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MECHANISM OF CATHCDIC PROCESSES ON
THE SEMICONDUCTOR ZINC OXIDE"

T. Freund and S. Roy Morrison

Stanford Research Institute
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ABSTRACT

The cathodic reduction of the aqueous ferricyanide ion was investigated on a
single crystal zinc oxide electrode. The experimental results substantiate that this
chemical reduction process obeys the model used in semiconductor physics for elec-
tron capture by surface states. It is concluded that the rate determining step of
the reduction process is the capture of electrons from the conduction band of the
ZnO by the sorbed ferricyanide ions. This process was shown to be irreversible,
i.e., electrons are not transferred from sorbed ferrocyanide (reduced ferricyanide)
to the semiconductor electrode. The capacitance, voltage and current were measured
as a function of the concentration. The rate of ferricyanide reduction was measured
by the current and was found to be first order in sorbed ferricyanide ion and first
order in the electron concentration at the surface. The electron concentration at

‘the surface of the electrode was determined from the capacitance-voltage measure-

ment. The sorption isotherm for ferricyanide was found to be linear in concentra-
tion over the range from 7x10”% to 0.7 molar.

INTRODUCTION

The understanding of the role of the solid in charge transfer process on the
surface is an important objective in electrochemistry and heterogeneous catalysis.
With this objective, we have measured the current-voltage characteristics of the
cathodic reduction of aqueous ferricyanide ion using a single crystal of the n-type
semiconductor, zinc oxide. Primarily by measuring the voltage-capacity characteris-
tics, we have concluded that the rate of the cathodic process (the measured current)
is deétermined by charge transfer from the solid to the sorbed species. Evidence
will be presented that the charge transfer process is an irreversible bimolecular
reaction governed by the concentration of the conduction-band electrons at the sur-
face and the concentration of sorbed oxidizing agent. Thus, the role of the solid
is twofold: to provide electrons at the surface and to form electronic surface
states with the sorbed oxidizing agent.

While Dewald has reported! in detail data for the vol tage-capacitance behavior
of the ZnO/electrolyte system in the absence of reducing or oxidizing agents, his
reported? data for the current-voltage behavior with hexacyanoferrate ions was very
incomplete. This lack of experimental data for voltage, capacitance, current, and
concentration relations prompted us to investigate in detail this chemically simple
ferrous-ferric redox couple on a single face of single crystal zinc oxide. We be-
lieved this to be important because our previous studies,’ carried out in connection
with the ZnO photocatalyzed reaction of oxygen and formate ions indicated that

* Part of this work was supported by a group of industrial companies sponsoring a
program in heterogeneous catalysis and part of this work was performed for Jet
Propulsion Laboratory, California Institute of Technology, sponsored by National
Aeronautics and Space Administration under Contract NAS7-100.
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electrode prdcesscs on ZnO can be irreversible. Our conclusion concerning reversi-
bility was In disagreement with Dewald’'s interpretation for Pe{CNg~®}, which was in
terms of a reversible redox rcaction characterized by a Helmholtz potential. 1In a
review paper® Gerisher came to the same conclusion as Dewald. In this communication,
we will present detailed c¢vidence for the irreversibility of cathodic processes on
ZnO as illustrated by the reduction of Fe(CN =3,

|

EXPERIMENTAL

The borosilicate glass electrochemical cell used contained a zinc oxide single
crystal as one electrode, a platinum wire as the working electrode, and a saturated
KCl calomel reference electrode. The {0001' face of the crystal was used after
lapping and then etching with 85 percent HyPOg for a minimum of ten minutes. The
area of zinc oxide exposed to the electrolyte was the order of 6mm®.

‘“The electrolyte contained 1M KCl and was buffered with BO, /HBO, (0.2M in total
boron} toa pH of 8.8 + 0.1. The ferri- amd ferrocyanide were added as the potas-
sium salts and the pH of the buffer was adjusted if necessary, The chemicals em-
ployed were Reagent grade and were used without purification. All electrical mea-
surements were made with solutions deoxygenated in 'sitw by bubbling with unpurified
tank nitrogen. In no case could more than 5 percent of the current be attributed

“to any substance other than Pe{CN),~3. That 1is, the current at any given voltage
-was incressed by at least a factor of 20 with the addition of Fe(CN)." to the KCl
buffered solution. :

Three types of measurements were made: (1} the current through the ZnO, (2)
the capacitance between the ZnO and the platinum electrodes, and (3) the voltage of
the ZnO with respect to a saturated KCl calomel electrode (8CB). The values of the
capacitance, voltage, and current reported are gteady-state measurements and were
shown to be'independent of stirring. All measurements were made in the dark. The
capacitance was measured at a frequency of 1 kc. '

Two types of measurements, the current as function of the applied vol tage and
the capacitance as a function of voltage, were made at various ferricyanide concen-
trations from 0.7M to 7x10"%M with and without added ferrocyanide. Pigures 1 and 2
‘show typical results for the two types of measurements.

