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Summary. Film formation on compound semiconductors under anodic conditions is discussed. The
surface properties of InP electrodes were examined following anodization in an (NH,4),S electrolyte.
The observation of a current peak in the cyclic voltammetric curve was attributed to selective etching
of the substrate and a film formation process. AFM images of samples anodized in the sulfide solution
revealed surface pitting. Thicker films formed at higher potentials exhibited extensive cracking as
observed by optical and electron microscopy, and this was explicitly demonstrated to occur ex situ
rather than during the electrochemical treatment. The composition of the thick film was identified as
In,S; by EDX and XPS. The measured film thickness varies linearly with the charge passed, and com-
parison between experimental thickness measurements and theoretical estimates for the thickness
indicate a porosity of over 70%. Cracking is attributed to shrinkage during drying of the highly porous
film and does not necessarily imply stress in the wet film as grown. During the growth of the thick
porous film, spontaneous current oscillations have been observed. The frequency of oscillation was
found to be proportional to the current density, regardless of whether the measurements were carried
out during a potential sweep or at constant potential. Thus, the charge passed per oscillation remained
constant. A characteristic value of approximately 0.3 C -cm ~ % was measured under potential sweep
conditions, and a similar value was obtained at constant potential.
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Introduction

Group III-V semiconductors are widely used for optoelectronic devices and
for high power and high speed electronic devices. However, passivation of the
semiconductor is required to overcome some of the device problems which are
associated with surface states, such as catastrophic optical damage in lasers [1] and
low current gain in heterojunction bipolar transistors (HBTs) [2]. Study of the
anodic growth of films on III-V semiconductors such as InP [3] and GaAs
[4] has stemmed from their potential use as insulating layers in metal-insulator
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semiconductor (MIS) devices with better electrical results being achieved when a
passivation step is carried out prior to growth of the anodic film [5, 6]. Photoen-
hanced oxidation of GaN has been found to result in an increase in photolumines-
cence intensity, thus indicating the passivating nature of the surface oxide formed
in this case [7]. Metal-oxide semiconductor (MOS) structures using photo-electro-
chemically formed oxide layers on GaN have been fabricated [8], and interesting
features such as cracking of the oxide film formed have also been reported for the
case of GaN [7].

There is considerable interest in the role of sulfur as a passivating species
[9—11]. Sulfur treatment has been shown to considerably improve surface proper-
ties of III-V semiconductors [12—14]. In particular, anodic films grown in sulfur-
containing electrolytes appear to result in surfaces which are more resistant to
reoxidation [15, 16]. However, cracking of the anodically grown surface film on
a p-InP electrode in a sulfur-containing electrolyte has been reported [17].

The observation of current oscillations during the anodization of CdTe [18],
HgTe [19], and CdHgTe [20] in sulfide solutions has been reported. Anodic oscil-
lations have also been observed in n-GaAs under conditions of strong illumination
in a borax solution [21] and in both p-type [22] and n-type [23] Si, mainly in
fluorine-containing electrolytes. More recently, potential oscillations have been
noticed during galvanostatic anodization of n-InP in HCI [24]. Cases of oscillatory
behaviour have been reported for other semiconductor/electrolyte systems [25]
and for many metal /electrolyte systems [26-28].

Thus, the nature of anodic processes on compound semiconductors, the forma-
tion of films, their structure and composition, and the relationship to growth con-
ditions are important, both from a fundamental and a technological point of view. It
seems worthwhile to gain deeper insight into the factors governing the electrochem-
ical reactions, the film growth kinetics and behaviour, the morphology, and other
properties of the films formed in order to understand the mechanism of dissolution,
film growth, and oscillatory behaviour of compound semiconductors.

Due to the above mentioned interest in interfaces between compound semicon-
ductors and sulfur-containing electrolytes we have chosen to use InP electrodes in
aqueous sulfide solutions as a model system to investigate their behaviour [29, 30].
In this paper we report on the results of an investigation of the growth of anodic
films in this system. We elucidate the nature of previously reported cracking of these
films and communicate observations of electrochemical oscillations.

