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tions to conclude that at least two types of recombination
centre are involved. At n-type GaP electrodes recombina-
tion occurs not only at the surface, but also deeper in the
solid. An analysis of the recombination impedance shows
that, besides surface recombination, recombination in the
depletion layer must be taken into account.
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Thin films of polycrystalline boron phosphide (BP) are obtained by using conventional thermally activated chemical vapor deposition.
BBry and PBr; are used as reactants and BP is formed at 940°C in a H, environment. A rough black layer is obtained on alumina
substrates. All films are n-type with a high donor density. (Photo-) current-voltage curves are presented. The transient photocurrent
response and the presence of a substantial photocurrent at subbandgap illumination strongly suggests the presence of a high density of
surface states. Impedance spectra of the unilluminated electrode could be modelled adequately with an equivalent circuit. Numerical
values of the space charge capacitance were obtained at anodic potentials. The {latband potential was determined from Mott-Schottky
plots, and appeared to depend strongly on the electrolyte pH. The flatband potential of BP is (+0.182 — 0.073 pH) V vs. SHE. This value
is not concordant with reported theoretical predictions based on atomic electronegativitics.

Introduction

Boron monophosphide (BP) exhibits a variety of inter-
esting material characteristics that may be applied in a
broad spectrum of practical applications. BP is a covalent
111-V compound with the cubic zincblende structure. The
material is thermally stable up to high temperatures, and
resists corrosion in extreme environments. BP is a semicon-
ductor with an indirect bandgap of about 2 eV [1]. These
material characteristics make BP an interesting candidate
for photoelectrochemical applications. Usually BP is grown
by Chemical Vapor Deposition (CVD) techniques. In spite
of the large difference between the lattice constant of Si and
BP, boron phosphide can be grown epitaxially on Si sub-
strates [2].

Takenaka et al. [3] suggested the utilization of a thin BP
layer as optical window for Si solar cells. In particular, ep-
itaxial BP coatings were used in the Schottky-barrier heter-
ojunctions Si/BP and GaAs/BP, which have been studied
as pholo-anodes in regenerative photo-electrochemical
(PEC) cells [4]. Epitaxial BP coatings were reported to suc-
cessfully protect Si and GaAs against photocorrosion.

The band structure of these heterojunctions has been de-
rived using a value of —0.5 V vs. SHE for the flatband

potential of BP [4]. This value has been determined empir-
ically by Butler and Ginley [5] from atomic electronegativ-
ities. The flatband potential has not yet been determined
experimentally. Neither have the Schottky-barrier hetero-
functions been characterized electrochemically.

In the CVD of BP films on Si and GaAs, interface reac-
tions can not been excluded. Solid-gas reactions before dep-
osition may affect charge densities in the substrates and
enhance the presence of surface states which could destroy
the photoelectrochemical properties at the junction.

We have studied CVD films of polycrystalline BP by im-
pedance spectroscopy in order to determine the flatband
potential. In polycrystalline electrodes Mott-Schottky plots
are often found to be nonlinear and frequency dependent.
If, however, interfacial capacitances are obtained from an
analysis of impedance spectra, frequency invariant and, in
our case, linear Moti-Scholtky plots are obtained and hence
the flatband potential, and the Mott-Schottky slope can be
determined unambiguously. In this paper we report on the
impedance characteristics of BP/electrolyte heterojunctions.

In addition, current-voltage characteristics have been
studied. Upon irradiation substantial recombination effects
occur. Transient photocurrent behavior with chopped illu-
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mination indicates the presence of electron states within the
bandgap at the boron phosphide surface.

Experimental Aspects

Polycrystalline films of BP were deposited on alumina substrates
by thermally activated atmospheric pressure Chemical Vapor Dep-
osition (CVD). Boron tribromide and phosphorus tribromide were
used as reactants. Hydrogen purified with a palladium catalyst and
dricd by 4A zeolite was bubbled through the reactants with a con-
stant controlled flow rate and brought to a well defined temperature
in heat exchange zones. Temperatures are chosen as to make the
partial pressure of both vapors equal, These temperatures were
3.5°Cfor BBr; and 64°C for PBr; and were stabilized to an accuracy
of 0.1°C. Hereafter the reactant vapors were diluted with H; to a
[raction of 5% and led into the lurnace. The concentration ratio
[BBr;]: {[BBry] + [PBr;]} was 1:6 and the H, bulk {low was abaut
200 1/h. The lurnace and substrate temperature were 940°C and the
deposition time was 20 min. Subsequently the samples were ther-
mally annealed in hydrogen for 30 min. at 900°C. A horizontal
quartz tube reactor (ID 4 cm) was used in which tilted samples
were mounted on a quartz sample holder. The substrates were pre-
heated in air at 1100°C in order to remove organic detergents.