Figure 1 shows data for the cathodic current, J, vs the applied voltage, V,
for two solutions both containing 7x10~% ferricyanide. The solutions differ only
in that one contains no ferrocyanide and the other was 7x10"?M in ferrocyanide. The

data for both solutions are identical within experimental error. The linearity of
" the dependence of log J vs V shown in Figure 1 is typical for all solutions exam-
ined. In the range of current investigated, from 1 to 1000 na, plots of the log J
vs V for all solutions showed slopes corresponding to 60 + 5 mv per decade change
in cathodic current. Typically all solutions including those contalning ferrocya-
nide gave anodic currents below 5 na up to anodic voltages as high as 10 V vs S8CE.

Figure 2 shows the vol tage dependence of the capacitance plotted as 1/C? vs V.
The linearity of the experimental data 1s typical of all solutions investigated in-
cluding those free of iron salts. The value of the ZnO voltage vs SCE at 1/C? = O
is called the flat band voltage, Vo,. In practice, the linear portion of 1/C? vs V
is extrapolated to 1.C? = O, since deviations from simple theory are known' to
occur near Vo. The surface barrier, V5, is related to the ZnO vol tage vs SCE, V,
by Eq. }; in our experiments Vg, always has a positive value.

V.=V - : , (1

b
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. The significance of the parameters, the surface barrier and the flat band voltage

will be presented in the "Discussion’ in terms of semiconductor concepts. For the

_present, they will be taken simply as convenient variables,

The values of V, for the various solutions reported in this paper ranged from

#-0.370 to -0.410 V vs SCE. The variations in V, were not systematic and hence their

origin is not known.

Figure 3 is plot of the log of the [Fe(CN)¢~3] vs the surface barrier, Vg, at
constant current of 10 na. The plot is linear and the slope corresponds to a sur-
face barrier change of 0.06 V per tenfold change in concentration.

The above experimental data can be summarized empirically by Eq. (2), where k
is a proportionality constant independent of voltage and concentration.

J =k [Fe(CN)G'aj exp {(Vo - V)/0.0ZS} (2)

Preliminary investigations with several other oxidizing agents, including

_Cu(II), I(0), Mn(VII), O(-I), indicate similar behavior, at least qualitatively.

THEORETICAL MODEL

We will present arguments supported by the above results to show: (1) the
changes in the applied voltage all occur within the semiconductor and that the ca-
thodic current is dominated in its voltage dependence by the properties of the semi-
conductor; (2) the electrochemical reduction reaction is a one-electron process and
is irreversible since the reverse reaction, the oxidation of Fe(II), does not pro-
ceed at an appreciable rate. The lack of the oxidation reaction 1is attributed to
the difficulty of injecting electrons from sorbed oxidizing agent into the conduc-
tion band of the ZnO; (3) the reaction rate is first order in the concentration of
reducible species on the surface.

The arguments are most easily presented in terms of an electronic energy band
diagram. Figure 4 shows a band diagram of the n-type semiconductor ZnO with acceptor
surface states. The abscissa 1is distance from the zinc oxide surface which is in
contact with the electrolyte solution; the ordinate is the potential energy of an
electron. Within the solid there are three energy regions: two have allowed elec-
tronic levels, the valence and conduction bands; separating them is a forbidden
region, the energy gap which is about 3 eV. Vithin the gap, there is a donor level
located slightly below the bottom of the conduction band. The donors associated
with this level result from the stoichiometric, excess of zinc in zinc oxide and are
presumably either interstitial zinc atoms or oxide ion vacancies. Since they are
ionized at room temperatures, they are shown as "+." The conduction band electrons
are indicated by "-" at the bottom of the condiction band. It should be noted that
the ionized donors are immobile charges at room temperature in contrast to conduc-
tion band electrons.

