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Abstract
Depending on the applied electrochemical parameters, various oxide films can be grown onto InP in aqueous media. In this
work, two oxide layers have been grown in borate buffer solution at pH¼ 9 by applying a low (0.2 mA cm�2) or a high
(30 mA cm�2) current density, but a similar coulometric charge. Capacitanceevoltage measurements performed before and after
the anodic processes have been made to investigate the electrical properties of new interfaces, while X-ray photoelectron spectros-
copy (XPS) analysis and atomic force microscopy (AFM) observations were used to access to the chemical and topographic aspects
of the two oxidized surfaces. It is demonstrated that AFM observations coupled with electrochemical and XPS measurements is
a good probe for the study of thin oxide on InP. A correlation between the anodization parameters and the resulting electrical
and morphological aspects of the anodic layers is clearly evidenced. To cite this article: N. Simon et al., C. R. Chimie 11 (2008).
� 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
Résumé
Selon la méthode électrochimique utilisée, des films d’oxyde très différents peuvent être préparés sur le phosphure d’indium, en
solution aqueuse. Dans ce travail, deux couches d’oxyde anodiques ont été formées sur InP en milieu tamponné borate, à pH¼ 9, en
appliquant des densités de courant différentes, une faible (0,2 mA cm�2) et une beaucoup plus élevée (30 mA cm�2). Une même
quantité de charge a été mise en jeu pour ces deux traitements galvanostatiques. Des mesures de capacités interfaciales ont été réali-
sées avant et après chaque traitement afin d’étudier les propriétés électriques des interfaces ainsi modifiées. Des analyses par XPS
(spectroscopie de photo-électrons X) et des études AFM (microscope à force atomique) ont quant à elles permis d’estimer l’évo-
lution chimique et morphologique des surfaces oxydées. Nous avons démontré que l’association « AFM, XPS et mesures CeV
électrochimiques » était très performante pour l’étude des oxydes fins sur InP. En particulier, ces travaux ont mis en évidence la
corrélation entre paramètres d’anodisation, propriétés électriques et morphologie des couches d’oxydes formées. Pour citer cet ar-
ticle : N. Simon et al., C. R. Chimie 11 (2008).
� 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In aqueous media, electrochemical methods can be
used to control the growth of various kinds of oxide
structures onto InP surfaces [1e9]. Previous works
have established that the local oxidation conditions
are crucial; a ‘‘constrained’’ or ‘‘non-constrained’’ pro-
cess will give rise to a final homogeneous or heteroge-
neous interfacial layer with a specific chemical
composition that will determine the resulting electrical
properties [10,13]. In particular, at pH¼ 9, depending
on the anodization parameters, very different anodic
layers are grown, whose composition, thickness and
electrical properties strongly rely on the applied current
density [13,14]: low current density leads to a thin
InPO4-like layer exhibiting good electrical properties.
Conversely, when the oxidation is performed with
high current densities, thicker In-rich oxide films with-
out chemical and electrical blocking properties are pro-
duced. These previous works demonstrate a correlation
between composition, texture and electrical properties.

In the present paper, a galvanostatic method has
been used to prepare anodic films, with current densi-
ties ranging from 0.2 to 30 mA cm�2 and durations
varying from 2 s to a few minutes. The chemical com-
position and morphology of the anodic layers have thus
been investigated by X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM), respec-
tively, and have been correlated to the passivating
properties of InP/oxide interfaces characterized by ca-
pacitanceevoltage measurements.

2. Experimental

Anodic oxidation was performed onto n-InP (100)
wafers from INPact Inc. (Sn doped, ND¼ 1018 at cm�3).
The electrodes were cleaved in 0.1-cm2 pieces and
chemo-mechanically polished with a Br2emethanol
solution and successively rinsed with pure methanol
and water. In order to remove residual oxides, samples
were dipped during a few minutes in 2 M HCl, prior to
the experiments. Electrochemical experiments were
performed in a borate buffered Tritisol (Merck) solu-
tion, at pH¼ 9, using a classical three-electrode con-
figuration with a Mercury Sulfate Electrode (EMSE¼
þ0.65 V/SHE) as a reference and a Pt wire as a counter
electrode. The electrochemical cell was connected to
a PAR 283 potentiostat/galvanostat and placed in the
dark. Oxidation treatments have been performed by
applying a constant anodic current density, ja, ranging
from 0.2 to 30 mA cm�2 for durations varying from
2 s till a few minutes.