The crystal structure of the material was studied by XRD. Auger
analyses provided information on the stoichiometry of the B,P de-
posits. Surfaces of the CVD films were studied with scanning elec-
tron microscopy SEM (JEOL JSM-35).

To determine the resistivity and the Hall coelficient with the Van
der Pauw method four ohmic copper contacts were provided on
the corners of the rectangular samples, The resistivity and Hall
coefficient were determined at room temperature, An electrical cur-
rent of 100 pA was applied. The potential differences were recorded
with a Keithley 150B Microvolt ammeter. For determination of the
Hall coefficient a Varian magnet V 3603, with magnetic field
strengths ranging from 0.1 to 1,0 Tesla was used. Because the meas-
uring current slowly heated the sample, which was manifest in a
continuous variation in the Hall potential, the system was stabilized
for several hours before performing a measurement.

The sample was mounted in a photoelectrochemical (PEC) cell
provided with a Pt counter clectrode, and a saturated calomel ref-
erence electrode (SCE), In order to prevent contamination of the
electrolyte with KCl, the SCE was placed in a saturated KCl so-
lution which was connected to a container with clectrolyte which
in turn was bridged to the electrolyte in the PEC cell. The four Cu
contacts on the surface served as working electrode contact. As
electrotytes: [1]: HaSO, (0.1 M), [2]: H,S0,(0.05 M) + KCI (1 M),
[3}: KOH (0.1 M), {4]: HAc (0.05 M) + NaAc (0.05 M) + KCL
(1 M), and [57: Na,B404 (0.1 M) + KCI (1 M) were used. The BP/
electrolyte geometrical contact surface area was in all cases 0.2 cm®.

Current-voltage curves were obtained in the dark, and upon il-
lumination by slowly sweeping the potential, <1 mV/s. The radi-
ation source used was a 450 W high pressure Xenon lamp with IR
filtering, Transient i — F curves were recorded using chopped illu-
mination with a similar potential sweep. The chop rate could be
varied between 40 mHz and 10 Hz. A sequence of Schott high pass
filter glasses together with a UV cut-off filter were used in order to
record the spectral photocurrent, The anodic potential was kept
constant at 1.2 V vs. SCE and stable photocurrents corrected for
dark-currents are determined.

Impedance spectra of uniradiated PEC cells were recorded. The
[requency range applied was 107! to 10° Hz with an a.c. potential
amplitude of 20 mV. A Solartron (1250) Frequency Response An-
alyzer coupled to a Solartron (1286) Electrochemical Interface was
used. The a.c. potential was superimposed on a d.c. polarization
potential. The systermn was stabilized before the frequency sweep was
applied.

Results

Polycrystalline boron phosphide deposits on alumina substrates
have a black appearance. The coatings are homogeneous over the
entire substrate surface. The deposit adheres extremely well to the
alumina substrate. The deposition rate obtained is typically about

10 pm per hour. The samples used in this papcr all have a thickness
of about 5 unw.

From X-ray diffraction measurcments the zincblende structure of
polycrystalline BP could be confirmed unambiguously.

From Auger analyses the boron to phosphor ratio (x) in B,P was
determined to be about one. Besides B and P, no other elements
except some adsorbed oxygen and carbon are found at the surface.

Scanning Electron micrographs reveal a substantial surface
roughness, The surface can best be described as a collection of BP
spherical like crystallites with radii of typically 2—3 pm, stacked
in a completely random way. It seems very well plausible that the
actual surface area could be an order of magnitude greater than
the geometric areca. A SEM picture taken at a magnification of
500 x is presented in Fig. 1.

Fig. 1
Micrograph of polycrystalline BP deposited on alumina substrates
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Fig. 2
{Photo-) Current-voltage characteristics of polycrystalline BP in
H,80, (0.1 M). (1) dark-, (2) light-, (3) photocurrent

All samples exhibit n-type conductivity, Typical values for the
resistivity, the donor density (Np,) and the Hall electron mobility
are: 5 ohm-cm, 10" em™3, and 0.13 em?/Vs, respectively.