An allowed electronic energy level on the surface is indicated by X; such a
surface state can be created by sorption of a chemical species from the electrolyte
solution. It is shown at an energy, E, below the top of the conduction band. We
will restrict this symbol to the surface state created by sorption of Fe(cN)s's.
When this state is electronically occupied (X ) by the addition of an electron it
is equivalent to sorbed Fe(CN)g~%. :

A potential gradient, in the region O < x < xo, 1s indicated by the bending of
bands. The extent of the bending is indicated by the energy of the surface barrier,
qVg, where q is the electronic charge. The surface barrier is associated with the
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double luyer'rormed by the ionized donors in the ‘electron depletion layer {0‘:x‘:xo“
and the compensating negative charge arising from charged surface states and lons {r
the electrolyte. Becausc of the electrical compensation of the ionized donors in
the electron depletion region by ifons in solution, the surface barrier can be con-
trolled by the externally applied voltage in the electrochemical cell. It should be
noted that in the interior of the c¢rystal {x > xo. the charge of ionized donors are
coppensated by the ncgatively charged conduction band ¢lectrons. |

The surface barrier can be measured experimentally by the capacitance. A rig-
orous development of the interpretation of the cxperimentally measured capacitance
and vol tage 1s given in the appendix.® The surface barricer, Vs, 1s related to the
depth of the depletion region xo (shown in Fig. 4° by the Schottky relation,s
Eq. {3 , where q is the electronic charge, ND the density of the ionized donors, ¢
the dielectric constant for zinc oxide, and ¢o the permittivity of vacuum.

V. = aNpxe?/2eeo (3)

The value of V, can be obtained experimentally when the Schottky relation is
valid through the capacitance measurement. The differential capacitance, C, can be /
used to determine the thickness of the depletion layer by the parallel plate capac-
itor relationship, Eq. {4', where A is the area. ¢

Ace
Xo = —zrn (4)
Substitution of Eq. (4) in Eq. (3) gives Eq. (5), a rclationship between the
surface barrier and a measurable quantity, the capacitance.

Vg = % aNpA®eeq(1/C?) - (s)
- y

Since we found experimentally fdr each solution that V is linearly dependent
on 1/C? {e.g., Fig. 1} and from the above semiconductor theory Vg has the same de- -
pendence on 1°C?, it follows that Vg Qiffers from Vv by a constant given in Eq. (1).
This constant, V,, is the sum of: the voltage difference between the Fermi levels
at the surface and in the interior otfthe crystal at flat band condition, the
Helmhol tz and Gouy potcntials at the Solution side of the ZnO electrode and the
calomel electrode, and any possible voltage drop between the ZnO and its metallic
contact. Following De\vald,l we adopt] the simplest explanation for the linearity
of 1,C? with V for a glven solution and crystal. The explanation is that the com-
ponent voltages of V5, including thejHelmholtz potential at the ZnO/electrolyte
interface, remain invarfant as a function of V. It should be noted that the
Helmhol tz voltage must be presumed to be independent of the hexacyanoferrate spe-
cles, either in the oxidizing or reducing form, since we found that Vo was essen-
tlally constant for all solutions gt pH = 8.8. .-

This agreement of theory and experiment shows that variations in applied
potential appear only as variatiorns of potential within the electrode and that the
potentials on solution side of the electrode, i.e., Helmholtz (and Gouy) are invar-
fant. With the demonstration that the voltage variation is in the surface barrier,
we will procede to show that elecftron transfer is the rate-l1imiting step in the re-
duction reaction. }

The model to which we shall’ ompare our results involves two parts., First,
the electron transfer process is [governed by semiconductor theory for irreversible
electron capture by unoccupied s&rrace states. B8Second, the formation of surface
states is governed by a linecar 1iotherm for sorption from solution.

Y/

* Appendix 1s not included in tﬁ;s preprint.
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The‘electron current density, J, passing from the conduction band of a semicon-
ductor to a single type of surface state for an irreversible reaction should have
the magnitude given® by Eq. (6).

J=qcolX]n . (6)

The current is proportional to the average thermal velocity of electrons, E; the
concentration of the unfilled surface states, [X]; the cross sectioh of this state
for electron capture, o; and the electron density at the surface, n. The electron
concentration in the conduction band at the surface, n, is given® by the ionized
donor density of the ZnO multiplied by the Boltzmann factor associated with A\
f.e., Ny exp (—qVS/kT); therefore, Eq. (6) can be expressed as Eq. (7).

