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Abstract
Flatband potentials, charge carrier concentrations and their frequency dispersions of p-type and n-type InP in 1.0
M HCl were determined. The cathodic decomposition of InP in this acidic solution is compared with the deposition
process of indium from 1.0 M-HCl containing 0.1 M InCl3. The share of the involved reactions, hydrogen evolution,
InP decomposition and indium deposition are investigated. The reaction rates are generally smaller on p-type InP and
the reaction speed is much slower but the principal reactions are the same. The kinetics of the indium deposition and
dissolution are studied in detail. These reactions are discussed in terms of the preparation of watersplitting
photoelectrodes with modified surfaces. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
InP is a promising material for high-speed-transistors
(\ 1 GHz), optoelectronic devices and watersplitting
photoelectrodes [1–3]. The main advantages are the
favourable band gap and position of the Fermi level,
the high charge carrier mobility and the generally high
corrosion resistance. However, under special conditions
such as high overpotentials, aggressive electrolytes or
illumination, the corrosion or photocorrosion can increase significantly [4–7]. Beside the unintentional loss
of material, this offers the chance for a modification of
the material. Examples are the surface modification by
metal deposition [7–9] and the formation of porous InP
by anodic oxidation in HCl which has been demonstrated recently in analogy to the preparation of porous
silicon [10,11].
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InP forms Schottky barriers with many metals
[12,13]. The barrier heights are generally small. Attempts were made to modify an InP surface by covering
it with small metallic indium bumps. This should increase the efficiency of hydrogen evolution if this system is used as a watersplitting photoelectrode. The
success of this method was very limited due to the high
overpotential for hydrogen evolution at metallic indium
[14]. If other metals are used directly on the InP interface, the barrier remains small for reactive metals such
as aluminium, nickel or iron, or it increases significantly
for the less reactive metals such as gold, copper or silver
[15– 17]. The first group of metals is not very promising
either due to their corrosion tendency or due to their
charge transfer blockage, resulting from their passivation at the electrolyte interface. For the latter group, on
the other hand, the charge transfer is hindered at the
higher Schottky barrier.
A consequent idea would be now to use a more
complex system which combines the advantages of both
metals. InP should be used as the light converting
semiconductor, which carries small platinum covered
indium bumps. The InP/In interface with its low barrier
height would allow an easy charge transfer into the
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metal and the influence of the In/Pt interface is probably negligible. The influence of indium interlayers in
InP/noble metal contacts has already been studied [13].
This sandwich type material has a high potential for
material engineering since the position of the Fermi
level pinning, and hence, the height of the Schottky
barrier can be influenced by a selected metal [13].
Finally the outermost metal layer could be optimised to
minimise the kinetic hindrance of the hydrogen evolution reaction.
In this work, the basic reactions of InP or InP/In in
hydrochloric acid are investigated. The properties of
the blank semiconductor and of completely covered InP
are described. The influence of the Schottky barrier at
the semiconductor/metal interface is revealed for n-type
and p-type electrodes. In/InP contacts are either prepared by cathodic decomposition or by cathodic deposition from InCl3 containing electrolyte.

2. Experimental
The electrochemical cell consisted of a double walled
glass vessel with six connectors for electrodes and inlets