Current-voltage curves reveal diode characteristics as is to be
expected for Schottky barrier junctions. Upon illumination an an-
odic-, and in some cases a minor cathodic photocurrent is meas-
ured. The maximum observed anodic photocurrent in electrolyte 1
is about 0.5 mA/cm? which is very small with respect to the intensity
of the incident radiation. The anodic photocurrent onset potential
varies Jor the different samples between 0.1 and 0.5 V vs. SCE in
electrolyte 1. Broad “S™-shaped photocurrent curves towards sat-
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uration are observed. In Fig. 2 current-voltage curves are presented.
In this {igure the i— V curves in the dark: i-dark vs. ¥, upon illu-
mination i-light vs. ¥, and the photocurrent i-photo (= i-light mi-
nus i-dark) vs. V arc shown. It is observed that whenever an anodic
current is [lowing, gas formation, presumably oxygen, occurs at the
BP clectrode surface.

Transient i — ¥ curves — recorded with chopped polychromatic
illumination — clearly revealed a trapping effect. In a potential
region positive to the photocurrent onset potential a fast anodic
photocurrent overshoot was observed when the light was turned
on. When switching off the light a similar but larger cathodic dark
current overshoot was recorded. The overshoot duration is in the
subsecond region whereas the photocurrent stabilizes not before 15
minutes, In Fig. 3 the transient photocurrent behavior is presented.
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Transient {— V behavior obtained in H,SO, (0.1 M} with chopped
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Equivalent circuil which adequately model the small signal a.c.
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Fig. 4
Spectral dependence of the photocurrent in polycrystalline BP po-
larized at 1.2 V vs. SCE obtained with high pass filter glasses

The presence of electron states in the forbidden gap is also ob-
vious from spcetral photocurrents, In Fig. 4 it is clear that excitation
with low energy photons hy < E,, leads to noticeable photocur-
rents. Even at wavelengths larger than 715 nm, which is far beyond
the 2.0 eV indirect bandgap at 620 nm, light is absorbed and results
in free charge carriers. The presence of electron states within the
lorbidden zone is required to account for this subbandgap photo-
current,

The small-signal a.c. response of the PEC cell is represented as
an admittance diagram in Fig, 5, In this figure, the imaginary com-
ponent of the admittance, Y, is plotted versus the real com-
ponent, Y.

Non lincar least squares (NLLS) fitting to equivalent circuits
yielded RW s Csc p O 5 Ry p Rs s C p, where p stands for parallel
and s for series, to adequately model the PEC cell’s small signal

Mott-Schottky plot of polycrystalline BP in the dark with H,S0,

(0.1 M) as electrolyte
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pH dependence of the flatband potential. The numbers correspond

with the various electrolytes: [1] H,SO, (0.1 M), [2] H,S04 (0.05 M)

+ KCI (1 M), [3] KOH (0.1 M), [4] HAc (0.05 M) + NaAc (0.05
M) + KCI (1 M), [5] KCI {1 M) + Na,B,0, (0.1 M)
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a.c. response. Fig, 6 presents the equivalent circuit of the system
under study in the dark. A survey of the results from fitting the
model to the measured impedance data is presented in Table 1. In
the reduced frequency range 0.1 to 10 Hz this complicated equiv-
alent circuit can be simplified to Rr Csc p Rs s to model the system’s
response with reasonable accuracy.

Table 1
The potential dependence of the equivalent circuit element parameters

v R Csc R w
(V vs. SCE) (kQ) F) k) (S ')
-0.05 254 334 253 73.4
0.0 288 250 434 251
0.05 62.8 19.5 528 175
04 467 169 244 308
0.5 79.3 153 320 30.0
02 102 144 369 29,5
025 146 142 350 278
03 B 13.8 338 503
0.35 0 127 411 478
04 B 114 C 467 433
0.5 @ 10.5 544 61.4
0.7 0 9.2 103 103
1.0 w 7.41 122 47,5

Rg varies between 1.03 kQ and 1,15 kQ.
varies from 0,14 at 0,05 V to 0.37 mS s* at —1.0 V vs. SCE.
varies from 0.48 at 0,05 V to 0.33 at —1.0 V vs. SCE,

' 1s aboul 7 nF.

