = 10 uF cm~2, Applying Eqns. (17) and (18) we
now find that the capacity of the semiconductor can become
comparable with the Helmholtz capacity.

Let us now compute the capacity of a semiconductor
electrode without surface states at the flat band potential,
i.e. with ¢s = ¢B. Applying Eqn. (17), we obtain:

o .
C = 4:1"0 =VCoshU3‘|/ 4,‘:;‘ '/ 4n} 4+ (Np—Nap* - (20)

The variation of capacity with potential is shown in Fig. 1.
It can be shown®? that for an intrinsic semiconductor the
capacity minimum occurs at the flat band potential, In
n-type semiconductors the capacity minimum occurs at

C, pF cm?

a -a 0 01 029,V
Fig.1. Variation of differential
capacity with potential drop in the
space-charge region of the semi-
conductor, calculated for n-type
germanium by Eqn. (17).

more positive potentials, and in p-type semiconductors at
more negative potentials, than the flat band potential.

Bohnenkamp and Engell's measurements 52553 of the capa-
city of the germanium electrode support the ideas outlined
above, The capacity vs. potential curve shows a minimum,
at which, in agreement with theoretical calculations, the
capacity is only a few hundredths of a microfarad per cm?
i.e. 2-3 orders of magnitude less than the capacity of a
metal electrode. The experimentally observed relation-
ship between capacity and electrode potential fits the theo-
retical expression for the effect of the potential drop in the
space-charge region (¢,) on the capacity of the electrode,
see Eqn. (17)§, whence it can be concluded that changes in
@, account for the major part of any change in electrode
potential,

The potential of minimum capacity of intrinsic german-
ium (i.e. the flat band potential) varies smoothly with the
pH of the solution2~%4. This confirms our previous con-
clusions as to the effect of the surface condition on the
potential drop in the Helmholtz layer. The capacity mini-
mum of intrinsic germanium lies at 0.5 V (in 1 N KOH solu-
tion) and at 0.2-0.3 V (in 1 N H,SO,).

Bohnenkamp and Engell's observation of the effect of
frequency (between 1 and 160 kc/s) on the capacity and on

"the potential of minimum capacity is still unexplainedy.

The effect may indicate the presence of a frequency-
-dependent capacity of the type associated with electrode
reactions, or alternatively it may be ascribed to surface
states with different relaxation times being present on ger-
manium %5,

The capacity of the silicon electrode is somewhat lower
than that of the germanium electrode. The electrode capa-
city is again determined by the space charge in the semi-
conductor6-5?, Illumination of the electrode increases the
concentration of mobile charges (as a result of the photo-
-excitation of hole-electron pairs), and the capacity rises
towards the characteristic value of metal electrodes
(~10 pF cm™2).

§ Eqn.(17) takes no account of the passage of current through
the semiconductor—electrolyte interface. It can, however, be
applied to germanium because this electrode behaves as an ideally
polarisable electrode over a certain range of potentials.

1 The capacity of a ZnO electrode is independent of frequency 18
between 50 c¢/s and 100 kc/s.
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Efimov and Erusalimchik found a minimum in the capa- whence
city of the germanium electrode at a quite different poten- i RT
tial: 0.6 V in 0.1 N HCl. They call this potential the zero- | 2| ~HE (26)

-charge potential of germanium®., Their high specific
capacity (10-20 uF cm-2), unaffected by the properties of
the semiconductor, suggests that these workers were mea-
suring the capacity of the Helmholtz layer. Before each
measurement the electrodes were subjected to prolonged
cathodic polarisation which, as stated above, can raise the
surface recombination velocity very considerably. It
would appear that this treatment also makes the semicon-
ductor surface “metal-like”. The full significance of
Efimov and Erusalimchik's measurements®, however, is
far from clear. These remarks also apply to Efimov and
Erusalimchik's ! anomalously high value for the capacity
of a silicon electrode.

III. KINETICS OF ELECTRODE REACTIONS

1. Rate Limitation by the Electrochemical Stage

To give a clearer understanding of the behaviour of the
semiconductor—electrolyte interface we shall discuss an
electrochemical redox reaction of the type

A+ e A, (21)

By analogy with the slow-discharge theory © we can write
expressions 2,62 for the currents carried by the reduction
(#,) and the oxidation (i,) reactions:

aF Age
h=kecanix=0e X , (22)
BF s
i|=k|° &Y ’ (23)

where &, and &, are constants, c,+ is the concentration of
A+ ions in the electrolyte, n(x = 0) is the electron concen-
tration at the plane separating the Helmholtz layer from the
semiconductor, F is the Faraday, « and 8 are constants

(e + B=1), Ag, is the departure of the potential drop in the
Helmholtz part of the double layer from its equilibrium
value, and R is the gas constant,

Eqns. (22) and (23) are applicable to reactions, like (21),
in which free electrons take part. Eqn. (22) differs from
the slow-discharge equation for metallic electrodes© by
the factor n(x = 0), introduced here because the concentra-
tion of free electrons at the semiconductor ~electrolyte
interface is not constant. This is the fundamental differ-
ence between a metallic and a semiconducting electrode
surface.

The electron concentration at the interface, n(x =0),
depends on ¢,, the potential drop in the semiconductor, and
obeys Boltzmann's distribution law. Applying Eqn. (2) we
obtain a new expression for the current:

__ €91+ aeAQ,
i1 = RiCa+Nc e A . (24)

As we have already pointed out (see p.209) the potential
drop in the Helmholtz layer is usually much smaller than
the potential drop in the semiconductor. Therefore,
ignoring small terms,

£

AT (25)

i = k1Ca+ o
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If the reaction at the semiconductor surface is of the
second order with respect to electrons, Eqn. (22) is modi~
fied as follows:

_aFag
h=PRkicpr[n(x=0)Pe RT , (27)
which leads to
op | _RT
l dlni | 2F ° (28)

Note that Eqns. (26) and (28) give values of 3¢/d Ini
similar to those obtained for metals, but-for different
reasons.

At high surface charges Ag, becomes greater than ¢,,
and the semiconductor electrode tends towards metallic
properties. Under these conditions the kinetics of an
electrochemical reaction at a semiconductor electrode will
be almost indistinguishable from those at a metal electrode.