(gas and electrolyte). The cell was thermostatted to 298
K and kept in complete dark for all experiments. A
gold electrode (A= 4 cm2) was used as counter electrode and a silver/silver chloride electrode with saltbridge acted as reference electrode.
Solutions (1.0 M HCl) were prepared from reagent
grade chemicals and ultrapure water (Millipore Q).
Comparative studies were performed in 1.0 M HCl
solutions containing 0.1 M InCl3. They were deaerated
with ultrapure argon (7.0 N) prior to use. InP single
crystals (100) were purchased from Japan Energy,
Tokyo. The n-type InP was doped with S, resulting in a
bulk charge carrier concentration ND,Bulk = 3.7× 1018
cm − 3and a specific resistance of RSpec = 1.1× 10 − 3 V
cm. The Ohmic back contact was prepared by successive evaporation of Ge (20 nm), Au (80 nm) and Ni (20
nm). The p-type InP was Zn doped with NA,Bulk =
3.7× 1018 cm − 3 and RSpec = 2.6× 10 − 2 V cm. Two
successive layers of Zn (20 nm) and Au (80 nm) were
used to form the Ohmic back contact. A copper wire
was connected to the back side using silver paste and
the specimen was embedded into silicone sealant. The
specimens were etched in concentrated HCl, washed
with ethanol and thoroughly rinsed with water.
All electrochemical measurements were performed
using a Solartron Schlumberger frequency response
analyser HF 1255B in combination with a Solartron
electrochemical interface 1287.

3. Results

3.1. Basic semiconductor properties

Fig. 1. Impedance spectra of n-InP in 1.0 M HCl. The simple
equivalent circuit is given as an insert.

The electrochemical behaviour of a semiconductor is
determined mainly by the flatband potential EFB, the
band gap and the charge carrier concentration N (ND
or NA) in the space charge layer. Hence, a detailed
knowledge of these parameters is indispensable for an
understanding of a material’s electrochemical behaviour. In order to get a consistent set of these basic
parameters, they were determined under these very
conditions.
Some representative electrochemical impedance spectra (1 Hz 5f 5 100 kHz) of n-InP in 1.0 M HCl are
shown in Fig. 1 for various electrode potentials. The
spectra prove not only the validity of the simple equivalent circuit which is given as an insert, but demonstrate
also the potential dependence of the capacity and the
resistance of the semiconductor/electrode interface.
Mott– Schottky plots of these data are shown in Fig.
2 for different frequencies. If the capacity of the space
charge layer CSC is plotted as a function of the electrode potential E according to,
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Fig. 2. Mott– Schottky plots of n-InP in 1.0 M HCl for
different frequencies.
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(1)

where q, elementary charge; k, Boltzmann constant;
and T, temperature. The flatband potential can be
2
determined from an extrapolation to C −
SC =0. The
charge carrier concentration can be calculated from the
slope, since the vacuum permittivity m0 and the relative
permittivity of the material mr (12.3 [8], 12.1 [18]) are
known. This analysis was made for different frequencies, to show the influence of the frequency dispersion
on the values.
The results of this analysis are shown in Fig. 3. In
Fig. 3a, the charge carrier concentration ND in the
space charge layer is plotted as a function of the
frequency. At 1 kHz, it has a value of 2.9 ×1018cm − 3
and decreases by 8.8% per decade of frequency. The
determination of the charge carrier concentration is
most reliable for frequencies between 50 Hz and 30 kHz
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where the space charge capacity dominates the
impedance response of the system. For higher frequencies, the electrolyte resistance determines the impedance
and in the low frequency region, the parallel resistance
limits the impedance. The flatband potential, on the
other hand, shows a much less pronounced frequency
dependence in Fig. 3b. Again, the values are most
reliable in the frequency window between 50 Hz and 30
kHz where the space charge capacitance dominates.
The flat band decreases by 5 mV per decade of frequency. At 1 kHz, it has a value of −0.295 V.
The same analysis was made for p-type InP. As
already reported, a second time constant is observed in
the impedance spectra of this system. This is usually
ascribed to the charge transfer resistance in parallel to
the Helmholtz capacity at the semiconductor/electrolyte
interface. A detailed description is being skipped here,
since the main emphasis is put on the determination of
the flat band potential and the charge carrier concentration. Hence, the impedance spectra were analysed only
in the frequency range where the space charge capacity
can be determined. The results taken from the Mott–
Schottky analysis are shown in Fig. 4. As indicated in
both figures, the space charge capacity is dominating
only in a comparatively small frequency range between
30 and 1500 Hz, which means 1.5 decades. Fig. 4a
shows the acceptor concentration as a function of the
frequency. At 1 kHz, it has a value of 3.7 × 1018 cm − 3.
The line which is shown in the figure represents the
linear regression, calculated over the space charge capacity dominated region CSC and the region RSC where
the resistance of the space charge layer is dominant, but
still significantly influenced by the space charge capacity. The slope of this line yields the charge carrier
concentration which decreases 3.3% per decade of frequency. The frequency dependency is less pronounced
than for the n-InP. In Fig. 4b, the flat band potential is

