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Anodic oxidation of gallium nitride
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The anodic oxidation of n-type GaN (carrier concentration 4.6 × 1018 cm−3) under laboratory
illumination at a constant current density of 5 mA cm−2 in sodium tungstate electrolyte is
examined by high resolution microscopy and surface analysis. The GaN, deposited as a
thin layer by molecular beam epitaxy, had an initially faceted surface. Anodic oxidation
gives rise to local growth of an amorphous Ga2O3-based reaction product, often, but not
exclusively, located in the vicinity of troughs formed by intersecting facets. At these regions
dislocations in the GaN intersect the surface. The product is non-uniform in thickness and
morphology, with pore-like features. With prolonged anodic treatment, local oxidation
progresses as channels, which eventually reach the base of the GaN layer, leaving a porous
skeleton. The formation of a uniform and compact film material on GaN is considered to be
impeded by generation of nitrogen from the anodic reaction, with the strength of the Ga N
bonding focusing oxidation on regions of increased impurity, non-stoichiometry or defect
concentration. C© 2003 Kluwer Academic Publishers

1. Introduction
GaN is of interest for electronic and optoelectronic
devices. In order to develop such applications, un-
derstanding of the electrochemical response for pre-
treatment and processing is necessary. Minsky et al.
[1] reported that etching, without applied current, of
n-type GaN, with a carrier concentration (cc) of 2–4 ×
1017 cm−3, in KOH and HCl solutions required laser
illumination. Yoshida et al. [2] found that n-type GaN
(cc 1.3 × 1019 cm−3) was etched by anodic treatment
in KOH solution, with UV illumination increasing the
etching rate. Application of voltage was essential for
etching of high quality GaN, but not for lower quality
material. The presence of oxygen in NaOH solution re-
duced the potentiostatic etching in the dark of n-type
GaN (cc 4 × 1018 cm−3) [3].

Lu et al. reported that etching at constant current of
n-type GaN (cc 5 × 1017 cm−3) in tartaric acid/ethylene
glycol solution required UV illumination [4]. Without
illumination, deep cavities developed that were related
to the presence of dislocations and non-stoichometric
regions in the GaN. Yamamoto et al. [5] observed that,
regardless of illumination, the voltage remained low
during the early stages of anodic oxidation of GaN in
NaOH and H2SO4 solutions at constant current, sug-
gesting selective dissolution of regions of low qual-
ity and/or high carrier concentration. Rotter et al. [6]

demonstrated that under potentiostatic conditions, with
UV illumination, oxide films of about 0.4 µm thickness
formed in KOH solution.

Youtsey et al. [7] produced smooth n-type GaN sur-
faces using photoelectrochemical etching in unstirred
KOH solution under a mercury-arc lamp. Without il-
lumination, no etching resulted. At low and high in-
tensities of illumination, the etching rate depended
upon generation of electron-hole pairs and diffusion
of electrolyte species to the semiconductor surface
where reaction proceeded. Under specific conditions,
preferential etching of material between dislocations
produced nanometre-sized whiskers of GaN in KOH
solution [8].

The previous studies of the etching behaviour in-
dicate the importance of the carrier concentration
and illumination on the response, with the possibility
of non-uniform attack under certain conditions. The
present paper reports the anodic behaviour of GaN
in sodium tungstate electrolyte, which supports an-
odic film growth at high efficiency on other gallium-
containing III–V semiconductors, such as GaAs and
GaP [9, 10]. Here, the particular interest is the na-
ture of reaction products developed, and the detailed
morphology of the treated surface, which were investi-
gated by atomic force (AFM), scanning electron (SEM)
and transmission electron microscopies (TEM), with
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chemical analysis by X-ray photoelectron (XPS) and
Auger electron spectroscopies (AES).

2. Experimental
n-type GaN (cc 4.6 × 1018 cm−3), of thickness 1.7 µm,
was deposited by molecular beam epitaxy onto a sap-
phire substrate. After rinsing in acetone, specimens
were anodically oxidized, under normal laboratory il-
lumination, at 5 mA cm−2 in 0.1 M Na2WO4 · 2H2O at
298 K, and then dried in a nitrogen stream.