We shall consider two examples: the anodic dissolution
of a semiconductor and the cathodic evolution of hydrogen,
the electrochemical stage being assumed to be rate-deter-
mining in both cases. Under these conditions the evolution
of hydrogen at a germanium electrode is described, irre-
spective of the conductivity type of the semiconductor, by a
Tafel equation with a slope RT/aF of about 0.1-0.12, cor-
responding to a transfer coefficient of about 0.5.%3-67 The
stoichiometric number is v =1, the exchange current is
1,=107¢-10"® Acm~2 Other workers,%8~7 have reportedt
RT/aF =0.16, @ = 0.3, and i = 10" A cm~2,

Green 2 suggests the following mechanism for the hydro-
gen evolution reaction by comparing experimental results
with RT/aF and v values calculated for various assumed
mechanisms. Hydrogen ion discharge,

H*+e-2H,q,

occurs relatively fast, and the rate-limiting stage is iden-
tified with electrochemical desorption:

H++Haqs +e-—Ha.

The rate of evolution of hydrogen on an n-type silicon
cathode also increases exponentially with electrode poten-
tial: the value of the coefficient RT/oF appears to vary
from 0.095 ™ to 0.18.%*

Turning now to the anodic dissolution of germanium, we
shall discuss a very characteristic feature of this reaction
which stems from the semiconductor nature of germanium:
the participation of positive holes. In other words, when a
germanium atom goes into solution with a formal valency of
+41 it gives up some of its electrons to the valence band
(see p.215). Brattain and Garrett™-7® demonstrated that
the concentration of holes at the electrode surface depends
on the potential§, and that the expression for the reaction
overvoltage should include the term (RT/F)ln (p/p,), where
b and p, are the actual and the equilibrium values of the
hole concentration at the surface. One method of varying
p is to illuminate the electrode: in this way the authors

+ The value R7/oF = 0.23 has also been reported "7,

1 At very high current densities GeO is formed as well as
quadrivalent germanium compounds "4 75,

§ Other workers ™+% later reached the same conclusion.
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were able to show® that the current is proportional to the
intensity of illumination and therefore that the slow step is
kinetically of the first order with respect to holes.

The anodic oxidation of germanium in alkaline solutions
consumes hydroxide ions, as shown by the appearance of a
limiting current in the polarisation curves obtained in
dilute NaOH solutions. The value of the limiting current
is determined?! by the rate of diffusion of OH" ions to the
electrode surface. At still higher potentials the current
begins to rise again because a new reaction sets in: the
dissolution of germanium, which involves water molecules.
Beck and Gerischer 25 studied the effect of alkali concen-
tration on the overvoltage (at currents well below the limit-
ing diffusion current of OH- ions) and concluded that the
slow step in the anodic dissolution of germanium is uni-
molecular with respect to hydroxide ions. The current-
potential relationship is described by a Tafel equation with
B =0.7-0.87 (Fig.2, curve I).

Beck and Gerischer # have put forward a reaction mech-
anism for the anodic dissolution of germanium which
accounts for these experimental facts. Germanium atoms
at the electrode surface become oxidised with formation of
GeOOH" groups, a process requiring one hydroxide ion and
one positive hole. The slow stage is associated with the
passage of the GeOOH" into solution, to give H,GeO,.

In the derivation of the kinetic equation (25) we used the
Boltzmann distribution to give the electron concentration in
the semiconductor during the passage of current. This
distribution, however, is strictly applicable only to equili-
brium situations, i.e. in the absence of external currentf.
We will now discuss the limitations of this procedure.
Consider the expression for the current of electrons in an
n-type semiconductor:

i=eu_ E(x)n(x)+ eD_d"d—ix) . (29)
Here u_ and D_are the mobility and the diffusion coefficient
of electrons respectively, The term eu_En describes the
drift current of electrons due to the presence of an electric

field; the second term, eD(dn/dx), is the diffusion current.

1

- 1
w0 ot 6 6t 0 A

Fig. 2. Polarisation curves for the anodic
dissolution of germanium: 1) p-type; 2)n-type.

T Turner finds % RT/BF =0.12, whence 8 =0.5.

+ We are not considering the case of very high charge on the
electrode, when the Boltzmann distribution ceases to apply even
under equilibrium conditions.

For i =0, integration of Eqn, (29) leads to the Boitz-
mann distribution. Even if i # 0, however, it is possible
to have

i€eu En i eD.% s

so that in Eqn. (29) { becomes negligible in comparison with
the much larger terms on the right-hand side. Under
these conditions, integration of Eqn. (29) again gives the
Boltzmann distribution.

It follows that we can legitimately apply Boltzmann ex-
pressions provided that the total current is much smaller
than both the drift and the diffusion currents.

But what is the magnitude of expressions of the type
eu_En? Consider, for example, an anodic process at a
germanium electrode. We shall assume that the pre-
sence of the electrolyte increases the steady-state concen-
tration of holes at the surface, resulting in a Galvani
potential of 0.1 V.,

The electric field is of the order of ¢,/d,. Putting

d, =10"* cm, we find E = 10° V cm~*., In germanium of
1 © cm resistivity the concentration of free electrons, 7,
is 2 X 10 cm~%, and the concentration of holes, pu., is
3 X 101! cm=%, Under these conditions the drift current of
holes takes the value

eu, E,=10"2 A cm™. (30)
Consequently, hole densities will be accurately described
by Boltzmann expressions as long as the anodic current is
significantly smaller than the above valuet.

These results sometimes prove incorrect when applied
to electrodes for which the surface density of carriers is
very much less than the carrier density in the uniform bulk
of the semiconductor, far from the space-charge region.
The concentration of electrons at the interface is given by
n =noexpleg,/kT), and can be very small if the exponential
has a low enough value. The Boltzmann distribution ceases
to apply when the surface layer of the semiconductor is
depleted of free carriers, Two recently published papers
have dealt with the calculation of polarisation curves with
allowance for a non-equilibrium distribution of carriers.