Fig. 3. (a) Frequency dependence of the flat band potential of n-InP in 1.0 M HCl. The regime of any dominating element is
indicated in the figure. (b) Frequency dependence of the charge carrier concentration ND of n-InP in 1.0 M HCl. The regime of any
dominating element is indicated in the figure.
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Fig. 4. (a) Frequency dependence of the flat band potential of p-InP in 1.0 M HCl. The regime of any dominating element is
indicated in the figure. (b) Frequency dependence of the charge carrier concentration NA of p-InP in 1.0 M HCl.

plotted as a function of the frequency. Like for the
charge carrier concentration, the frequency range where
the space charge capacity dominates is limited to a
small band of 1.5 decades. A value of 0.92 V is determined at a frequency of 1 kHz. In contrast to n-InP, it
is found that flat band potential is almost independent
on the frequency. This was also found by Van Wezemael et al. [19] and Uosaki and Kita [1].

3.2. Corrosion of InP in HCl
If InP is polarised cathodically (in dark) in acidic
solutions, it decomposes according to
InP+3H+ +3e− In+PH3

(2)

in parallel to hydrogen evolution

by numerical integration of the corresponding current
transients. It is seen that the height increases with
increasing corrosion time. The peak shifts to more
anodic potentials with increasing corrosion time, or
cathodically consumed charge respectively, indicating
some kind of kinetic hindrance in the dissolution. As
reported before [17], this anodic current peak can be
observed on both types of InP. The peak potential was
EPeak = − 0.47 V (SHE) at a sweep rate of 10 mV s − 1.
It was also shown that the dependence of the peak
potential on the cathodic corrosion time tcorr or amount
of formed indium respectively, was much smaller for
n-type InP compared with p-type.
The dissolution reaction,
In In3 + + 3e−

(4)

(3)

+ was analysed in more detail with the following experiments. Fig. 6 shows cyclic voltammograms of n-InP in

The formation of PH3 was recently proved by mass
spectrometry [20]. The latter reaction will be influenced
by the metallic indium which is formed in the first
reaction. The kinetic behaviour depends on the amount
and morphology of the indium on the semiconductor
surface, the type of InP and the amount of hydrogen
which was already formed at the electrolyte interface
[4,8].
An analysis of the corrosion rate and suggestions on
the mechanism become possible, if the metallic indium,
formed on the InP surface during cathodic decomposition, is oxidised in a subsequent anodic potential sweep.
An example of this procedure is given in Fig. 5. The
potentiodynamic anodic polarisation curves (sweep
rate, 10 mV s − 1) were recorded after polarising the
n-type sample potentiostatically at −0.8 V (SHE) for a
defined time tcorr. The corrosion time was varied in this
experiment. The cathodic corrosion charge, as well as
the charge of the anodic oxidation peak, were obtained

Fig. 5. Potentiodynamic dissolution of indium from n-InP in
1.0 M HCl. The indium was formed potentiostatically at −0.8
V for tcorr by cathodic decomposition of the semiconductor.

2H+ +2e− H2
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Fig. 6. Cyclic voltammograms of n-InP in 1.0 M HCl containing 0.1 M InCl3. The lower reverse potential was −0.5, − 0.6,
−0.7 and − 0.8 V and the scan rate was dE/dt= 10 mV s − 1.