QRO

The data for the frequency independent space charge capacitance,
Csc, were used to construct the usual Mott-Schottky plots of €2
versus V. In Fig. 7 this plot is shown for data recorded H,SO4
(0.1 M) having a pH of 1.24.

The flatband potential is observed to depend linearly on the
electrolyte pH value, In Fig. 8 this dependence is presented.

The current-voltage characteristics as well as the impedance data
recorded in the electrolytes 2 to 5 are qualitatively similar to the
data presented above for electrolyte 1.

Discussion and Conclusions

Polycrystalline BP can be deposited onto alumina sub-
strates by a conventional CVD process. When annealed the
coatings exhibit the desired semiconducting properties and
can serve as photoanode in a PEC cell.

All samples are n-type with low resistivity and a high
donor density. Since no elements but B and P are present,
the conduction in the layers is determined by an excess of
P over B. Whether the excess P atoms are incorporated as
interstitials or present as substitutional atoms has not been
determined yet. Annealing the samples at 900°C removes
part of the excess of P atoms and thus lowers the donor
density. The magnitude of the resistivity as well as the donor
density, as obtained with the Van der Pauw method, is sen-
sitive to surface inhomogeneities and the microstructure of
the semiconductor film [6]. With regard to the results in
Fig. 1 grain boundary polarization phenomena cannot be
ruled out in the present films. Hence the Van der Pauw
resistivity may be too large, and the donor density too low.

The value of the dielectric constant (¢) of BP is reported
to be 11 [7]. This value is obtained from Schottky barrier
reflectance measurements applied to single crystals. Again
inhomogeneities have not been taken into account.

Bringing BP into contact with an electrolyte leads to a
Schottky barrier. The presence of this Schottky barrier
makes it possible to obtain a photocurrent when illuminat-
ing the semiconductor surface. Current-voltage curves, as
shown in Fig. 2, show the expected diode behavior. At low
anodic polarization the current is blocked, but when in-
creasing the polarization to values higher than about 1.2 V
vs. SCE, the blocking capability of the heterojunction is
lowered probably due to the presence of holes at the surface.
At these voltages inversion occurs. We assume that the ob-
served gas formation at the BP surface must be related to
charge transfer processes between the BP valence band and
the electrolyte. Hole capture from the valence band by the
electrolyte results in the formation of oxygen. Apparently,
charge transfer between the BP valence band and the elec-
trolyte can compete strongly with either recombination
processes or (photo-) anodic decomposition of the semicon-
ductor.

Upon illumination, wide “S”-shaped photocurrent-volt-
age curves are obtained. The observed photocurrents are
very small. At high anodic potentials a deviation from the
maximum- or saturation photocurrent occurs. Effective elec-
tron/hole recombination seems to compete strongly with the
charge transfer current even in this potential region. The
width of the space charge layer (W) is defined as:

]T 172 2 1/2
W:WO(V-Vn,—i-) with WOE( 88") .
' e eND

Taking Np to be 10 em~? and ¢ to be 11, than W, is found
to be about 11 nm. Boron phosphide is known to be a
semiconductor with an indirect fundamental optical ab-
sorption with the absorption coefficient, a, ranging between
13cm~!at A = 700 nm and 190 cm ™' at A = 400 nm [8].
Since the product W x a is much smaller than 1, the major
part of the incoming photons is absorbed far outside the
space charge region in the bulk of the semiconductor. The
Hall mobility of the majority charge carriers is observed to
be very small in this polycrystalline material and this is likely
to apply for the minority carrier mobility as well. Since the
mean free path will be very small, diffusion of photocreated
holes in the bulk of the semiconductor can cause hole trans-
port towards the depletion region only across very small
distances and thus cannot contribute to the photocurrent
to a large extent. Taking the high donor density and the
small mobility into account, it is obvious that most of the
photo-electrons and photo-holes are created far outside the
depletion region and cannot reach this region by diffusion
due to fast bulk recombination processes. Only an amount
of about W x a (/0.02% at 400 nm excitation) of the pho-
toholes can reach the semiconductor surface and may take
part in a redox reaction — and thus contribute to the pho-
tocurrent — if surface recombination is absent. A very low
quantum efficiency defined as i-photo/@° (with @° the in-
tensity of the incoming light) must, therefore, be expected.
From transient photocurrent experiments, using chopped
illumination, presented in Fig. 3, effective trapping and re-
combination via intragap states is obvious, The photocur-
rent- and the dark current overshoot can be ascribed to
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charging and discharging of intragap states. When turning
the light on, holes are created and are used to occupy in-
tragap states until a steady state hole occupation is reached.
This process causes an anodic transient current spike. When
switching off the light, the hole density at the surface, and
thus the hole capture rate, is reduced and electrons from the
conduction band are able to empty the states until a new
steady state occupation is reached. This process is respon-
sible for a cathodic current spike. The time constant ob-
served in the charging/discharging process of the intragap
states is in the millisecond region which is rather long. In
order to explain this slow trapping and recombination, two
models will be discussed briefly.