One of these?8? discusses the current-voltage character-
istic of the interface between an electrolyte and an n-type
semiconductor. Strongelectrondepletion at the equilibrium
potential is assumed. This produces a surface layer with
a low concentration of free carriers, of high electrical re-
sistance, and having rectifying properties{. When current
is passed through such a contact in the forward direction,
electrons are injected into it by the field and the resistance
decreases. Reverse current, on the other hand, further
depletes the contact of electrons and makes its resistance
still higher., The donor levels are assumed?®? to be weakly
ionised. The rectification at the contact is described by
the ratio AV (+i)/AV(-i), where AV (+i) and AV(-i) refer to

1 A rectification effect is observed also at metal—solution
contacts, e.g. when the anodic and the cathodic reaction have
widely different overvoltages, or when the rate of one of these
reactions is limited by concentration polarisation. We are not
concerned here with this type of rectification (although it can occur
at semiconducting as well as metallic electrodes), but only with
rectification effects specific to the semiconductor—electrolyte
interface.
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the total potential drop (in the semiconductor and in the
Helmholtz layer) under conditions of reverse and forward
bias respectively. Its value is given by

sy _ ()@

en =8 &l (31)

where i, is the exchange current of the reaction, I is the
thickness of the semiconductor. Inserting ! =10"% cm, d,
(the Debye length) = 10~ ¢m, d, = 10-® cm, and In (i/%,) =
=10, we find:

Avekn
AV(—1)

Clearly, this system has rectifying properties.

The above treatment?®? has been extended?®s to the case
of an n-type semiconductor with current carriers of both
types. The authors consider a reaction of type (21),
involving carriers of a single type (free electrons). The
equilibrium concentrations of electrons and holes in the
surface layer are assumed to be much smaller than the
concentration of majority carriers (free electrons) in the
bulk of the semiconductor. The calculated current-volt-
age characteristic shows an interesting feature: rectifica-
tion is present only over a limited range of potentials (of
the order of the width of the energy gap) as long as the sur-
face remains depleted of electrons and holes. As soon as
the applied field raises the surface density of holes to the
level of the bulk electron density a distinctive breakdown
phenomenon sets in,

=2x108, (32)

2. Rate Limitation by Minority Carrier Diffusion

We have so far considered systems in which the electro-
chemical reaction is the slowest step. This happens at
low current densities (less than 104 A cm~2 on germanium)
or when majority carriers (holes in p-type semiconductors,
electrons in n-type semiconductors) are involved in the
reaction. If the reaction, however, consumes minority
carriers, which are present at low concentration, it is not
surprising to find that the current is limited (beyond a cer-
tain potential) by the rate of arrival of minority carriers at
the electrode surface. We shall discuss the kinetics of
reactions of this type, taking the anodic dissolution of ger-
manium as a concrete example84,%5,

As stated above, holes must be supplied to the interface
from the bulk of the semiconductor in order that germanium
shall dissolve, Part of the reaction current is carried
across the phase boundary by free electrons, however, and
we may write the ratio of hole to electron current in the
form

(x=0)

i_(x=0)
where 7 and m are integers.
ium dissolution is given by

ot (33)

The-total current of german-

8Fav,
kp%e 7, (B4
where a is a constant. The germanium surface at its
equilibrium potential is assumed to have a high density of

excess holes, The current-voltage curve for »n-type ger-
manium now takes the form

i=i(x=0)+i(xr=0)=

Fo _ Ini —
=Pty Lind +ln(l

), (35)

lim
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where the term y;, includes constants and functions which
vary much more slowly than InZ. The value of iym is given
by

i =n £ m

ilim —n,D+e‘u_L (l + . ) ) (36)
where n; is the concentration of free electrons in intrinsic
germanium, D, is the hole diffusion constant, p is the re-

sistivity of the germanium, and L is the hole diffusion
length.

Let us examine Eqn.(35) in detail. At currents
i < iuym the potential varies with current according to

p= ln = 37

BF

and Tafel's law is obeyed. At currents close to the limiting
current the third term of Eqn. (35) becomes predominant:

=B (1— 7).

‘lun

(38)

When the potential is raised still further a sharply defmed
limiting current is observed.

An analysis has been given® of the distribution of
carriers close to the surface. Fig.3 shows the distribu-
tion of holes for currents not very different from the limit-
ing current. In the Debye region (0 < x <d,) the hole den-
sity increases rapidly in response to the electric field.
Beyond the Debye region there is no field, and the hole
concentration falls belowits equilibrium value (p,) because
holes are carried away, across the boundary, by the elec-
trochemical reaction. Under limiting current conditions
the hole concentration at the edge of the Debye region
effectively vanishes. At points well removed from the
boundary the hole density increases, and reaches its equi-
librium value (po,) at a depth of the order of L, the hole
diffusion length. We should note that this distribution is
analogous to the distribution of cations in an electrolyte
undergoing discharge, at a negatively charged electrode
surface under conditions of concentration polarisation:

d, is equivalent to the thickness of the electrical double
layer and L to the thickness of the diffusion layer. The
limiting current can be readily evaluated by the following
simple arguments. Since the whole of theregiond, < x < L
lies beyond the space-charge layer, the supply of holes to
the interface occurs mainly by diffusion, The limiting
diffusion current of holes will be

itlim =eD,— dp (39)

*dr

»
lim

where the concentration gradient 35 |nm is approximately

dp _ fﬁ

Ignoring recombination in the space-charge region, and
using Eqn. (33), we arrive at the total limiting current:

i=i++i_=(l+%)eD+£;f . 1)

Since the resistivity of the semiconductor is p ~ 1/enu_,
and ponw = n§; Eqn.(36) follows at once. Thus the value
of the limiting current is independent of the parameters of
the kinetic equation (34), and is also unaffected by any
assumptions as to the nature and charge of the surface
states.
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Fig.3. Hole concentration profile near
the surface of n-type germanium dissolving
anodically under limiting current conditions.

We will now reconsider our assumption that recombina-
tion can be neglected, because the limiting dissolution
current of germanium can be increased by hole generation
in the Debye region. To allow for this effect we use the
concept of surface recombination velocity?, vge We shall
not attempt to discuss the actual mechanism of hole gener-
ation at surface states or in the space-charge region.
Following Shockley, we assume a hole generation current
is proportional to the departure of the hole concentration
at the edge of the space-charge region, p,, from its equili-
brium value, po:

is = s (p1 — Poo)- @2)
Under limiting current conditions, p, = 0 and
lis| = evs poo- (43)

Therefore the limiting current of positive holes is given by

i4lim = eD,,,p—:'; —+ eUs Poo. (44)
The hole diffusion length L and the hole lifetime 7 are re-
lated by the expression L = (DT)}, so that finally

. /D
i4lim = €Poo ( Pl vs)-

Vdovin et al.® have discussed one particular generation
mechanism, and calculated current-voltage characteristics
and limiting current densities on the assumption that hole
generation occurs entirely at surface states, and not within
the space-charge region.

