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The major interest in semicon-
ductor electrodes is due to the pho-
toelectrochemical properties of the
semiconductor electrolyte interface;
that is, the generation of currents
following exposure to electromag-
netic radiation (e.g., solar energy
conversion). In addition, optically
transparent semiconductor elec-
trodes are available for electro-
chromic displays and spectro-
electrochemistry.

The properties of semiconductor
electrodes, and their differences
from those of metallic electrodes,
can be understood by examining the
electronic structures of these materi-
as(1). Duetotheessentialy infinite
number of atoms that must be con-
sidered, the electronic structure of
these solidsistypically discussed in
terms of energy bands, which are
made up of the atomic orbitals of the
individual atoms (F1) (thisismerely
an extension of the concept of mo-
lecular orbitals). As a result of the
large number of orbitals, the differ-
encein energy between adjacent mo-
lecular orbitalswithin agivenenergy
band is so small that the band can be
effectively considered a continuum
of energy levels. The highest and

This articleisan introduction to the electrochemical properties of
semi-conductors. The characterization of semiconductor electrodes
using capacitance-potential measurementsis also discussed.

lowest energy levels of a band are
referredto astheband edges. Aswith
molecular orbitals, the energy bands
of interest are the highest occupied
(called the valence band) and the
lowest unoccupied (called the con-
duction). It is the energy gap (the
band gap) between these bands (i.e.,
the difference in energy between the
upper edge of the valence band and
the lower edge of the conduction
band) that determines the properties
of the material.

Conductivity of asolid state ma-
terial (i.e., the movement of elec-
trons through the material) requires
that the electrons occupy partialy
filled orbitals. This is achieved by
occupancy of the conduction band.
For metals, the conduction and va-
lence bands overlap, so the conduc-
tion band can be readily occupied
(F1). For insulators, the band gap is
sufficiently large that electrons can-
not be promoted from the valence
band to the conduction band. How-
ever, for semiconductors, the band
gap isnot aslarge, and electrons can
be moved into the conduction band.
The promotion of electrons leaves a
positively charged vacancy intheva-
lence, which is referred to as a hole

(F2). These holes can be moved
through space by the transfer of an
electron to the vacancy; therefore,
holes are considered to be mobile.
Electrons can be excited to the
conduction band either thermally or
photochemically. However, there is
another method for generating
charge carriers (i.e., electrons or
holes) within a semiconductor, re-
ferred to as doping. Doping involves
the addition of a different element
into the semiconductor. The simplest
exampleof thisinvolvestheintroduc-
tion of agroup Vv element (e.g., P) or
agroup Il element (e.g., Al) into a
group IV element (e.g., Si). The ad-
dition of P into Si introduces occu-
pied energy levelsinto the band gap
closetothelower edge of theconduc-
tion band, thereby allowing facile
promotion of electrons into the con-
duction band (F3a). The addition of
Al introduces vacant energy levels
into the band gap close to the upper
edge of the valence band, which al-
lows facile promotion of electrons
from the valence band (F3b). This
leads to the formation of holesin the
valence band. Undoped semiconduc-
tors are referred to asintrinsic semi-
conductors. Doped semiconductors
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Another important concept in
discussion of solid state materialsis
the Fermi level. This is defined as
the energy level at which the prob-
ability of occupation by an electron
is ¥z, for example, for an instrinsic
semiconductor the Fermi level liesat
the mid-point of the band gap (F2).
Doping changes the distribution of
electronswithin the solid, and hence
changesthe Fermi level. For an-type
semiconductor, the Fermi level lies
just below the conduction band,
whereas for a p-type semiconductor
it lies just above the valence band
(F3). In addition, aswith metal elec-
trodes, the Fermi level of asemicon-
ductor electrode varies with the
applied potentia; for example, mov-
ing to more negative potentials will
raise the Fermi level.

We now need to consider what
happens at the (idealized) interface
between a semiconductor electrode
and an electrolyte solution. In order
for the two phases to be in equilib-
rium, their electrochemical potential
must be the same. The el ectrochemi-
cal potentia of the solution isdeter-
mined by the redox potential of the
electrolyte solution, and the redox
potential of the semiconductor isde-
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termined by the Fermi level. If the
redox potentia of the solution and
the Fermi level do not lie at the same
energy, a movement of charge be-
tween the semiconductor and the so-
lution is required in order to
equilibrate the two phases. The ex-
cesschargethat isnow located onthe
semiconductor does not lie at the
surface, as it would for a metallic
electrode, but extends into the elec-
trode for asignificant distance (100-
10,000 A). Thisregion isreferred to
as the space charge region, and has
an associated electrical field. Hence,
there are two double layers to con-
sider: the interfacial (electrode/elec-
trolyte) double layer, and the space
charge double layer.