Results and Discussion

Film growth at lower potentials

Figure 1 shows cyclic voltammograms of an InP electrode in a 3 mol-dm °
(NH4),S electrolyte. The potential was scanned at a rate of 10mV - s~ ! between
an initial value of 0.0 V and upper potentials (Ey) of 0.785 and 0.88 V, respectively.
When Ey was less then the peak potential Ep, the value of the current on the return
scan was roughly similar to the corresponding current on the forward scan (Fig. 1a).
The current-voltage characteristics obtained for Ey=0.88 V (i.e. above the peak
potential) are shown in Fig. 1b. In this case, the current density on the cathodic
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Fig. 1. Cyclic voltammograms of InP in 3mol-dm 3 (NH,4),S at a scan rate of 10mV-s~!
between 0.0V (SCE) and a) Ey;=0.785V (SCE) b) Ey;=0.88V (SCE)

scan was considerably lower than on the anodic scan. Such results suggest that the
peak in current density corresponds to passivation of the surface by a deposited
film which also inhibits current flow on the cathodic scan.

Atomic force microscopy (AFM) was used to investigate the topography of
the InP electrodes following different anodization procedures. Figure 2 shows a
500 nm x 500nm AFM image of a sample that was subjected to a linear sweep
from 0.0V to a value of Ey=0.785V. On careful inspection it can be seen that
small holes or pits are dispersed over the surface of the sample. Larger areas of
the same electrode were imaged, and these pits were found to exist over the whole
surface. This indicates that selective etching of the InP substrate occurs in region
B of Fig. 1b. If the potential was scanned back to 0.0V, an increase in the pit
density was observed. Thus, selective etching of the InP electrode also occurs on
the return scan.
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Fig. 2. AFM image of an n-InP sample scanned from 0.0 to 0.785V (SCE) at 10mV-s™ ' in
3mol-dm™ > (NH,),S

The surface topography was also examined after a sample had undergone
anodization up to 0.7 V. However, no pits were observed in the AFM images taken.
In order to investigate whether more prolonged treatment would accentuate pit for-
mation, samples were subjected to repeated cycling between 0.0 V and 0.7 V. Even
after such treatment, no obvious pits were observed in the AFM images, although
the surface was found to have a much rougher texture than that of an untreated
electrode. Thus, the onset of pit formation in the InP surface appears to correspond
to the rapid rise in current in the potential region indicated as B in Fig. 1b.

The topography of samples subjected to a potential cycle between 0.0 V and Ey
values of 0.82 'V (i.e. peak potential) and 0.88 V, respectively, was examined, and it
is clear from a comparison of the AFM images obtained that the density of pits
continues to increase over the potential range from 0.75 to 0.88 V. Thus, it appears
that at potentials between 0.5 and 0.75 V etching of the InP occurs with the devel-
opment of a characteristic surface texture but with no pit formation. Above 0.75V,
pits are formed in the InP surface with a consequent accelerated increase in current.
Comparison of AFM images corresponding to potential cycling to 0.82 and 0.88 V
shows a change in texture, probably due to the growth of a thicker surface film
(35nm at 0.88 V). The decrease in current following the peak at Ep and the sub-
sequent reduced current on the reverse scan is indicative of the growth of a film.
However, the amount of decrease in current is relatively small, consistent with the
porosity in the film. The results indicate that films grown under such conditions,
while exhibiting some degree of passivity, are not effective as passivating layers.

Film growth at higher potentials

Figure 3 shows a cyclic voltammogram at a scan rate of 10mV -s ' from 0 to 2.2
and back to OV. It exhibits two noteworthy features. Firstly, it is apparent that
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Fig. 3. Cyclic voltammogram of InP between 0.0 and 2.2 V (SCE) in 3 mol - dm™ 3 (NH,),S at a scan
rate of 10mV s~ !

current oscillations occur in the anodic scan at potentials above 1.7 V; this feature
will be discussed later. Secondly, the current on the cathodic sweep is, in general,
greater than the corresponding (average) current on the anodic scan.

This contrasts with observations at lower potentials (cf. Fig. 1b) and suggests
that the films formed at higher potentials are not passivating in nature. Electrodes
exposed to potential cycles such as in Fig. 3 and subsequently removed from the
cell and examined by scanning electron and optical microscopy clearly showed
a pattern of cracking of the surface film. Figure 4 presents a scanning electron
micrograph (SEM) surface view of a typical film formed as a result of a cyclic
potential sweep between 0.0 and 1.95 V. Extensive cracking of the film is obvious
from this micrograph.