First it is possible that the trapping and recombination
occurs via states which are present either in the space charge
region or at the surface of the semiconductor. A small state
density results in slow recombination processes since the
time constant for recombination via intragap states is linear
in the reciprocal of the state density. The nature of poly-
crystalline semiconductors does not seem to justify a small
intragap state density though.

A second model is derived from the assumption that a
chemical reaction is involved in the trapping and recombi-
nation process. In this case the intragap electronic states are
not present in the semiconductor, but in the electrolyte. In
fact, Parent et al. [9] performed similar transient experi-
ments on Fe,O;. They observed large transient current
spikes compared to the steady state current in the photoan-
odic regime of the i~V curve. Similar to our results this
transient behavior is present under low applied anodic po-
tentials, goes through a maximum, and disappears at more
positive potentials. This behavior has been described by
Iwanski et al. [10] to photogenerated holes which produce
either an intermediate species in the water oxidation (or
oxygen), or the oxidized species (Ox) of a redox couple. In
addition to the photogenerated holes, electrons from the
conduction band are suggested to be able to reach the sem-
iconductor surface. A large density of electron states within
the forbidden zone in the space charge region may cause
electron transport to the surface under depletion conditions.
Surlace electrons would be able to reduce the oxidized spe-
cies in the electrolyte which were produced earlier by the
photogenerated holes, hence a cathodic back reaction is set
on immediately after the anodic reaction is started. When
switching off the light a cathodic back reaction will continue
until the oxidized species in the electrolyte near the sem-
iconductor surface are used in the redox reaction,

The nature of the recombination processes, responsible
for the observed effects in boron phosphide electrodes, are
still not fully understood. ,

The existence of a photocurrent at low energy subband-
gap excitation also suggests the presence of a large density
of trap states in the semiconductor space charge region.
Electrons in such trap states can be excited to the conduc-
tion band, or holes to the valence band, under the absorp-
tion of subbandgap photons leading to a noticeable pho-
tocurrent.

Impedance spectroscopy revealed a spectrum which could
be modelled with the equivalent circuit of Fig. 5. Each ele-
ment in the equivalent circuit is assumed to correspond with

an electrochemical process in the system under study. Here
the equivalent circuit is build up of seven elements. Aithough
we will focus on one of these elements only i.e. the space
charge capacitance, a brief discussion of the nature of the
other elements is given:

Rs  resistance due to both ohmic losses in the electrolyte
<100 Q, and the semiconductor bulk resistance.

Cg geometric capacitance, possibly caused by the refer-
ence clectrode.

Ry Faradaic resistance, Le. the d.c. conduction path
across the space charge region in the semiconductor.

Csc  semiconductor space charge capacitance,

Q non Debye element with impedance: Z = Q™ !{(jw)™*
which is associated to inhomogeneous diffusion of
ions in the electrolyte towards the rough semicon-
ductor surface, together (in series) with the diffusion
of electrons through the semiconducting layer to-
wards the four ohmic contacts.

W  Warburg impedance: Z = W' (jw)™"* which is as-
sociated with diffusion in the space charge region of
electrons or holes.