Capacitance vs. potential (CeV) measurements have
been used to investigate the oxide passivating properties.
C(V) measurements were carried out before and after ox-
idation treatments using a PAR 283 potentiostat and an
EG&G 5210 lock-in amplifier. The perturbating AC-
voltage frequency is set to 1107 Hz with an amplitude
of 20 mV and the DC-voltage scan rate was 10 mV/s.

XPS analysis was performed using a VG-Escalab
220 iXL spectrometer. A focused monochromated X-
ray beam (Al Ka) was used as excitation source while
detection was performed using a constant analyzer en-
ergy with a threshold energy of 8 or 20 eV; photoelec-
trons were collected perpendicularly to the surface.

Atomic force microscopy was used to characterize
the topography of oxide films. A Dimension 3100 mi-
croscope (Veeco Instruments) equipped with a pyrami-
dal Si3N4 tip was used in contact mode. Forces in the
range of 100 nN were applied to image the surface.
Both root mean square (Rrms) and averaged (Ra) rough-
ness were calculated using the manufacturer software.

3. Results

3.1. Anodic oxide growth

Oxide growth has been achieved by galvanostatic po-
larizations using current densities in two different
ranges. The first surface modification consisted in apply-
ing a low current density: 0.2 mA cm�2 for 300 s, while
a stronger perturbation was applied to the InP/electrolyte
interface during the second treatment: 30 mA cm�2 for
2 s. In both treatments, named ‘‘non-constrained’’ and
‘‘constrained’’, respectively, the durations have been ad-
justed in order to apply a similar anodic coulometric
charge (Qa¼ 60 mC cm�2) to the samples.

The evolutions of the potential against the oxidation
time (Uet) for low and high currents are, respectively,
given in Fig. 1a and b. When ja¼ 0.2 mA cm�2, the po-
tential reaches instantaneously an average value close to
1.5 Vand stabilizes after 20 s at nearly 1.6 Vafter a small
decrease. The potential evolution is strongly different
when the higher current density (ja¼ 30 mA cm�2) is
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Fig. 1. Potential-time evolution during anodic treatment in borate

buffer (pH¼ 9) at ja¼ 0.2 mA cm�2 (a) and ja¼ 30 mA cm�2 (b).
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applied. It reaches directly 4 V and remains increasing
up to 8e9 V after 0.25 s of treatment. These different
Uet curves indicate that the oxide growth proceeds
differently according to the applied current density.
The resulting in situ capacitanceevoltage measurements
and ex situ XPS and AFM characterizations have been
compared for the two oxidized surfaces.

3.2. Electrical characterization: capacitanceevoltage
measurements

By coupling XPS and photocurrent analysis, previ-
ous works have shown that capacitanceevoltage mea-
surements performed, before and after the semiconductor
surface oxidation, are very sensitive to oxide coverage
and passivating properties [10e15]. Compared to the
initial C�2eV response (MotteSchottky representa-
tion, MS), a flat plot (constant C�2 values) has been
measured for a semiconductor surface covered with
a thin oxide film with good passivating properties.
On the other hand, linear MotteSchottky behaviors
with a similar or decreased slope, compared to the
bare InP surface, have been attributed to inhomoge-
neous oxide layers exhibiting poor electrical proper-
ties, either oxide islands (the MS slope remains
constant) or thick and probably porous oxidized films
(the MS slope decreases).

In the present work, capacitanceevoltage curves
obtained before and after the anodic treatments are
given in Fig. 2a and b. The CeV measurements per-
formed on bare samples are very reproducible and
give an apparent donor density close to the value indi-
cated by the wafer provider (with 3InP¼ 9.3,
ND z 1018 cm�3). As expected at pH¼ 9, the extrapo-
lated flat band potential is approximately equal to
�1.2 V/MSE. Very different MS responses are, how-
ever, obtained after the two anodic oxide growths.