To investigate further the origin of this cracking, an InP electrode was subjected
to a cyclic potential sweep between 0 and 2.4 V. The electrode was rinsed in
deionized water and quickly transferred while still wet to a container in which
the relative humidity was maintained at approximately 100%. The sample was then
quickly transferred from the container to the optical microscope stage and imme-
diately examined. A time sequence of images obtained as the sample was allowed
to dry in ambient laboratory air is shown in Fig. 5. The first image obtained
(Fig. 5a) shows that initially the surface was essentially featureless at this magni-
fication, with no evidence of surface cracking. However, after a few minutes
(Fig. 5b), cracks appeared in the film. The progression of film cracking was mon-
itored over a period of approximately 20 minutes, and it is obvious from the images
in Figs. 5a through 5d taken over this time period that crack formation and broad-
ening continued as the sample was allowed to dry. We attribute the formation of the
cracks observed to a shrinkage of the film as it dries. As shown below, the film
involved is highly porous, and this is expected to enhance the shrinkage when
water is lost by evaporation. Clearly, the surface cracking occurs ex situ and is
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Fig. 4. SEM showing the characteristic cracking of the film formed after a cyclic potential sweep
between 0.0 and 1.95V (SCE) in 3 mol - dm~? (NHy),S at a scan rate of 10mV - s !

Fig. 5. Time-lapse sequence of optical micrographs showing the evolution of surface cracks on a

film as it dries; (a) through (d) were taken sequentially over a 20 min period; the film was formed

by cycling the electrode between 0.0 and 2.4V (SCE) in 3mol-dm~> (NH,),S at a scan rate of
10mV-s !
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not a property of the film during the electrochemical treatment. It appears that the
cracking occurs due to stress induced by drying of the highly porous film and does
not necessarily imply stress in the wet film as grown. We have also observed
similar cracking of films formed on p-InP at high anodic potentials. Such cracks
have been reported previously [17] in the case of anodization of a p-InP surface in
aqueous (NH4),S, but their formation was ascribed to stress that occurs in the
surface film during anodization. In view of the present results, however, this would
not appear to be the origin of this cracking.

Cross sections of the electrode were prepared by cleaving the InP substrate
along the (110) crystal plane and allowing the film to break along the cleavage
plane of the underlying substrate. The cracks apparent in the surface micrographs
are also evident in these cross sections and are observed to extend, typically,
through the full thickness of the film.

The elemental composition of films was investigated using both energy dis-
persive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS). In
order to eliminate any effect due to signals from In and P in the underlying InP,
samples of the film were detached from the substrate and examined. Spectra
obtained from such detached films show that S and In are the predominant ele-
ments in the film, whereas P appears to be present only in small quantities. The
In:P atomic ratio was calculated for two samples in which the film had been
detached. When a correction was made for P assumed to be present as InP, an
average value of 0.65 was obtained for the In:S ratio in the film. This is in reason-
able agreement with the calculated value of 0.67 corresponding to In,S;. XPS
measurements were carried out on a sample which had been subjected to a poten-
tial sweep from 0.0 to 1.8 V. The In 3d5/2 peak obtained from the surface film
is shifted to a higher binding energy relative to the corresponding peak obtained
from the substrate. This shift in binding energy was measured to be 0.4eV and
indicates a change in the bonding structure of In: it is consistent with In present as
In,S;5 [31]. In summary, the EDX and XPS measurements suggest that, in agree-
ment with previous reports [17], the film consists predominantly of In,Ss.

Film porosity

Film thicknesses were obtained from cross-sectional optical and electron micro-
graphs of dry films. The samples were subjected to a cyclic potential scan from 0 V
to a series of values of upper potentials greater than 1.7V (and back to 0 V). The
total charge density (Q) passed during the cyclic potential sweep was determined
by estimating the integral of the current with respect to time from the total area
(forward and backward sweeps) under the cyclic voltammogram curve. This charge
was estimated for each of the samples used in the thickness measurement study.
Estimates obtained in this way clearly show that the measured film thickness is
proportional to the charge passed, and a value of 1.64 um-C~'-cm? is obtained
for the ratio of measured film thickness to charge. The fact that the film thickness
increases linearly with the charge passed indicates that a constant percentage po-
rosity is maintained.