R ohmic losses in the semiconductor space charge re-
gion, related to electron or hole migration,

Fig. 7 shows a linear relation between C % and V. Ap-
parently the space charge capacitance obeys the Mott-
Schottky relationship:

I
VIS )

CF = ———r
88y GNDA2

In this expression AV, is the potential drop across the sem-
iconductor under depletion. When the additional potential
drop across the Helmholtz double layer can be neglected
AV, can be set equal to V' — V. In this case linear and
frequency independent Mott-Schottky plots, of C 2 vs. V,
can be used to obtain the flatband potential. From the slope
of the plot, the product Np x A% can be calculated which
will yield a value for Ny if A is known. The flatband potential
of polycrystalline BP, appears to be (—0.060—0.073 pH) V
vs. SCE. Versus the standard hydrogen potential: Vy, is
(+0.182—0.073 pH) V. In these values, a correction for a
possible potential drop across the Helmholtz double layer
has not been taken into account. Estimating the conduction
band to be positioned at 0.1 eV above the Fermi level, which
is confirmed by the temperature dependence of the ther-
moelectric power (Secbeck effect), and taking a bandgap
value of 2.0 eV it can be concluded that the position of the
conduction band, and the valence band at pH = 0 is at 0.082
and 2,082 V vs. SHE, respectively. Using atomic electrone-
gativities Butler and Ginley were able to obtain an expres-
sion for the position of the flatband potential [4,11]. To
apply this model to BP the values for the atomic electron
affinity and for the first excitation energy for B and P are
required. The atomic electronegativity, defined as the mean
value of the electron affinity and the first ionization energy,
is for B: y = 4290 eV and for P: y = 5.615 eV [12]. The
molecular electronegativity is a proportional mean value of
the atomic electronegativities and is found to be 4.91 eV for
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BP. This molecular electronegativity is assumed to be iden-
tical to the position of the Fermi level in the intrinsic sem-
iconductor. In general, this position is halfway the forbidden
zone. Assuming the position of the Fermi level in extrinsic
BP to be positioned at about 0.1 eV below the conduction
band, a value of —049 V vs. SHE for the position of the
Fermi level is found. In the ideal case the extrinsic Fermi
level position coincides with the flatband potential. Com-
paring the calculated flatband potential of —0.5 V vs, SHE
to the experimentally determined value a discrepancy is no-
ticed. This discrepancy may be caused by the additional
potential drop in the Helmholtz layer due to specifically
adsorbed species from the electrolyte at the semiconductor
surface or due to accumulated charge in semiconductor sur-
face states; Only when the net absorbed charge at the surface
is zero the experimentally determined flatband potential can
be compared with the calculated value. At a pH of about
9.3 the experimental and calculated values are equal. There-
fore, the point were no net charge is absorbed, “point of

zero zeta potential”, is found at pH = 9.3. This value is

rather high, but not unrealistic.

Compared with the well known 111-V semiconductors:
GaP, GaAs, and InP, with their conduction band energies
at pH =0 of: +1.05, +0.9, and +0.25 eV vs. SHE, respec-
tively [13], the conduction band energy of BP which is
—0.082 eV vs. SHE is surprisingly low.

The BP valence band is positioned at a higher potential
than the H,0/O, redox potential. Consequently photo-
created holes in BP are able to oxidize H,O to O,. This
feature makes BP a candidate anode material in a cell for
photoelectrolysis of water. Oxygen formation at an illumi-
nated BP anode has indeed been observed in our study.

The flatband potential of BP is noticed to depend on the
electrolyte pH in a linear way between pH 0 and pH 14 as
is presented in Fig. 8. This observation strongly suggests
that the BP surface in aqueous electrolyte solutions contains
hydroxide groups which are more or less in acid-base equi-
librinm with the solution. In GaAs, GaP [13] and in InP
[14] a similar pH dependence is reported. In GaAs and GaP
a Nernstein behavior is found [13] but in InP there ap-
peared to be a non-linear pH dependence [14].

When the donor density is calculated from the slope of
the Mott-Schottky plots, substituting a value of 0.2 cm? for
the surface area, A, a donor density of 3.3 x 102 ecm~? is
obtained. This number can be compared with the donor
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density obtained from Hall potentials being 10" cm~> A
difference of more than two orders of magnitude is found
between these two independent methods. The roughness of
the electrode surface as is shown in Fig. 1 can be responsible
{or this clear discrepancy. The space charge layer is able to
follow the curvature of the surface on a submicron scale.
Obviously a large deviation between the geometrical surface
area and the surface area as been measured on a submicron
scale occurs. Assuming the Hall donor density to be accurate
we are able to calculate the ratio between the “real” elec-
trolyte/semiconductor contact area, and the geometric area.
In this case a ratio of 18 is found.
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