(45)

A limiting current is not observed in the anodic dissolu-
tion of p-type germanium, because the supply of holes to
the surface cannot be diffusion-controlled when holes are
the majority carriers.

Curve 2 of Fig. 2 shows an experimental polarisation
curve for the anodic dissolution of n-type germanium. For
current densities up to 10-* A cm~2 the current—potential
relationship is of the Tafel form (as in the case of p-type
germanium). At higher potentials the current plateau
appears: Flynn® states that the value of the limiting cur-
rent is proportional to the resistivity of the germanium (p)
and inversely proportional to the hole diffusion length (L),
as required by Eqn. (36). It seems clear, therefore, that
the diffusion of holes from the bulk of the specimen to its
surface constitutes the slow step, and that surface recom-
bination occurs at a negligible rate. The limiting current
canbeincreased by providing more holes at the surface, e.g.
by illumination of the electrode?, by hole injection from a

p-n junction located close to the electrode surface?’, and
also by raising the temperature (which raises the bulk con-
centration of holes in the semiconductor)28,

Thus in the anodic dissolution of n-type germanium the
semiconductor—electrolyte boundary behaves very much
like a reverse-biased p-n junction when »n-type german-
ium is subjected to anodic dissolution. Current is carried
across the boundary by minority carriers (holes), and the
rate at which holes can diffuse from the bulk to the surface:
of the semiconductor determines the value of the current.
The blocking current is therefore diffusional, in contrast to
the type of rectification discussed on.p.213-214. Practically
the whole of the potential difference applied to the electrode
appears across the blocking layer of the semiconductor
when limiting current is flowing: only a very small fraction
of the potential is dropped across the Helmholtz layer.
Since the thickness of the blocking layer is very small (of
the same order as the Debye length), the field intensity
within the blocking layer can exceed 10° V cm™! for a poten=~
tial of a few volts. Under these conditions hole~electron
pair generation can occur by an avalanche process, which
produces breakdown in this rectifier-like structure (see
curve 2 of Fig.2). The value of the breakdown voltage
depends on the resistivity of the germanium, and can amount
to several tens of volts in the case of high-resistivity speci-
mens.

It should be noted that free electrons (as well as holes)
can take part in the anodic dissolution of germanium,
making the limiting anodic dissolution current larger than
the limiting hole diffusion current [see Eqn. (36)]. The
ratio (v + m)/r = o’ is called the current multiplication
coefficient by analogy with the current multiplication which
takes placeata transistor collector. Brattain and Garrett™
devised the following method of measuring o', which was
adopted in more recent work®7,8%, The electrode consists
of a germanium wafer which is made much thinner than the
hole diffusion length (Fig.4). An annular ohmic contact
and a p-n junction (prepared, for example, by the indium
alloy process) are placed on one side of the wafer; the
opposite side is immersed in the electrolyte and acts as
the anode. During polarisation of the p-» junction in the
transmitting direction it serves as a source of holes, which
diffuse through the germanium plate and reach the german-
ium-solution interface, where they participate in the anodic
dissolution reaction. The limiting dissolution and hole dif-
fusion currents can be measured simultaneously, and used
to calculate o’. Measurements by this (and by other)
methods all give 88 o’ values of the order of 1.65, pointing
to the following stoichiometric equation for the anodic dis-
solution of germanium in alkaline solutions:

Ge + 2.4¢* 4- 60H™ — GeO;~ +- 1.6~ + 3H,0.,

where e* and ¢~ denote holes and electrons respectively.

Fig.4. Electrode for studying the role of
free carriers in electrochemical reactions on
germanium:

1) p-n junction; 2)n-~type germanium, 3) solu-
tion.
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The value of o’ varies with dissolution conditions (for
example, with the current of injected holes)8®-%2 and cannot,
therefore, be identified with any particular molecular
scheme for the reaction. It would appear that when ger-
manium goes into solution electrons have to enter both the
valence band (a process which consumes holes) and the con-
duction band: the ratio of hole current to electron current
is a statistical quantity depending on the concentration of
holes at the interface, and can be altered by photo-injection
of holes or by other means?8%%,

If the thickness of the electrode shown in Fig.4 is not
much greater than the thickness of the space-charge region
(~20u, say), the latter can be made to grow and “flood” the
entire specimen if a sufficiently high reverse voltage is
applied to the p-n junction®.%t, Under these conditions the
hole (and electron) concentrations fall much below their
equilibrium values, and the germanium ceases to dissolve
anodically as soon as the edge of the depletion region comes
into contact with the germanium-electrolyte interfaces. %2

The limiting currents reported in the anodic dissolution
of selenium % and of n-type cadmium sulphide %°-10z guggest
that positive holes may be involved also in these reactions,

The exact mechanism whereby holes participate in the
anodic dissolution of the semiconductors is still not clear.
Possibly, the rupture of a covalent bond between lattice
atoms becomes easier when a hole is localised at a surface
atom.

The cathodic evolution of hydrogen at a p-type german-
ium surface also shows features indicative of minority
carrier diffusion from the bulk to the surface of the semi-
conductor, Brattain and Garrett?® established that free
electrons take part in the reaction, which reaches a limit-
ing rate (~1 mA cm=-2) at a definite potential. This con-
clusion was subsequently confirmedby Green %, Gerischer %9,
and Dewald?, The limiting diffusion current of electrons
is usually less clearly defined than the limiting hole dif-
fusion current: this is because the surface condition of the
germanium electrode is gradually altered by the adsorption
and penetration of atomic hydrogen into the germanium
lattice during the evolution. These phenomena are known
(see p-210) to increase the rate of surface generation and
recombination of hole—electron pairs 48,%6,103,104, The exact
similarity, even at very high current densities, between
the polarisation curves for hydrogen evolution from n- and
bp-type germanium electrodes previously saturated with
hydrogen 1% can be explained in the same way. Such elec-
trodes behave like metallic electrodes and effectively lose
their semiconductor properties. If the polarisation curve,
on the other hand, is determined rapidly, the hydrogen
overvoltage on zn-type germanium is found to be smaller
than on p-type 196,

The observation of Paleolog et al. 07 that the rate of
hydrogen evolution on p-type germanium, though smaller
than on n-type, decreases with increasing germanium
resistivity, cannot be reconciled with the views outlined
above, which require that the limiting electron current
should increase withincreasein resistivity — see Eqn. (36).
The authors suggest 17 that valence electrons rather than
free electrons are concerned in the hydrogen evolution re-
action on p-type germanium.