J=qco[X) N, exp (-qVS/kT) A (7)

Therefore, Eq. (7) contains the assumptions that the conduction band electrons at
the surface are in thermal ‘equilibrium with the interior and that their concentra-
tion at the surface is not appreciably disturbed by the cathodic currents. Implicit
in this formulation is the absence of any tunneling effects; we believe these should
be negligible. ’

The theoretical relationship, Eq. (7), between the current and the surface
‘barrier can be compared to our experimental finding, Eq. (2), in order to find the
relationship between the [x], the density of unfilled surface states and the
[Fe(CN)¢~%], the concentration of oxidizing agent in solution. Since (q/kT) at
room(temperature has a value of 1/0.025 a comparison of Eq. (7) and Eq. (2) gives
Eq. (8). : :

) k [Fe(CN)¢™3] =q c o [X] Np (8)
The simplest explanation for the linearity of the concentration of sorbed fer-

ricyanide with the concentration in solution is to assume the linear isotherm ex-

pressed by Eq. (9) with the equilibrium constant K. .

K = [X1/[Fe(CN) g2 (9)

‘This -assumption implies that the rate of the electron capture process is slow com-
pared to the rate of desorption of Fe(CN)g™® so that the [X] is not appreciably
lowered by the current of the cathodic reaction. This simple assumption was borne
out experimentally in the ranges of current and concentrations investigated since
the current, J, was linearly proportional to the concentration in solution,

[Fe(CN) ™31 at constant Vg. Equation (7), the current as a function of the density
.of unfilled surface states, may be written in terms of the experimental variable,
the concentration ferricyanide ion in solution, by the use of Eq. (9) to give Eq.(10).

J=qcoK[Fe(CN)g*] Ny exp (—qVS/kT) (10)

The substantial agreement of the theoretical model with the experimental re-
sults (the 0.06V change in the surface barrier per decade change in iron concentra-
tion and the linear proportionality between the current and the iron concentration)
leads to the following conclusions: '

1. The rate limiting step in this reduction process is the transfer of elec-
‘trons from the solid to the surface state. The rate is first order in the
density of electrons at the surface of the solid, Ny exp (-avg/kT), and
first order in the density of unfilled surface states, [X].
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2. In tﬁe current and concentration ranges investigated the density of un-
filled states !s determined by the equilibrium linear adsorption 1sotherm
for Fe{CN; ¢~ %; moreover the desorption of filled surface states as Fe(on),™
is rapid compared to the electronic process.

The unidirectional nature of the electron transfer assumed in our model is

confirmed by the 'lack of dependence of the current on the FelCN)¢™* concen-
tration. )

DISCUSSION

Before analyzing in detall the implications of the semiconductor surface-state
model and our results, It may be helpful to describe some reasons accounting for

observing the simple behavior of surface
tem. The first reason is connected with
tor and the second is connected with the
hexacyanoferrate ion.

states in the zinc oxide/ferricyanide sys-
the electrode material being a semiconduc-
chemical simplicity of the behavior of the

For a semiconductor, in contrast to a metal, it is possible to vary the electron:
concentration at the surface by the applied voltage and to measure this concentra-
tion by the capacitance. However, starting with the classical semiconductor/elec-
trolyte investigations of Brattain and Garrett’ it has become evident that not all
semiconductor/electrolyte systems are simple, e.g., Ge.® We feel that the simplic-
ity of our results adds to the many advantages that Body® has recently pointed out
for ZnO Dewals‘d’' ploneering work with Zno/electrolyte showed that this system
obeyed simple solid-state theory for a semiconductor. In the course of preliminary
studies we did not find any common laboratory reducing agents which would inject
electrons into ZnO.

The second reason for predicting a simple behavior of the ZnO/Fe(CN) ¢ Isystem
is concerned with the chemical nature of the six coordinate iron. Ferricyanide ion
on sorption would be expected to form a single type of surface state and the chem-~
ical reduction of this surface state would be expected to be simple electron capture
without any chemical rearrangements. Our expectation was based on the known aqueous
chemistry of hexacyanoferrate ions, 1.e., one-equivalent reduction of Pe(III) J
normally occurs by single electron transfer without atom transfer (both oxidation -
states are relatively inert to chemical substitution).