For an n-type semiconductor
electrode at open circuit, the Fermi
level is typically higher than the re-
dox potential of the electrolyte, and
hence electrons will be transferred
from the electrode into the solution.
Therefore, thereis a positive charge
associated with the space charge re-
gion, and this is reflected in an up-
ward bending of the band edges
(F4a, F5a). Since the majority
charge carrier of the semiconductor
has been removed from this region,
this region is also referred to as a
depletion layer. For a p-type semi-
conductor, the Fermi layer is gener-
ally lower than the redox potential,
and hence electrons must transfer
from the solution to the electrode to
attain equilibrium. This generates a
negative charge in the space charge
region, which causes a downward
bending in the band edges (F4b,
F6c). Since the holes in the space
charge region are removed by this
process, thisregion is again adeple-
tion layer.

As for metallic electrodes,
changing the potential applied to the
electrode shifts the Fermi level. The
band edges in the interior of the
semiconductor (i.e., away from the
depletion region) also vary with the
applied potential in the sameway as
the Fermi level. However, the ener-
giesof theband edgesat theinterface
are not affected by changes in the
applied potential. Therefore, the
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change in the energies of the band
edges on going from the interior of
the semiconductor to the interface,
and hence the magnitude and direc-
tion of band bending, varieswith the
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applied potential. Therearethreedif-
ferent situations to be considered:

a) Atacertain potential, the Fermi
energy liesat the sameenergy as
the solution redox potential
(F5b, F6b). There is no net
transfer of charge, and hence
there is no band bending. This
potential istherefore referred to
asthe flatband potential, Esp.

b) Depletion regions arise at po-
tential s positive of theflatband
potential for an n-type semi-
conductor and at potentials
negative of the flatband poten-
tia for a p-type semiconductor
(F5a, Féc).

c) Atpotentialsnegativeof theflat-
band potential for an n-type
semiconductor, there is now an
excess of the majority charge
carrier (electrons) in this space
chargeregion, whichisreferred
to as an accumulation region
(F5¢). An accumulation region
arisesinap-type semiconductor
at potentials more positive than
the flatband potential (F6a).

The charge transfer abilities of a
semiconductor electrode depend on
whether there is an accumulation
layer or adepletion layer. If thereis
an accumulation layer, the behavior
of asemiconductor electrodeissimi-
lar to that of a metallic electrode,
sincethereisan excess of the major-
ity of charge carrier available for
charge transfer. In contrast, if there
is a depletion layer, then there are
few charge carriers available for
chargetransfer, and electron transfer
reactions occur slowly, if at all.

However, if the electrode is ex-
posed to radiation of sufficient en-
ergy, electrons can now be promoted
to the conduction band. If this proc-
essoccursintheinterior of the semi-
conductor, recombination of the
promoted electron and the resulting
hole typically occurs, together with
the production of heat. However, if it
occursinthespacechargeregion, the
electricfieldin thisregionwill cause

the separation of the charge. For ex-
ample, for an n-type semiconductor
at positive potential s, the band edges
curve upwards, and hence the hole
movestowardstheinterface, and the
electron moves to the interior of the
semiconductor. The hole is a high
energy species that can extract an
electron from asol ution species; that
is, the n-type semiconductor elec-
trode acts as a photoanode. |deal be-
havior for an n-type semiconductor
electrode in the dark and under irra-
diation is shown in F7. At the flat-
band potential, there is no current,
either in the dark or upon irradiation
(Region 1), sincethereisno electric
field to separate any generated
charge carriers. At potentials nega-
tive of theflatband potential (Region
), an accumulation layer exists, and
the electrode can act as a cathode,
both inthe dark and upon irradiation
(the electrodeisreferred to asadark
cathode under these conditions). At
potentials positive of the flatband
potential (Region 111), a depletion
layer exists, so there can be no oxi-
dative current in the dark. However,
upon irradiation, a photocurrent can
be observed at potential s negative of
the redox potential of the analyte
(which lies at E®), since some of the
energy required for the oxidation is
provided by the radiation (via the
high energy hole). Using similar rea-
soning, it can be shown that p-type
semiconductor electrodes are dark
anodes and photocathodes.