1.0 M HCl containing 0.1 M InCl3. The sweeps were
started at 0 V and the potential was lowered with a rate
of dE/dt=10 mV s − 1. After reaching the lower potential limit, the potential was increased immediately with
the same rate back to the starting potential of 0 V. For
return potentials of −0.1, −0.2, −0.3 and −0.4 V,
no significant current flow was observed. With a lower
potential limit of −0.5 V, a minor cathodic charge
consumption is observed at the very end of the cathodic
sweep. Accordingly, a small anodic charge is observed
in the subsequent anodic sweep. However, if a more
cathodic potential is chosen as the lower limit, the
current first increases up to 25 mA cm − 2 and then
drops down to about 20 mA cm − 2. Then it remains
almost constant for even more cathodic potentials.
Neither in the subsequent anodic sweep does the current density changes up to a potential of about − 0.5
V. At a potential between −0.5 and − 0.4 V the sign
of the current changes at the characteristic potential
Ezc. The term Ezc for the potential of zero current is
chosen here with respect to the unknown nature of this
potential. At higher potentials, an anodic current peak
is observed. The potential of maximum current EPeak
depends on the lower potential limit or the consumed
charge, respectively. It should be noted that the cathodic current density is almost independent on the
potential, on the scan direction and shows an excellent
reproducibility if the same specimen is cycled many
times.
This process was further analysed by the potential
time program which is given as an insert in Fig. 7a. The
n-type specimen was polarised potentiostatically to
−0.8 V for a defined time tw. The potential was then
swept anodically as before. The charge densities which
were consumed during potentiostatic cathodic polarisa-
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tion (qcathodic,potstat), during the potential sweep up to
Ezc (qcathodic,potdyn) and above Ezc (qanodic) are plotted as
a function of the time in Fig. 7a. The amount of
deposited In (qcathodic,potstat) increases linearly with time,
as it is expected for a potential and time independent
current. The additionally consumed charge in the first
part of the sweep remains constant. Consequently, the
charge of the anodic peak increases linearly with a
similar slope as the potentiostatic one. The two characteristic potentials Ezc and EPeak are analysed in Fig. 7b.
The potential of zero current remains unchanged
whereas the peak potential shifts to more anodic potentials with increasing amount of deposited indium. This
indicates that the dissolution of indium is kinetically
hindered.
The same experiments were made with p-type InP.
The results are shown in Fig. 8. As for the n-InP
qcathodic,potstat increases linearly with time and
qcathodic,potdyn remains constant in Fig. 8a. Also for
qanodic a linear dependence on the polarisation time is
found. Fig. 8b is essentially the same as for the n-InP in
Fig. 7b. The main differences are the absolute value of
EPeak and its stronger dependence on the waiting time.
At this point, it is not clear whether these differences
result from a stronger kinetic hindrance. However, one
might suggest this from the coincidence of the onset of
dissolution Ezc for both types of InP.
In Fig. 9, the ratio of anodic and cathodic charge is
plotted as a function of the polarisation time or total
charge, respectively. Potentiostatic and potentiodynamic cathodic charges were summarised to give the
total cathodic charge. Ideally, a value of 1 would
indicate a fully reversible deposition/dissolution of indium on the semiconductor surface. This value is found
only for n-type InP for polarisation times of 15 s or
longer. In the case of p-InP, a significantly smaller
value of 0.65 is found in the beginning. For longer
polarisation times, however, the ratio tends more and
more to unity. This behaviour can be understood easily
with the hydrogen evolution reaction (Eq. (3)) in parallel to the indium deposition in the beginning. After
complete coverage with indium, the share of this reaction will decrease since the hydrogen evolution has a
large overpotential on indium.
Surprisingly, ratios of more than 1 are found for
n-InP at shorter polarisation times. Probably a chemical decomposition of the semiconductor leads to a thin
layer of species which are oxidised in the following
sweep.
In order to analyse the kinetic hindrance of the
dissolution process further, the scan rate dependency
was investigated. The sample was polarised potentiostatically to − 0.8 V for 25 s to deposit a defined
amount of indium on the surface. The potential was
then switched to Ezc and immediately scanned with a
scan rate between 3 mV s − 1 and 300 mV s − 1. The peak
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Fig. 7. (a) Partial charge density as a function of the cathodic polarisation time at − 0.8 V of n-InP in 1.0 M HCl containing 0.1
M InCl3. The potential time diagram is given as an insert. Details on the meaning of each charge are given in the text. (b) Potential
of the anodic dissolution peak EPeak and potential of zero current Ezc as a function of the cathodic polarisation time at − 0.8 V of
n-InP in 1.0 M HCl containing 0.1 M InCl3. These data were obtained from the same experiments as those in Fig. 7a.