§ A method of producing very thin germanium wafers % by
this technique has been described (see also Albers and Thomas M,
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All the instances of diffusional control so far outlined
apply to electrodes of thickness many times larger than the
minority carrier diffusion length, L. Calculations have
also been made 18 of the voltage—current characteristic and
of the limiting current value for the case of a germanium
wafer of thickness W < L, in contact with the electrolyte
on one side and provided with an ohmic metal contact (which
determines the surface recombination velocity vg) on the
other side.

Under these conditions the limiting anodic dissolution
current takes the value

w
D*sinhT-f- vg Lcosh Z
= -, @8)
D+°°s"'L_+°sl‘5i“hT

n}D.etu_p

i = (l +—"rl) L

Efimov and Erusalimchik 109,110 have observed, at least
qualitatively, a relationship of this type between the limit-
ing current and the resistivity and hole diffusion length of
very thin germanium electrodes.

3. Generation of Minority Carriers in the Space-Charge
Region

We will now discuss the anodic dissolution of #n -type
silicon. Eqn. (36) predicts a much smaller limiting disso-
lution current for silicon than for germanium of comparable
resistivity if the dissolution of silicon, like that of german-
ium, requires holes, The quantity #; which appears in
Eqn. (36) is related to the width of the energy gap, thus:

AE

no—e ¥

It follows that n;, and therefore also the limiting diffusion
current of minority carriers, must decrease very rapidly
if the width of the forbidden band is increased. Experi-
mentally, however, the dissolution of silicon is found to
support currents which are comparable in magnitude to
those of germanium anodes. Flynn®® believes that genera-
tion in the space-charge region can provide the holes
needed for the dissolution of silicon. One of us!!! has
derived a quantitative model for the anodic dissolution of
silicon in which allowance is made for generation in the
Debye region. The theory of Shockley and Read !!2 is used
to describe the recombination process. The number of
carriers recombining per unit volume and unit time works
out to

pn—n}

R R AR RN, @)

u
where

E,—E,
kT

E,—E,

n = n; exp 72

3 pL=n;exp

Tpo and Ta, are, respectively, the hole lifetime in a strongly

~n-type sample and the electron lifetime in a strongly p-type

sample containing the same recombination centres as the
experimental material; E: is the energy level of the recom-
bination centres; E; is the Fermi level of the intrinsic
semiconductor. The polarisation curve for silicon dissolu-
tion now has the form

(48)

v=wtit (o) (7) +arelil
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where y, is a constant, i, is the exchange current of the
silicon dissolution reaction, and the current ¢, is given by

en}d,

Tot TaPr’ 49)

i =
d, being the Debye length of the semiconductor.

At currents i < i, the second term in Eqn. (48) varies
more slowly than the third, and the current-voltage curve
approximates to Tafel's law:

q>=—ln \+const

When the currents 7 and i, are of similar magnitude the
parabolic relationship between current and potential becomes
predominant, and the potential increases much faster than
with the logarithm of the current. The current i, charac-
terises the transition to a region of strongly current-
-dependent potential, From Eqn. (49), ¢, is proportional to
the Debye length, and therefore also to the square root of
the silicon resistivity:

h~Vp - (50)

Eqn. (49) can be obtained by the following semiquantita-
tive argument. We seen from Eqn. (47) that effective
generation can occur where np «<n:; n <n;; p <p,.
Under these conditions the rate of hole generation per unit
volume will be

3
U= ————.
Tpy M1+ T Pt
The total number of holes generated in the Debye region is
found by multiplying U by the thickness of the Debye region.
This product, multiplied by the electronic charge, gives
the corresponding electric current in the form of Eqn. (49).

Theoretical conclusions are in qualitative agreement
with experiment. Polarisation curves for the anodic dis-
solution of »n-type silicon, taken in hydrofluoric acid or in
hot alkaline solutions (when the silicon surface remains
free from passivating films), show two distinct sections.
Atlowanodic polarisations (current densityupto 10 A cm=-3)
the current—voltage curve is of the Tafel type (as in the
case of p-type silicon). At more positive potentials the
current increases more slowly with voltage, andapproaches
a limiting value (~10~% A ecm=-2), In this region the current
density increases with silicon resistivity, as expected from

Eqn.(50), and is quite independent of electrode thickness 113,114,

The slower anodic dissolution of »n-type silicon as compared
with p-type is conclusive proof that holes take part in this
reaction.

The value of the current, and its response to changes in
temperature and in illumination 15,116, support Flynn's ori-
ginal hypothesis 8 that the rate of anodic dissolution of
n-type silicon is determined by field generation of holes in
the space-charge region adjacent to the semiconductor sur-
face, and not by the diffusional transport of holes from the
bulk to the surface.

Generation of hole-—-electron pairs in the space-charge
region also limits the rate of anodic dissolution of »n-type
gallium arsenide 117,

The evolution of hydrogen from p-type silicon also
appears to be hindered®!,’3,!18, Greger concludes !¢ that
the rate of this reaction is determined by the generation of
free electrons in the space-charge region at the silicon-
solution interface.

4. The Role of Free and Valence Electrons in Electro-
chemical Reactions

We have so far been concerned with reactions involving
participation of free carriers of a single kind. Thus,
Eqn. (22) refers to a reduction reaction in which electrons
are transferred from the conduction band to the ions or
molecules undergoing reduction. The kinetic equation for
an oxidation reaction in which holes are consumed has a
similar form. However, we have seen that even in the
case of anodic dissolution of germanium free carriers of
both kinds may be involved. Dewald!!®, Gerischer 12-!3,
and also Dogonadze and Chizmadzhev ! have examined
quantitatively the relative extents to which the conduction
and the valence band can be expected to contribute to the
overall charge transfer between the semiconductor and the
solution during an electrochemical reaction. We will
summarise some of the conclusions of the most recent !
of the above papers, dealing with the kinetics of redox
reactions in which there is no adsorption of reactants and
no rupture or deformation of chemical bonds.