There are a number of experi-
ments used to measure the various
parameters discussed above. The
flatband potential can be determined
by measuring the photopotential as
afunction of radiation intensity, the
onset of the photocurrent, or the ca-
pacitance of the space charge re-
gion. The simplest method is to
measure the open-circuit potential
(photopotential) of the electro-
chemical cell under radiation of
varying intensity. For a system un-
der equilibrium, the photopotential
is the change in the Fermi level due
to the promotion of electrons to the
conduction band, and it reaches a
maximum at the flatband potential.
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Therefore, a plot of photopotential
versus light intensity will attain a
limiting plateau at the flatband po-
tential. For the second method, al-
though the onset of the photocurrent
mightbesimplistically consideredto
be the flatband potential, it is actu-
ally the potential at which the dark
current and photocurrents are equal .
Therefore, such measurements
should be used with caution.
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Thethird method involves meas-
uring the apparent capacitance as a
function of potential under depletion
condition and is based on the Mott-
Schottky relationship:

1
c

where:

capacitance of the space
charge region

= dielectric constant of the
semiconductor

permittivity of free space
donor density (electron donor
concentration for an n-type
semiconductor or hole
acceptor concentration for a
p-type semiconductor)

E = applied potential
Esp = flatband potential

Mott-Schottky plots (JJC2 vs. E)
are shown for a p-type silicon semi-
conductor and an n-type silicon
semiconductor in F8and F9, respec-
tively (2). The donor density can be
calculated from the slope, and the
flatband potential can be determined
by extrapolation to C = 0. The ca
pacitance values are calculated from
impedance measurements. The
model required for the calculationiis
based on two assumptions:

a) Therearetwo capacitancesto be
considered, that of the space
charge region and that of the
doublelayer. Sincethese capaci-
tances arein series, the total ca-
pacitance is the sum of their
reciprocals. Asthe space charge
capacitance is much smaller
than double layer capacitance
(2-3 orders of magnitude), the
contribution of the double layer
capacitance to the total capaci-
tance is negligible. Therefore,
the capacitance val ue cal culated
fromthismodel isassumedto be
the value of the space charge
capacitance.

b) Theequivalent circuitusedinthis
model is a series combination of
aresistor and a capacitance (the
space charge capacitance). The
capacitance is calculated from
the imaginary component of the
impedance (Z") using the rela-
tionship 2" = /21 C. The model
is adequate provided the fre-
guency is high enough (on the
order of kHz).
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There are a number of different
methods for making the measure-
ments required for a Mott-Schottky
plot using the BAS-Zahner imped-
anceanalyzers. Theautomatic series
function can be used to record im-
pedance spectra over arange of fre-
guencies at different potentials. A
givenfreguency can beselected, and
the imaginary component of theim-
pedance can be calculated at this
frequency for each potential. Alter-
natively, a series combination of a
resistor and a capacitor can be used
as an equivaent circuit to fit the
experimental data. Thisprocesswill
automatically generate the capaci-
tancevaluesat thedifferent frequen-
cies. However, in order for the
results from this latter approach to
be accurate, the equivalent circuit
used must be valid over the entire
frequency range.

A useful aternative is available
as part of the C/E module of the

Thales software. This can be used to
run a series of single frequency im-
pedance measurements at different
potentials. The data from these
measurements can be analyzed using
either aseries or aparale combina
tion of aresistor and a capacitor, and
plotted as the parameter values vs.
the applied potentia (3). The Mott-
Schottky plot is also available.
Again, it should be emphasized that
the results from these calculations
are only accurate if the equivalent
circuit used is valid at the selected
frequency.

The behavior discussed above
appliesonly to anidealized semicon-
ductor/electrolyte interface. In red
systems, there are a number of fac-
tors that can give rise to anomalous
behavior. The main cause of non-
ideal behavior is photodecomposi-
tion of the electrode; that is,
oxidation of the electrode itself by
holes in the depletion region. This

can be avoided by the addition of an
appropriate electroactive species to
the solution that competes with the
auto-oxidation, or by the stabiliza-
tion of the electrode surface by
chemical modification. Another
sourceof non-ideality isthepresence
of energy states associated with the
surface that are different from those
in the interior of the semiconductor.
These surface states can act as chan-
nels for electron transfer, if they lie
at the appropriate energy.
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