A theoretical value for the ratio of film thickness to charge passed during film
growth was also estimated. We assume an electrochemical process such as given in
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Eq. (1) leading to the formation of an In,S; film and dissolved oxo anions of
phosphorous.

InP 4 3/2 8>~ 4 4H,0 + 8h* —1/2In,S; + PO;~ 4 8H* (1)

The formation of PO?[ (a P(V) oxo anion) as written in Eq. (1) corresponds to an
8-electron process, whereas, for example, the formation of a P(III) oxo anion such
as HPO%‘ corresponds to a 6-electron process. For a compact film, using Faraday’s
law, the ratio of the thickness d to the charge Q is given by Eq. (2) where Vyp,s,)
is the molar volume of In,S3, n is the number of holes per formula unit of InP, and
F is the Faraday constant.

d o VM(II’]QS3)

Q0  2nF )
Using a value of 73.17 cm? - mol ~! for Vu(n,s;) [32] and assuming n=38, a theo-
retical value of 0.474 yum - C '-cm? is estimated from Eq. (2) for d/Q, the ratio
of (compact) film thickness to charge. As indicated above, an estimate of
1.64 um - C ~ ' was obtained for the corresponding ratio d. /Q of experimental film
thickness d. to charge, and thus the as-measured film thickness is found to exceed
the estimated value for a compact film by a factor of r =3.46, indicating that the
film is highly porous. Using the estimated value of r=3.46, we obtain an estimate
of film porosity of approximately 71%. It is clear from Fig. 4 that lateral shrinkage
(and hence cracking) of the film occurs. From surface-view micrographs, quanti-
tative estimates of the degree of shrinkage were achieved [33]. Talking this into
account we obtain a corrected value of porosity p=78%. As stated above, this
assumes an 8-electron process: assuming a 6-electron process leads to a value of
r=2.59 and a porosity of 71%. Thus, we estimate the porosity to be in the range
71-78%.

It is clear that films formed at potentials above 1.7V are quite porous. Film
growth mechanisms on semiconductors including Si [34], GaAs [35], and InP [36]
are often associated with the drift of ionic species through the anodic film under the
influence of an electric field. While such a mechanism may operate for film growth
at lower potentials in the present InP/S system, at higher potentials we believe that
the mechanism of growth involves diffusion of ions through an electrolyte-satu-
rated porous layer rather than ionic transport through a compact film. The porosity
of the films formed in this study explains why the surface films do not inhibit
current in this region. Thus, for example, currents on the cathodic sweep are larger
than the corresponding currents on the anodic sweep. This contrasts with the situa-
tion at lower potentials where more compact films are formed, which impose some
inhibition to the current flow.

Oscillatory behaviour

As noted earlier, an interesting feature of the anodic potential sweep in Fig. 3 is the
presence of current oscillations. Such oscillations appear on the forward sweep of
the cyclic voltammograms when the upper limit, Ey, is greater than 1.7 V. They
also appear on the reverse sweep when 1.7V < Ey < 2.4 V. As can be seen from
Fig. 3, the current increases rapidly when the potential rises above 1.7V, and so



Anodic Films on Semiconductors 793

0.1
[aV] —

L Lyg =0.320f

Q

< (3
~

2

) .

o

T 0.05. %

c .

o

5

[&]

[0)

[@)]

©

o

4

0 | L} L] T L)
0 0.05 0.1 0.15 0.2 0.25 0.3

Frequency / Hz

Fig. 6. Average current density plotted against frequency of oscillation under potential sweep
conditions; the data were obtained from the cyclic voltammogram shown in Fig. 3

does the frequency of the oscillations. The relationship of the frequency of oscilla-
tion to the magnitude of the current was investigated by plotting the average
current density against the observed oscillation frequency for a number of voltam-
mograms. The data from one such voltammogram are plotted in Fig. 6 and yield a
straight line through the origin.