When the oxidation is performed using the low cur-
rent density, a nearly flat C�2eV curve is observed. In
these conditions, the global capacitance is high
(C z 1 mF cm�2) and constant over a potential range
of 1 V. This constant capacitance suggests that the
applied potential entirely drops in a homogeneous
oxidized layer, keeping a constant band bending at
the semiconductor/oxide interface. A similar result is
described in Ref. [13]. The global capacitance resulting
from this semiconductor/oxide/electrolyte interface is
then given by the following equation:

1

C
¼ 1

Cox

þ 1

CSC

¼ dox

3ox3o

þ 1

CSC

ð1Þ

where Cox, CSC, 3ox, 3o and dox correspond, respectively,
to the oxide and semiconductor capacitances, the di-
electric constant of the oxide, the permittivity of
vacuum and the oxide thickness. Simulation of the cor-
responding space charge capacitance suggests a nearly
flat band potential configuration in agreement with
good electrical properties for this oxide layer [13].

For the second treatment, performed with a higher
current density, while the coulometric charge is un-
changed, the MotteSchottky response is strongly dif-
ferent. A linear variation of the global capacitance
with the applied potential is measured. This CeV evo-
lution suggests the presence of an oxide layer present-
ing poor electrical properties. In a previous work, this
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Fig. 3. XPS spectra carried out onto n-InP (a) clean surface, (b) after

anodic oxidation in borate buffer at ja¼ 0.2 mA cm�2 for tox� 30 s.

Table 1

Values of area ratios of both phosphorus and indium contributions:

Pox/PInP, Inox/InInP, for oxidation times of 30 and 300 s

tox (s) Pox/PInP Inox/InInP dox (Å)

30 1.28 1.8e2.55 18e29

300 2 3 25e40
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Fig. 2. MotteSchottky plots on n-InP performed in borate buffer

(pH¼ 9) with a perturbation frequency of 1107 Hz. (a) Before and af-

ter anodic oxidation at ja¼ 0.2 mA cm�2 for 300 s and (b) before and

after anodic oxidation in borate buffer at ja¼ 30 mA cm�2 for 2 s.
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behavior was attributed to the presence of a heteroge-
neous coverage of the semiconductor surface.

3.3. Chemical analysis: X-ray photoelectron
spectroscopy

The chemical composition of both oxide types has
been studied by XPS. Fig. 3 presents the evolution of
In3d5=2

and P2p photoelectron peaks before (Fig. 3a)
and after (Fig. 3b) oxidation at low current density.
After the anodic treatment, additional contributions
positively shifted in binding energy appear on the spec-
tra (see Fig. 3b). It evidences therefore the presence of
oxidized phases in which In and P atoms are bounded
to O atoms. A quantitative analysis of these spectra has
been carried out in a previous work [13]. For each fit-
ting treatment, the P2p and In3d levels were kept asso-
ciated by constraints on InP bulk response: fixed fwhm

for InInP and PInP contributions and corrected ratio
In(InP)/P(InP)¼ 1� 0.1. It appears that P2p can be
perfectly fitted with two contributions: one associated
with the bulk, PInP, and the other one with oxide, Pox.
For In3d3=2

or 5/2, when the InP bulk component, InInP,
is fixed, one or two additional components must be



Fig. 4. AFM 3D view of n-InP surface after (a) chemo-mechanical

polishing with Br2emethanol, (b) anodic oxidation in borate buffer

at 0.2 mA cm�2 for 5 min, (c) after anodic oxidation in borate buffer

at 30 mA cm�2 for 2 s. White arrows in (b) point out an example of

the globular features reported in the text. Inset in (c) presents an en-

larged top view of the surface (z-scale¼ 5 nm).

Table 2

Evolution of root mean square (Rrms) and averaged (Ra) roughness

corresponding to the different surfaces

Initial Oxidized

(300 s, 0.2 mA cm�2)

Oxidized

(2 s, 30 mA cm�2)

Rrms (nm) 0.20 0.26 5.10

Ra (nm) 0.15 0.19 1.80
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added to describe the oxide phase’s contribution, Inox.
Table 1 gives the values of area ratios of both phospho-
rus and indium contributions: Pox/PInP, Inox/InInP, for
oxidation times equal to 30 and 300 s. These analyses
evidenced the growth of thin oxide layers of thickness
limited to 3e5 nm, with a composition close to that
of InPO4.

When anodic treatments are performed using a high
current density (ja¼ 10e50 mA cm�2), XPS results are
strongly different [13,14]. In3d5=2

and P2p spectra
obtained on different films evidence the presence of
oxidized phases in which In and P atoms are present.
Inversely, for analyses performed after the ‘‘non-
constrained’’ treatment, the XPS signal corresponding
to the InP substrate is almost masked, revealing the
presence of thick (a few 10 nm) and indium-enriched
oxide layers. It is noteworthy that XPS analyses were
not very reproducible for this oxidation mode. It is e
maybe e related to a heterogeneous and chaotic film.