It should not be anticipated that all solutions containing oxidizing agents
will exhibit the simple behavior described by Eq. (10). First, a multiplicity of
types of unfilled states may be present; these could arise from factors 'such as
multi-equivalance of the oxidizing agent, inhomogenous surfaces, and the presence
of more than one oxidizing agent in the solution. For such cases Eq. (6) must be
replaced with Bq. (11) where the summation 1s carried out over the concentration
of the various surface states, X;, with the appropriate electron capture cross-
sections, gy

P S

qun'c};o‘ [x‘1 (11) /
While Eq. (il), involving surface concentrations, is always valid for irreversible ‘
electron capture processes, a second class of complication can arise. This class
arises when the current is expressed as a function of solution concentrations of
the oxidizing agents and may involve factors such as: multi-equivalence of the 4

oxidizing agents, slow sorption or desorption, or non-linearity of 1sotherms. For
such kinetic features, the current can become non-linear in electron concentration {
at the surface as well as solution concentrations. '
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It has.normally been the custom to treat theoretically semiconductor electrodes
by an approach equivalent to metal’ electrodes and to discuss reduction or oxidation
electrochemistry in terms of deviation from the reversible potential. This approach
1s theoretically valid, but the model may be of little value in interpreting experi-
mental results., The invariance of the Helmholtz potential and the irreversibility
of the current are two indications that the reversible potential model is not appli-
cable here. ’ ‘

First we will discuss the invariance of the Helmholtz voltage for the ZnO/
l“e(CN)G'3 system as a function of concentration and méasured current. Such behavior
contrasts with a metal electrode in which the net current is normally controlled
through deviations from the reversible redox potential. Basically the reason such
a situation can arise is that the current due to the reduction of Fe(CN)g;™® is only
a small fraction of the reversible currents passing through the Helmholtz layer,
and these reversible currents determine the Helmholtz voltage. By the argument
presented by Dewald,1 changes in Helmholtz potential at the ZnO electrode should be
manifested by changes in the values of the flat band voltage, Vo. Conversely,
changes in the flat band voltage with changes in the.chemical composition of the
solution, in principle, can be attributed to variations in the Helmholtz and/or
surface voltage of the ZnO electrode.

Experimentally, we found only small random variations in the flat band voltage
as a function of Fe(CN) 4 ? concentration and the ratio of the concentrations of

" Fe(CN) g% to Fe(CN)4~%. Since it seems unlikely that changes in the surface volt-

age (detérmined by the Fermi level at the surface vs the interior when the bands
are flat) should exactly compensate changes in the Helmholtz voltage, we conclude
that both the Helmholtz and surface voltage at the flat band condition are inde-
pendent of the concentrations of hexacyanoferrate species. Experimentally for any
single solution composition, the value of V, remains constant as a function of the
applied voltage as obsérved by the straight line behavior typified by Fig. 2. From
this observation, we conclude that the Helmholtz voltage is independent of the
cominant reduction process on the Zn0O, the reduction of ferricyanide. In prelim-
inary experiments, we have found that the flat band voltage is sensitive to the pH
of the solution but insensitive to the several reducing and oxidizing agents invest-
igated.

It is, therefore, our belief that the Helmholtz voltage of the electrode is
not associated with any electron transfer redox reaction occurring on the surface,
but should be ascribed to proton transfer, or to some equivalent chemical process
which does not involve electrons or holes. ’

Next we shall consider the currents passing between the surface and the
interior of the semiconductor. In our semiconductor surface-state model, as pre-
viously discussed, the flow of negative current from the interior to the surface
is associated with an activation energy of qVg which arises from the endothermicity
of moving an electron in the conduction band from the interior to the surface. The
reverse process 1s the oxidation and could occur by transfer of an electron from
the reduced sorbed species to the bottom of the conduction band in the interior of
the semiconductor. The latter process would be expected to have an activation en-
ergy equal to E, the energy difference between the surface state and the bottom of
the conduction band at the surface (Fig. 4). For the surface state on ZnO due to
the hexacyanoferrate, the value of E could be as high as 3 eV. If the value of E
is high, the rate of the oxidation process can be extremely low.

Thus deviations from a "reversible potential" ‘on the solution side (Helmholtz)
or within the semiconductor can not be used to describe the net current flowing
through the electrochemical cell. Furthermore, the experimental condition of zero
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net current docs not correspond to some 'reversible potuntiul" analogous to a metal

. electrode since the rate of the anodic process in the semiconductor model is always
essentially zero.

Experlﬁontally. however, we do observe small residual net anodic currents, The
residual anodic current observed with ZnO can sometimes be attributed to stray
ultraviolct {llumination encrgies greater than the band gup‘, which| produces holes.
In other cases, thermal generation of hole-electron pairs in the bulk will provide
a higher anodic current than clectron injection having an activation energy E. In
cither case, the potential at zero current is not the reversible potential of a
chemical redox reaction but s the result of opposlﬁg currents, both of whic¢h are
determined by physical processes not occurring in the solution.