This indicates that the charge per cycle is constant, with a value of
0.320C-cm 2 given by the slope of the line. Thus, as the potential increases in
a voltammogram from 1.7 to 2.4 V and the current increases correspondingly, the
charge per cycle remains constant, and the frequency of oscillation increases.

Whereas the frequency range of the oscillations obtained from a given voltam-
mogram is small, increasing the scan rate results, as expected, in an increase in the
average current density with a corresponding increase in the frequency. A series of
experiments was carried out in which the scan rate was varied from 0.001 to
0.1V-s—'. The measured frequencies of the oscillations are listed in Table 1
and span the range from 0.1 to 1.25 Hz, the charge per cycle remaining constant

Table 1. Frequency range and charge per cycle measured from cyclic voltammograms carried out at
various scan rates; the average value of charge per cycle is 0.323 C - cm ~ 2 with a standard deviation
of 0.010C-cm >

Scanrate/V -s ! Observed frequency range/Hz Charge per cycle/C-cm 2
0.001 0.10-0.17 0.34
0.005 0.16-0.29 0.32
0.01 0.15-0.32 0.32
0.02 0.29-0.59 0.32
0.05 0.54-0.93 0.33

0.1 0.73-1.25 0.31
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within experimental error with an average value of 0.323C-cm™ ? and a standard
deviation of 0.010C -cm™ 2. Thus it is clear that, over a significant range of current
density and frequency, the charge per cycle remains constant. The reasons for this
are currently being investigated, and a more detailed analysis will be given in a
future publication.

Oscillations of the current were also observed under constant potential condi-
tions. Again a critical potential exists above which oscillations in the current
density were observed. This potential is close to the value above which oscillations
are observed in the cyclic voltammograms (i.e. approximately 1.7 V). A series of
experiments was carried out in which the potential was stepped from open circuit
to progressively higher potential values in the range from 1.8 to 2.5 V. Typical
results are shown in Fig. 7 in which the potential was stepped to 1.8 and 2.1V,
respectively.
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Both curves show typical oscillatory behaviour. It is apparent from Fig. 7 that
the average current density is higher after a potential step to 2.1V and that the
duration of the oscillations is longer for the lower imposed potential of 1.8 V. The
charge per cycle also remained constant during these constant potential measure-
ments: an average charge per cycle of 0.318C-cm™ % was obtained. This is in
good agreement with the value of 0.323C-cm™ 2 given in Table 1 whose data
originate from potentiodynamic measurements. Thus, for all values of the potential
where oscillations were observed the average charge per cycle, estimated from
the current vs. time curves, was found to be approximately constant, independent
of the potential, and comparable in value to the constant charge per cycle estimated
from the cyclic voltammetric measurements. Oscillations in potential under con-
ditions of constant current were also observed and exhibited a complex signature.

Mechanism of current oscillations

The oscillatory behaviour in the Si/F system is often attributed to growth and
dissolution of a thin surface film [37, 38] or changes in the surface roughness
[39] of the film grown; Carstensen et al. [40] have developed a model which
appears to agree well with experimental results. This model is based on an ionic
breakthrough mechanism which leads to enhanced localized ion transport to the
Si—Si0, interface. Under the conditions where oscillations occur in the present
study, the InP electrode is covered by a thick (several microns) porous film that
continues to thicken with increasing potential or time. This is much different from
the Si/F system, in which the anodic films are of the order of tens of nanometres in
thickness.

In metal /electrolyte systems, local changes in the pH and conditions for the
formation and chemical dissolution of a passivating film are often associated with
electrochemical oscillations [41, 42]. Some proposed mechanisms involve porous
salt films and passivating oxides [43]. Cycling between two interface conditions as
a consequence of diffusion or concentration gradients which cause cycling between
high and low concentrations of H' and other species at the interface has been
postulated. The case of copper in acidic chloride solutions is particularly interest-
ing in the context of our results. In that case, Bassett et al. [44] have reported a
thick porous film (in the order of tens of microns) on the electrode surface during
the occurrence of oscillatory behaviour [44]. These authors also report a current-
voltage behaviour similar to that observed by us for InP in the present study and
postulate that oscillatory behaviour may be a consequence of the formation and
dissolution of a thin oxide layer beneath the thick porous film.