The value of the exchange current i, (consisting of an
electronic component i ¢ and a hole component zl’ ) was
calculated by a quantum mechanical method. The ratio of
the exchange currents between the solution and the conduc-
tion and the valence band is largely controlled by the factor

3 9
1o kT
=
where ¢, is the equilibrium potential drop in the semicon-
ductor, which determines the amount of deformation of the

energy bands in the surface region.

The value of ¢, depends on the redox potential of the
system. In strongly oxidising solutions the energy bands
are bent upwards at equilibrium (p, < 0), the surface of the
semiconductor becomes richer in holes, and the hole com-
ponent of the exchange current predominates. In the pre-
sence of strong reducing agents (¢, > 0) the conduction band
plays the major part in the exchange process.

When the system departs from equilibrium, the anodic
current to the conduction band (i ) and the cathodic current
from the valence band (ié’) are independent of the overvoltage,
7, and equal to their respective components of the exchange
current, if the potential drop in the Helmholtz layer can be
neglected:

fa=1iy; B=1if. (1)
This result is not unexpected: the overvoltage across the
Helmholtz layer, which can accelerate the purely electro-
chemical stage of the process, is assumed negligible,
whereas the concentration of charges taking part in the
reaction (valency electrons in the valence band or unfilled
levels in the conduction band) is large and independent of
the overvoltage. The same conclusion was also reached
elsewhere 125,

The anodic current to the valence band and the cathodic
current from the conduction band are described by equa-
tions similar to Eqn. (25):

Fa _En

B =il eRT; iz=ige “RT

(52)

Thus the components of the current at a semiconductor
electrode are formally given by Tafel expressions in which
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the transfer coefficients o and 8 are either 1 — Eqn. (51) —
or 0 — Eqn.(52). The overall reaction current is the
sum of these partial currents:

Fa _Fn
i=ig(eRr—1)+i:(l-—e RTY,

We are particularly interested in the ratio of hole current
to electron current, which can be measured experimentally.
At not too high overvoltages this ratio is given by:

P Fn—91)

-3 e RT

i

The quantity n - ¢, is simply the potential of the electrode
(except for an unknown additive constant).

The more positive the potential, therefore, the higher is
the proportion of electrons from the valence band in re~
duction reactions and the proportion of holes in oxidation
reactions.

At very high overvoltages the concentration of free
carriers at the semiconductor surface becomes very large,
and the surface tends towards metallic properties. In
particular, the potential drop at the interface becomes
concentrated mostly in the Helmholtz layer, and the above
considerations cease to apply. Gerischer has discussed
this system 1%,

In their study !?® of the anodic dissolution of 7 -type ger-
manium in solutions of oxidants (alkaline K;Fe(CN),;
FeCl,), Gerischer and Beck found that the limiting german-
ium dissolution current increases with the concentration
of the oxidising agent. They explain this phenomenon by
postulating that the dissolution reaction is accompanied by
some reduction of the oxidising agent, in which electrons
from the valence band are involved. Thus the reduction
reaction injects holes into the valence band of the semicon-
ductor which can be used by the dissolution reaction. Hole
injection has also been observed'? in alkaline solutions of
oxygen, in KMnO,, and in Ce(SO,),.

Direct experimental evidence %3, and indirect evidence
based on polarisation curves 128,122, favours the hypothesis
that valency electrons take part in a number of ‘reductions.
Even the formation of GeH, on a germanium cathode has
been shown 3 to involve electrons from the valence band.

Direct measurements of the relative numbers of free
and valence-band electrons taking part in reduction reac-
tions have been carried out!3! with the electrode shown in
Fig.4. The reverse-biased p-n junction was used as a
hole collector. Any reduction reaction at the germanium-
solution interface which interacts preferentially with the
valence band will inject holes into the semiconductor.
These are able to diffuseacrossthe thin germanium wafer,
and are collected by the p-n junction. The ratio of the
increase in collector current to the reduction current is
effectively equal to vy, the fraction of valence-band elec-
trons in the reduction current.

The value of y can vary from close to unity (KMnO,
0.8-0.9, K,Fe(CN), 0.6-0.8) to zero (K,Cr,0, 0.03-0.08,
H,0, 0). KI, and quinone occupy an intermediate position
(y ~ 0.4). In qualitative agreement with the theoretical
calculation, the contribution of the valence band to the
reduction current is found 24:132 to increase at more posi-
tive electrode potentials.

Oxidation reactions at a germanium electrode have not
been studied in detail. The oxidation of bivalent vanadium
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ions 133, of oxalate ions, and probably also of iodide ions 134,13
does not involve positive holes. The oxidation current of
K,Fe(CN), in acid solution'?” and of ethylide ions in a Zieg-
ler electrolyte !%¢, on the other hand, passes directly into
the valence band.

5. Formation of Oxide Layers on the Electrode Surface

If the products of anodic oxidation are insoluble (or
sparingly soluble) the anode surface becomes covered with
an adsorbed layer or with a relatively thick oxide film,
which often has a very high resistance. Silicon electrodes
form an oxide film in most aqueous solutions (except HF
and KOH), and in some non-aqueous solutions such as
methylacetamide 137139 ljquid ammonia, and sulphur
dioxide 140,141,

Surface oxide can bring about passivation of the silicon
anode. Electrical breakdown of the film is observed at a
high enough potential (~15 V). Beyond this point the anodic
current is determined by the semiconductor properties of
silicon: thus, on a p-type anode the current increases
exponentially with potential, whereas n-type anodes show a
limiting current?, Under certain conditions a layer of
amorphous silicon can form on the surface of a silicon
single crystal 142,

Germanium oxide is readily soluble in water, but oxide
layers can be produced on germanium anodes by using
solutions of nitrates in methylacetamide 38,143, When in-
dium antimonide is oxidised in KOH solutions, the rate of
formation and the properties of the oxide film depend on the
crystallographic orientation of the electrode surface !44-147,

On the whole, the properties of oxide layers on silicon,
germanium, and indium antimonide are relatively unaffected
by the semiconducting properties of the underlying elec-
trode material. The electrochemical behaviour of these
films (rectifying properties, photo-effect, etc.) is very
similar to that of anodic oxide films onaluminium, tantalum,
niobium, and other metals.