We beliceve the major sources of the low anodic currents in the dark may be {m-
perfections and impurities on the surface of the sample. The results with our crys-
tals are consistant with this notion, i.c¢., the saturation dark anodic current
varied randomly from 0.1 to 10 na ¢m? with repeated ctcechings in phosphoric acid
under presumably identical conditions. On the other hand, the addition to the solu-
tion of the reducing agent, Fe,CN ¢~%, had a negligible effect on the anodic current

This bchavior {s probably quite typical of electrochemical reactions on wide
band gap semiconductors and thecoreticul analysls based on reversible reactions may
often be very misleading.

The last point of our discussion concerns the surface-state capacitance, C
which is defined® as dQSS,dV where st is the charge in the surface states. We
will present -arguments to show that therc is no inconsistancy between our experi-
mental results which indicate the abscence of a surface-state capacltance and our
theoretical model which depends on the existance of surface states. It Should be
emphasized that the experimental absence of a surface stdate capacitance in a semi-
conductor clectrolyte system should not be taken to imply the absence of surface
states, This point is important because the abscence of a surface-state capacltance
has often':3 been taken to indicate the absence of surface states.

557

Experimcntally, the absence of a surface-state capacitance in parallel with
the space charge is shown by the linearity of (C)!~2 with V. The rcasoning is based
on the cxpectation that, in general, (C =2 will not be linear with V. The details
of the formulation of the various (apacitances and voltages in a semiconductor/elec-
trolyte system arce contained fn the appendix. It should be recalled that all the
solutions studied in our finvestigation showed a linear relationship between (c)-?
and V.

There are two possible reasons why a capacity Cgg is not observed: one, the
implicit assumptions of .the derivation are not met; and second, there are no sur-
face states over the region spanned by the surface Fermi level as V is varied. We
will present arguments that both of these causes are present with most semicon-
ductor elcctrolyte systems.

Implicit in the derivation of the surface-state capacity is the assumption
that the charge dst is stored from the semiconductor side and is returned to the
semiconductor when the voltage increment dV is removed. This assumption is not
‘met for two types of surface states: those that are electronically irreversible
1.c¢., charge cannot transfer in both directions) and those that are reversibly
adsorbed from solution. If the states are irreversibly charged within the period
of the a.c. signal, then the charge will not be returned to the semiconductor and
the states will not act as charge storage centers. If the states are desorbable,
so that they maintain cquilibrium with the solution, they will simply lower the
rcal part of the {mpedance rather than the capapltatlve'part.

e
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The second reason for the inability to observe a capacitance for surface states
is connected with a pinned surface Fermi level. A pinned surface level, independent
of known parameters, can arise from the presence of second surface state which can
not store charge from the semiconductor. This second surface state may be of two
types: (a) present at a high density on the surface, either formed by irreversible
or reversible sorption, or (b) present at low density and formed by reversible
sorption. The effectiveness of type (a) in pinning the Fermi level is self evident.
Type (b) .is effective since any attempt at changing the surface Fermi level by
changing the applied voltage is prevented by sorption or desorption of type (b)
surface states in the appropriate state of oxidation. Thus, the existance of a low
density of sorbable-desorbable surface states can prevent observance of a capaci--
tance for another surface state that meets the normal requirements for observation.

In summary, in order to observe a surface-state capacitance the surface states
must be: (1) electronically reversible within the period of the a.c. signal; (2)
nondesorbable from the semiconductor; and (3) in contact with an electrolyte free
of chemicals that can rapidly exchange charge with the surface state or with the
semiconductor in order to prevent pinning the surface Fermi level.

In the case of our ZnO studies, none of these criteria were met, according to
the evidence. There have been no reversible surface states identified in our
studies, most of the chemical specles examined were appreciably soluble in both
the oxidized and reduced forms and species normally were available that could be

‘adsorbed and could pin the Fermi level. However, it is possible that common con-

taminants’ present in our solutions were sufficient to pin the Fermi. level.

SUMMARY

We have shown, by analysis of the one-equivalent reduction of the ferric ironm,
that for semiconductors the electronic activation energy can dominate the rate of
electrochemical reactions and a simple surface-state trapping law describes the
process. We have also shown that the reaction 1s irreversible and an unknown oxi-
dation reaction (not oxidation of ferrous) is important in defining the "zero cur-
rent” potential. In addition, we found that adsorption of ferricyanide ion on
zinc oxide follows a linear isotherm,
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