3.4. Morphological observation: atomic force
microscopy

Atomic force microscopy has been used to investi-
gate the morphology of the layers grown in both
‘‘constrained’’ and ‘‘non-constrained’’ modes. Fig. 4
presents the 3D views of InP surfaces before and after
the two anodic oxidations, while Table 2 reports the
evolution of root mean square (Rrms) and averaged
(Ra) roughness corresponding to the different surfaces.

The initial InP surface (Fig. 4a), obtained after
a chemo-mechanical polishing with Br2emethanol, ex-
hibits a flat and smooth morphology: Rrms and Ra values
are close to 0.2 and 0.15 nm, respectively. Fig. 4b shows
the surface topography after low-current oxidation. A
flat and relatively homogeneous surface is observed.
The roughness increases slightly: Rrms¼ 0.26 nm and
Ra¼ 0.19 nm. Some globular features exhibiting
a mean diameter, a maximum height and a density of ap-
proximately 50, 3 nm and 2� 108 cm�2, respectively,
are, however, observed (see white arrows on the figure).
A heterogeneous and strongly different surface mor-
phology is observed after the high-current treatment
(Fig. 4c). Relatively thick islands exhibiting a height
in the 20-nm range and a mean diameter of approxi-
mately 50 nm cover the InP surface. In this case, the par-
ticle density is much higher than after the low-current
treatment: 14� 108 islands per cm2. Obviously, the
global roughness is maximum (Rrms¼ 5.1 nm and
Ra¼ 1.8 nm), but the surface roughness when the is-
lands are not taken into account is also higher than
that of the bare and non-constrained oxidized InP
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surfaces: Rrms¼ 0.76 nm, Ra¼ 0.60 nm (see the en-
larged top view presented in Fig. 4c). Similar observa-
tions have been performed for the anodic oxidation of
n-InSb in NaOH [15]. Although a compact and dense
oxide film was grown at low applied current, a stressed,
rough and porous film covered by hemispherical
features was formed when high current was used.
Such oxide morphology was correlated to poor electri-
cal properties of the layer, i.e. a low-voltage breakdown.

4. Discussion

Although a similar coulometric charge (Qa¼ 60 mC
cm�2) is involved in both anodic treatments, capacitan-
ceevoltage measurements, XPS analyses and AFM ex-
aminations evidence the formation of strongly different
oxidized phases. It indicates therefore that electrical,
chemical and morphological properties are correlated.
C�2eV plots point out better passivating properties
for the ‘‘non-constrained’’ oxide films, and chemical
analyses performed on the two types of oxide films
reveal also significant differences. Homogeneous and
thickness-limited (dox� 3e5 nm) films are grown
using a low current while heterogeneous and thick
(dox z 10 nm and not limited) layers are formed
applying a high current density. Additionally the
‘‘constrained’’ oxide films exhibit a non-reproducible
chemical composition. Finally AFM characterization
indicates that the low-current oxide exhibits a flat
and compact surface, suggesting a 2D growth process,
while a heterogeneous (presence of islands) and
rougher surface is detected in constrained mode, evi-
dencing therefore a 3D growth mechanism.

The coulometric charge involved in the two pro-
cesses being identical, the maximum amount of oxi-
dized InP molecules, nInP(ox), can be calculated using
Eq. (2), in which it is assumed that all electrical
charges are involved in semiconductor oxidation and
that 6 or 8 elementary charges are consumed by
‘‘equivalent molecule’’ of InP [16]:

nInPðoxÞ ¼
Qa

6qe

or nInPðoxÞ ¼
Qa

8qe

ð2Þ

where Qa is the anodic charge per cm2 involved in the
process and qe is the elementary charge of an electron.
Assuming that an equivalent monolayer (ML) is ap-
proximately equal to 1015 ‘‘molecules’’ per cm2, an ap-
proximated number of equivalent ML, defined as
nInP(ox)/1015, can be deduced.