A.W. Hassel et al. / Electrochimica Acta 45 (2000) 4673–4682

potentials are plotted as a function of the sweep rate in
Fig. 10 for both types of InP. A logarithmic scale was
chosen with respect to the wide range of scan rates. It
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is seen, that both types of InP tend to a lower potential
limit of − 0.45 V. This potential is the equilibrium
potential of the InP in this solution. The figure shows

Fig. 8. (a) Partial charge density as a function of the cathodic polarisation time at − 0.8 V of p-InP in 1.0 M HCl containing 0.1
M InCl3. The potential time program was the same as shown in the insert in Fig. 7a. Details on the meaning of each charge are
given in the text. (b) Potential of the anodic dissolution peak EPeak and potential of zero current Ezc as a function of the cathodic
polarisation time at − 0.8 V of p-InP in 1.0 M HCl containing 0.1 M InCl3. These data were obtained from the same experiments
as those in Fig. 8a.

Fig. 9. Ratio between anodic dissolution charge density and cathodic deposition charge density as a function of the cathodic
polarisation time tw at −0.8 V of p-InP in 1.0 M HCl containing 0.1 M InCl3.
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Fig. 10. EPeak as a function of the logarithm of the scan rate for n-type InP and p-type InP in 1.0 M HCl containing 0.1 M InCl3.

clearly that the kinetic hindrance is much stronger for
the p-type. With this result, the meaning of the potential of zero current is illuminated. For a moderate
sweep rate up to 10 mV s − 1, it coincides with the
equilibrium potential. For higher sweep rates, it is
shifted to more anodic values.

4. Discussion
The results of the experiments described above are
summarised in the energy level diagram of Fig. 11. The
levels refer on the left side to the vacuum scale and on
the right side to the electrochemical scale. The flatband
potentials at 1 kHz of both types of InP are plotted, as
well as the limiting anodic peak potential which nearly
coincides with the Ezc at sweep rates up to 10 mV s − 1.
This potential lays just at the lower edge of the conduction band. The standard normal potentials of the three
plausible reactions between In, In+ and In3 + are also
given. Significant deviations from these potentials must
be expected especially for the decomposition in pure
hydrochloric acid, since the concentration of the dissolved In+ and In3 + ions is very low.
For the deposition experiments with InCl3 containing
electrolyte on the other hand, the potential is well
defined and constant since the concentration in the
solution does not change. From a comparison of the
potentials, it is concluded that Eq. (4) is the dominant
reaction. Surface analytical investigations have shown
that a film with significant content of In+ is formed on
InP (111) planes in hydrochloric acid [20]. The fact that
the current density in Fig. 6 remains constant for even
higher cathodic polarisation proves the absence of In+
in the deposited film. The tendency to a charge ratio of
1 for both types of InP on the other hand demonstrates
that the In is dissolved directly to the trivalent ion. The
nature of this reaction can also be proved with an InP
electrode with evaporated indium. If this electrode is

immersed at a moderate cathodic potential into the
InCl3 containing HCl electrolyte and then potentiodynamically scanned to more anodic potentials, the dissolution of indium can be measured. A calculation of the
charge proves a dissolution process in agreement with
Eq. (4) [21].
A reaction scheme for the decomposition and the
dissolution cycle at different stages is given in Fig. 12.
On bare InP, decomposition and hydrogen evolution
are concurrent reactions in the beginning. With increasing indium coverage, the ratio between both reaction
changes since the material transport through the sur-