IV. CHEMICAL ETCHING

Chemical etching of semiconductor surfaces is a stan-
dard operation in the radio industry and in laboratoryprac-
tice (for metallographic, electronic, and other investiga-
tions). Etchants contain, as a rule, an oxidising agent,
and also a complexing agent whose function is to combine
with the semiconductor ions in solution!4¢, The view that
chemical etching involves chemical oxidation of the semi-~
conductor followed by dissolution of the resulting oxides is
widely held 48152, However, careful studies of the etching
behaviour of germanium and silicon in solutions of the most
important oxidising agents (HNO,, H,0,, etc.) have demon-
strated that the process is electrochemical in nature. Two

‘complementary reactions take place on the semiconductor

surface at identical rates and at a common potential: an
anodic half-reaction (dissolution of the semiconductor) and
a cathodic half-reaction (reduction of the oxidising agent).
The parameters for these two reactions determine the
steady-state potential and the corrosion rate 119,153-156,

In some cases (e.g. silicon in alkali solutions 73,157-159)
etching can take place by a purely chemical mechanism¥.

T Various aspects of chemical etching are discussed in a recent
monograph 16,
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A moredetailed discussion of the electrochemical mech-
anism of corrosion seems justified. We have already
stressed the fact that holes are required for the anodic dis-
solution of semiconductors like silicon and germanium.
These holes can be generated in the bulk or at the surface
of the semiconductor. It follows that the rate of corrosion
of an n-type semiconductor cannot exceed the limiting rate
of diffusion (or generation)ofholes. By thesameargument,
if the cathodic reaction consumes free electrons the rate of
corrosion of a p-type semiconductor is determined by the
limiting rate of diffusion or generation of free electrons.

However, an additional source of supply of holes is also
available to the anodic process. We have seen that many
oxidising agents are reduced at a semiconductor by elec-
trons from the valence band. Holes are thus injected into
the semiconductor by the cathodic reaction, and are imme-
diately available to the anodic reaction. Under these con-
ditions the cathodic and the anodic reaction are no longer
independent: the rate of corrosion ceases to be a function
of the semiconductor properties of the sample and is
limited by the diffusion of the oxidising agent in solution or
by the electrochemical step. In practice the rate of corro-
sion of germanium in concentrated solutions of oxidising
agents is found to be higher than the limiting current of
holes to the electrode surface by several powers of ten.
These ideas were first put forward by Gerischer and Beck 25,
and were further developed by Dewald !!? and Turner 13,

In this way, many oxidising agents can play a dual role
in the corrosion of semiconductors: they undergo the
cathodic reaction, and they also provide holes for the
anodic reaction. Whken holes are generated faster than
the anodic dissolution can use them up, the excess holes
(accompanied by an equal number of electrons) diffuse
from the surface into the bulk of the corroding specimen 12,153,
This hole current has been experimentally observed by the
method described on p.218.104,132  This process can raise
the bulk (as well as the surface) concentration of holes con-
siderably, and in n-type and in weakly p-type specimens
well above the equilibrium value. Since holes are involved’
in the potential-determining step of the reaction, the steady-
-state potential (but not the corrosion rate) should be a
function of the initial hole concentration in the semiconduc-
tor. This effect has been observed by Gerischer and
Beck 181 [dissolution of germanium in alkaline K;Fe(CN),]
and by Turner 153 and Dewald 11® (dissolution of germanium
and silicon in HNO,).

The reduction of nitric acid on germanium consumes
electrons from the valence band!19:182, In concentrated
solutions of HNO;, therefore, germanium and silicon
corrode at a high rate (up to 6 A ¢cm~2), independent of the
semiconductor properties of these elements. The corro-
sion rate is determined by the cathodic reaction, and this
is found to be autocatalytic. The slow step is the formation
of N,O, (HNO, + HNO, — N,O, + H,0), which is further re-
duced at the electrode. On raising the concentration of
HNO, the rate of corrosion of germanium increases at first,
reaches a maximum for a 6 N solution, and finally de-
creases as a result of the formation of a thick, passivating
film of oxide in very concentrated solutions of HNO,.
Addition of HF destroys the passivity 163,164,

The rate of corrosion of germanium in acid solutions of
hydrogen peroxide is decreased by both anodic and cathodic
polarisation, suggesting that an electrochemical process
is involved. Experimentally measured corrosion rates,
however, are significantly higher than the values expected

from polarisation curves 4,15, 1t is possible that chemi-
cal oxidation of germanium by hydrogen peroxide takes
place in parallel with the electrochemical corrosion pro-
cess.

When finished germanium devices, containing various
metallic components, are etched in H,0,, the anodic and
the cathodic reactions become localised in different parts of
the device: germanium functions as the anode, copper as
the cathode. Indium and tin are usually strongly polarised
and have very little effect on the rate of dissolution 66,
Under factory conditions, alkaline solutions of H,O, are
used for etching germanium, and the etching rate depends
on the concentration of alkali 167,

Germanium is corroded by solutions of electrolytes con-
taining dissolved oxygen, the necessary cathodic reaction
being provided by the reduction of O,. Oxygen concentra-
tions areusually small, and the etching rate (1-10 pA cm=-2)
is less than the limiting current of minority carriers, and
unaffected by semiconductor properties. At low O, con-
centrations the etching rate is determined by the diffusion
of oxygen to the reacting surface; at higher concentrations
the electrochemical step (reduction of adsorbed oxygen) is
rate-limiting. It is important to note that the rate of cor-
rosion depends on the concentration of indifferent electro-
lyte, and reaches a maximum at a critical concentration
(normally less than 0.01 N) which is characteristic of the
particular electrolyte. Harvey and Gatos have suggested
that the reduction of oxygen is catalysed by anions adsorbed
on the germanium surface: when the adsorption of anions
becomes excessive, the oxygen coverage of the surface
(and therefore also the reaction rate) must decrease !68-17,

Even in the absence of oxidising agents the steady-state
potential of germanium and silicon is a corrosion poten-
tial 3,171,172, Measurements carried out under scrupulous
conditions of reagent purity have shown that the cathodic
process is hydrogen evolution, the anodic process is ger-
manium oxidation to give the brown modification of GeO
between pH 0 and pH 4 and the yellow modification between
pH 6 and pH 12. GeOZ2" ions may be involved in the poten-
tial-determining reaction at pH > 12.5, The measured
steady-state potential is practically independent of the ger-
manjum conductivity type?3.