In this work, with an anodic charge of 60 mC cm�2,
the maximum amount of oxidized molecules corresponds
to roughly 60 ML (i.e. dox z 60 nm). This value is not
consistent with XPS measurements since the oxide
thickness is in the range of 3e5 and 10e20 nm for
low- and high-current conditions, respectively. The
faradic efficiency is thus far from unity. In the case
of ‘‘non-constrained’’ oxidation, the film thickness is
self-limited. It is probably due to its very good passiv-
ating properties correlated with its homogeneous
chemical composition and its dense and smooth mor-
phology. As soon as the oxide is formed, the applied
current seems to be involved in the oxidation of the
solvent. On the other hand, the ‘‘constrained’’ process
leads to heterogeneous and not self-limited thick films.
Although the higher thickness and the presence of
spherical grains on the surface, the faradic efficiency
is still not full. Oxidation of water can again be sus-
pected but dissolution/precipitation should also be con-
sidered, as already suggested on GaAs [17]. The poor
electrical properties are again completely correlated
with the layer morphology (heterogeneous, rough and
probably porous). The bad insulating behavior can be
ascribed to the electrolyte interpenetration in the oxide
pores, leading to both weaker blocking properties and
unlimited film growth. Similarly to oxide layers grown
onto n-InSb in NaOH [15], high-current anodization
proceeds under a very high electric field (strong band
bending, ca. 9 V). It induces both mechanical stress
in the film and at the semiconductor/oxide interface
and it implies a high defect density in the oxide.
Charge transfer can therefore be facilitated by such de-
fects and by the heterogeneous chemical composition
of the films.

5. Conclusion

In this work, a successful correlation of morpholog-
ical investigations with chemical and electrical studies
has been presented. It has been established that anodic
oxide films grown in borate buffer at pH¼ 9 by galva-
nostatic methods (low- and high-current modes) pro-
vide very different oxide layers, whose composition,
thickness, porosity and electrical properties strongly
depend on the applied current density. The 2D growth
of a thin homogeneous InPO4-like oxide film has been
evidenced when anodic treatment is performed with
a low current density, while a thicker porous heteroge-
neous 3D oxide layer is grown when a higher current
is applied. The resulting electrical properties are com-
pletely related to the chemical (XPS analysis) and
morphological (AFM examination) aspects of the dif-
ferent films: thin and homogeneous films exhibit good
passivating behavior, as suggested by the flat and high
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capacitance value measured on the modified InP/
InPO4/electrolyte interface, whereas thick, rough,
probably porous and heterogeneous films show poor
electrical properties.

References

[1] J.F. Wager, C. Wilmsen, J. Appl. Phys. 51 (1980) 812.

[2] H.L. Hartnagel, Oxides and Oxide Films, vol. 6, Marcel Dek-

ker, New York and Basel, 1986.

[3] G. Hollinger, E. Bergignat, J. Joseph, Y. Robach, J. Vac. Sci.

Technol. A3 (1985) 2082.

[4] P.H.L. Notten, J.E.A.M. Van den Meeraker, J.J. Kelly, Etching

of IIIeV Semiconducors: An Electrochemical Approach,

Elsevier, Amsterdam, 1991.

[5] A. Pakes, P. Skeldon, G.E. Thompson, S. Moisa, G.I. Sproule,

M.J. Graham, Corros. Sci. 44 (2002) 2161.

[6] T. Djenizian, G.I. Sproule, S. Moisa, D. Landheer, X. Wu,

L. Santinacci, P. Schmuki, M.J. Graham, Electrochim. Acta

47 (2002) 2733.
[7] J. Joseph, A. Mahdjoub, Y. Robach, Rev. Phys. Appl. 24 (1989)

189.

[8] M.P. Besland, Y. Robach, J. Joseph, J. Electrochem. Soc. 1 (1993)

140.

[9] P. Louis, M.P. Besland, Y. Robach, J. Joseph, J. Electrochem.

Soc. 4 (1995) 142.

[10] N. Simon, I. Gérard, C. Mathieu, A. Etcheberry, Electrochim.

Acta 47 (2002) 2625.

[11] I. Gérard, N. Simon, A. Etcheberry, Appl. Surf. Sci. 175 (2001)

734.

[12] N. Simon, I. Gérard, J. Vigneron, A. Etcheberry, Thin Solid

Films 400 (2001) 134.

[13] N. Simon, N.C. Quach, A.M. Gonçalves, A. Etcheberry, J. Elec-
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