In the present study, current densities are relatively high in the region where
oscillations are observed. Consequently, relatively large changes in composition
within the pores in the vicinity of the InP substrate are expected during current
flow. For example, anodic dissolution of InP is accompanied by H" formation, and
significant changes in pH are therefore expected. Similarly, the formation of In*"
and oxo anions of phosphorus occurs, and water may even be depleted within the
pores of the film adjacent to the InP. Under such conditions, the nucleation and
growth of a solid phase resulting in a thin compact film at the interface of the InP
and the porous film would not be surprising. This could lead to a rapid reduction
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in current. After the current had decreased, the interphase region would recover due
to the less polarizing influence of the lower current, and eventually the current
would again increase. Such a scheme would provide the feedback mechanism
essential for oscillatory behaviour.

Thus, although it is quite plausible that the oscillations are due to large changes
in composition, including perhaps solid film formation at the interface of the InP
and the porous surface film as outlined above, further work is required to explain
the very regular and reproducible quantitative behaviour observed. An attractive
feature of this proposed mechanism is that it may enable the extension of models
developed for Si/F to the present system. We are currently working on a numerical
model based on such a mechanism.

Conclusions

The surface properties of InP electrodes were examined following anodization in
an (NHy),S electrolyte. An observed current peak in the cyclic voltammogram was
attributed to selective etching and film formation, and AFM images revealed sur-
face pitting. Important for the understanding of passivation processes in sulfide
solutions, two different types of surface film were observed to form depending
on the applied potential. At lower potentials a compact film forms, whereas at
higher potentials a transition from compact to porous film formation occurs.

Cracking of the surface film formed at potentials above 1.7V was observed.
The composition of this thick film was identified by EDX and XPS to be In,S;.
It was demonstrated unambiguously by time-lapse optical microscopy that this
cracking is not present when the electrode is removed from the cell but is an
artifact of film drying. This is in contrast to the suggestion of Gao et al. [14]
that similar cracking observed on p-type InP electrodes occurs in situ due to stress
in the film during the anodization process. It is also clear that the cracking is a
direct consequence of the porous, electrolyte-soaked nature of the film. Thus, an
easy access pathway appears to exist for diffusion of ions between the substrate
and the bulk electrolyte, and film growth is not inhibited. The film thickness was
found to increase linearly with the charge passed, and quantitative estimates indi-
cate that a constant percentage porosity of over 70% is maintained throughout the
film.

Electrochemical oscillations were observed under three distinct and signifi-
cantly different conditions: potential sweep, constant potential, and constant cur-
rent. During potential sweep experiments at various scan rates, the average current
density was found to be proportional to the frequency of the oscillations so as
to sustain a constant charge per cycle of approximately 0.3C-cm™ % Despite
the differences in experimental conditions, current oscillations observed under
constant potential conditions also showed a proportionality between average cur-
rent and frequency and a similar value of approximately 0.3C-cm™ 2 for the
charge per cycle. The detailed mechanism of current oscillations is not clear. It
is suggested that it involves large changes in electrolyte composition, including
perhaps solid film formation at the interface of the InP and the porous surface
film, similar in some respects to oscillatory processes on silicon in fluoride-based
electrolytes.
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Experimental

The working electrode consisted of (100)-oriented monocrystalline sulfur-doped n-InP with a carrier
concentration of approximately 4x 10" cm 2. An ohmic contact was established by alloying indium
to the InP sample, and the contact was isolated from the electrolyte by means of a suitable varnish.
Anodization was carried out in a 3 mol -dm ~3 aqueous (NHy),S electrolyte, and a conventional three
electrode configuration was used for the electrochemical experiments; all potentials are referenced to a
saturated calomel reference electrode (SCE).

For cyclic voltammetric measurements and potentiostatic measurements, a CH Instruments Model
650 A electrochemical workstation interfaced to a PC was employed for cell parameter control and
data acquisition. For constant current experiments, an EG&G Princeton Applied Research Model 363
potentiostat/galvanostat was used. All electrochemical experiments were carried out at room temper-
ature and in the dark. The surfaces and cross-sections of the anodized samples were examined using a
Nikon Nomarski optical microscope, a Joel JSM 840 scanning electron microscope, and a Topometrix
atomic force microscope.
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