When the solution contains salts of metals more noble
than silicon or germanium, the cathodic reaction takes the
form of electrodeposition of these metals. The so-called
“electroless” nickel platingt (followed by heat-treatment)
is used to provide ohmic contacts for silicon!?3,

The corrosion behaviour of A!'IBY compounds is very
similar to that of germanium. Thus, GaAs corrodes by an
electrochemical mechanism !™ in solutions containing dis-
solved oxygen or KAu(CN),. In dilute solutions of oxidising
agents the rate of corrosion of InSb is determined by dif-
fusion of the oxidant1%,!76; in concentrated solutions, on
the other hand, the electrochemical step is rate-determin-
ing. The compounds of the A!!IBV geries become passive 77
in concentrated HNO;.

T Chemical deposition of a nickel phosphide coating by reduction
of a nickel salt with hypophosphate (Ed. of Translation).
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V. APPLICATION OF ELECTROCHEMICAL METHODS
OF SURFACE TREATMENT IN PHYSICOCHEMICAL
RESEARCH AND IN SEMICONDUCTOR TECHNOLOGY

No practical device based on a semiconductor-electro-
lyte system has yet been developed. The Bell Telephone
Laboratories have described an internally powered transis-
tor !, based on the cell

GelKOH[Ag:0, Ag,

and a field triode ", in which the properties of the ZnO-
electrolyte interface are utilised, but neither device has
yet been put to practical usej. Nevertheless, electro-
chemical methods have found wide application in semicon-
ductor device technology.

Electrochemical (as well as chemical) etching techniques
are used to remove mechanically damaged layers from
semiconductor surfaces. For silicon and silicon carbide
the electrolyte is a solution of hydrofluoric acid8!»182; for
germanium, solutions of sodium or potassium hydroxide
have been used 83, and other compounds #4-!87, Germanium
can be electropolished in aqueous alkali or in non-aqueous
solutions 188~1%, Mixed melts of alkali metal halides have
also been used for electropolishing germanium '¥!, Silicon
is electropolished in solutions of hydrofluoric acid 192-194,
gallium arsenide and indium antimonide in a mixture of
perchloric acid and acetic anhydride . Current densities
are usually between a few hundredths of an ampere and a
few amperes per cm? of specimen surface, A very smooth
surface, with a roughness of less than 50 A, can be obtained
by stirring the electrolyte 196,197,

Electrolytic polishing of germanium in KOH solutions,
and also in solutions of SbOCl, produces surfaces of ex~
tremely low surface recombination velocity (of the order
of 100-200 cm sec~1)198-200,

The jet-etching method?°! has been developed for the
production of shallow depressions a few tens of microns in
diameter on germanium wafers in the manufacture of
surface-barrier transistors. A thin jet of electrolyte is
directed from a glass nozzle on to the sample, whichis biased
anodically. The cathode is sealed in the wall of the nozzle.
Under factory conditions two jets are used, one on each
side of the wafer. The electrolyte consists of potassium
hydroxide 202-204 or a metallic salt173-179,182-196,108=208, The
electrolyte should have a much higher resistivity than the
germanium. Etching is carried out at a current density of
about 1 A ecm~2, and the operation is stopped when the re-
maining thickness of germanium (which is to form the base
of the transistor) is no more than a few microns. The
method is also suitable for gallium arsenide?®, but a solu-
tion of Cd(CN), must be used as the electrolyte.

Germanium can also be jet-etched cathodically (forma-
tion of GeH,), but very high current densities are needed
(up to 160 A cm~-2), 210~212

Depressions of any desired shape can be etched into
germanium by the use of microcathodes situated very close
to the surface?!3,22¢4, Sharp points, with a radius of curva-
ture of 1 p and suitable for field emission experiments, can
be prepared by etching germanium in NaOH, 2% Lastly, an
electrolytic saw for germanium has been made?!¢ in which
the cathode is a moving, fine tungsten wire.

t A recent communication ¥ claims that the Si—H,SO, system
can form the basis of a radiation detector.
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Thick, non-porous oxide films have been grown on ger-
manium and silicon devices, to protect them from the effect
of their ambient surroundings, by anodising the semicon-
ductors in a solution of nitrates in methylacetamide 27,

By taking advantage of the rectifying properties of p-n
junctions and of the dependence of the rate of dissolution of
germanium on the type and magnitude of its conductivity,
selective etching of the various parts of a transistor
(emitter, base, collector) can be achieved?!8-221, Various
techniques for revealing the presence of p-»n junctions in
germanium single crystals are based on the same prin-
ciple???,223, TIf, for example, a reverse-biased p-n junc-
tion (n region connected to the positive terminal of the
battery, p region connected to the negative terminal) is
immersed in a dilute solution of alkali, most of the applied
potential is dropped across the junction itself and the two
regions are at a very different potential, The » region,
being anodic, will dissolve, whereas the p region will act
as a cathode. If, on the other hand, both sides of the junc-
tion are at the same (anodic) potential, and an auxiliary
cathode is provided, the p region will dissolve preferen-
tially because at a given overpotential p-type germanium
anodes dissolve faster than n-type. The method can also
be used to reveal boundaries between regions of the same
conductivity type, butof widely different donor (or acceptor)
concentration: the so-called I-# junctions 224228,

It is also possible to delineate p-n junctions in german-
ium by electrodeposition of copper or gold. A reverse-
-biased p-n junction immersed in a solution of a copper
or gold salt will be electroplated on the p side, since this
region is at a cathodic potential 227-231, If a solution of the dye
Methylene Blue is used instead of the salt solution, the dye,
is reduced (and decolorised) on the p side of the junction 232,
Silicon junctions are not usually polarised from an external
battery, but are flooded with light instead?3%: the injected
hole-electron pairs are separated by the p-» junction
(which behaves in this case as a photodiode), charging the
n region negatively and ensuring that metal (gold, copper,
or silver) is electrodeposited only on this region234-237,

Electrodeposition is also used to prepare rectifying and
ohmic contacts on siliconand germanium 238-242, Germanium
coatings on other metals can be electrodeposited from non-
-aqueous electrolytes?43-246; electrolysis of molten salts
gives germanium dendrites suitable for use in semiconduc-
tor devices 247,
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