Fig. 11. Energy level diagram of InP.
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barrier can be determined either from the reverse saturation current density or from Mott– Schottky plots
for solid-state InP-metal contacts. The barrier heights
are found to be much smaller (0.4 eV) for n-InP-In
than for p-InP– In contacts (0.8– 1.0 eV) in the absence of hydrogen. It was reported for InP/In contacts with an evaporated indium layer that the barrier
height decreases on n-type InP and increases on pInP [8]. Our own experiments with solid state InP/In
contacts where the first layer of indium was deposited
electrochemically are in contradiction hereto. It was
found that the current increases by a factor of 10 if
an n-InP/In is exposed to an H2 atmosphere instead
of argon. But even for the p-InP/In a three times
higher current is observed in hydrogen atmosphere
[21]. The influence of the hydrogen on the formation
and the corrosion of indium on indium phosphide
under these conditions is not exactly clear. It is subject of our present investigations. However, this hydrogen influence may prove useful as some kind of
switch during the deposition of the catalyst, e.g. platinum.
Fig. 12. Schematic of the reactions during decomposition or
deposition.

face indium layer is more and more hindered. Therefore, the share of the hydrogen evolution increases
for both types of InP [18] with increasing metal coverage. The structure of the indium is expected to be
more or less porous since roughly half of the semiconductor is dissolved in the solution. Otherwise, the
significant reaction rate even for thicker indium coverages would be hard to explain.
In contrast to the before mentioned, the share of
the reactions is quite different for the deposition process. In the very beginning, decomposition, deposition
and hydrogen evolution are concurrent reactions. But
with the first monolayer of indium, the reaction fraction changes dramatically. While decomposition and
hydrogen evolution are slowing down immediately,
due to the hindered material transport, or the overpotential of the hydrogen evolution on indium, the indium deposition is not significantly influenced by the
thickness of the indium layer. The film should be
much more dense compared with the film formed by
decomposition. The indium deposition, on the other
hand, can proceed continuously at the same rate. The
hydrogen evolution is not only important as a concurrent reaction but also influences the total reaction
speed. The Schottky barrier at the semiconductor/
metal interface can be influenced strongly by electrochemically formed hydrogen. The height of this

5. Summary
A precise Mott– Schottky analysis revealed flatband
potentials and charge carrier concentrations for both
types of InP in acidic solutions. The former one was
almost independent on the frequency, whereas the latter showed a significant dispersion which was even
stronger for n-InP. The values are graphically presented in Fig. 11.
Indium films can be prepared on InP either by cathodic decomposition in dark or by deposition of indium from InCl3 containing solutions. While the first
reaction forms porous films slowly, the latter reaction
gives dense films immediately. The dissolution kinetics
of these films was investigated, it is significantly faster
for n-type InP as compared with p-type, the equilibrium potential however, is found to be −0.45 V in
1.0 M HCl containing 0.1 M InCl3. The ratio between deposition and dissolution charge reveals a hydrogen evolution on p-InP in the beginning. n-Type
InP, on the other hand, seems to dissolve chemically
in parts in the beginning. For higher amounts of deposit, the ratio tends to unity for both types.
Hydrogen evolution is a concurrent reaction for the
deposition only in the beginning and only on p-InP.
During decomposition, on the other hand, it becomes
a more and more important share of the total charge
consumption due to the hindered material transport.
No hints were found that indium does not dissolve
directly into the thermodynamically stable In3 + . This
is in contrast to other investigations [22] where In+
was formed instead, due to a kinetic hindrance.
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