Plan view examinations, prior to and following an-
odic treatment, were accomplished using a Digital In-
struments Nanoscope III AFM in the tapping mode. An
Hitachi S-4700 FEGSEM was utilised for observation
of plan-views and cross-sections, with the latter pro-
duced by cleaving the specimen normal to the macro-
scopic surface. XPS and AES analyses were carried out
respectively in a PHI 5500 system, with a monochro-
mated Al Kα source, and AES in a PHI 650 system.

Sections for transmission electron microscopy were
produced using focused ion beam (FIB) thinning pro-
cedures; small rectangular bars, of dimensions 2.8 ×
1.0 × 0.05 mm were mounted on Cu support grids, and
ion milling was carried out at 30 kV. Samples were
examined in a JEOL 2000FX instrument.

3. Results
3.1. Surface prior to anodic treatment
An AFM image of the GaN following rinsing in acetone
reveals a serrated surface formed by intersecting facets,
with a peak-to-peak distance between 100 and 500 nm
(Fig. 1). The peak-to-trough distance varies between
15 nm and 200 nm, with an average value of approxi-
mately 80 nm. SEM images confirm the faceting, with
peaks appearing as light regions in a cellular arrange-
ment (Fig. 2). A bright field transmission electron mi-
crograph of the GaN discloses a defective microstruc-
ture, with a high density of defects particularly within
about 500 nm of the sapphire/GaN interface (Fig. 3a).
Strain is evident in the sapphire, as indicated by the
contrast marked at A. The peak-to-peak and peak-to-
trough distances are between 150 and 300 nm and 60 to
80 nm respectively in the area sampled by the section

Figure 1 AFM image of the surface of GaN after rinsing in acetone.

(Fig. 3b) in reasonable agreement with AFM and SEM
images. Examination of several sections indicates that
dislocations are associated largely with troughs in the
as-grown material (Fig. 3b).

3.2. Voltage-time behaviour
The typical voltage–time behaviour for anodic oxida-
tion of GaN (Fig. 4) shows an approximately linear
slope of 3.3 V s−1 from the commencement of anodiz-
ing to about 12 V. Subsequently the slope decreases
to approximately 0.7 V s−1, which is maintained from
about 3.5 s until anodizing was terminated at approx-
imately 28 V. A further specimen was anodized for a
protracted time; in this case the voltage again achieved
approximately 28 V and then increased as the oxidation
front reached the sapphire substrate. At this stage the
charge passed was 2.2 C cm−2; the resultant specimen
was examined by SEM only.

3.3. Surface following anodic treatment
An AFM image of GaN following anodic oxidation to
28 V shows a nodular appearance (Fig. 5) in contrast to
the initial faceted surface. The peak-to-trough distance
is between 10 and 100 nm, less than that prior to anodic
oxidation. The distance between nodules is between 20
and 300 nm, similar to the peak-to-peak distances of
the original surface. The surface also reveals a height
modulation over greater distances than the spacing of
adjacent nodules.

A scanning electron micrograph of the cross-section
of anodically-treated GaN discloses rounded regions
of localized oxidation separated by protrusions of rel-
atively unattacked material, (positions A, Fig. 6a). The
local attack appeared to proceed preferentially in the
vicinity of troughs in the initial surface. The depth of
attack ranges from 60 to 200 nm. The material of dark
appearance, at position C, is due to the influence of
surface regions behind the plane of the cross-section.
An isolated region of attack, at position B, is probably
connected to the surface via a channel of preferen-
tial oxidation outside the section. The specimen sub-
jected to prolonged anodic treatment revealed a skele-
tal morphology with columns or plates of apparently
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Figure 2 Scanning electron micrographs of GaN following rinsing in acetone: (a) plan view; (b) cleaved cross-section.

unattacked material and intervening regions of porosity
and/or oxidation product extending as channels through
the GaN layer (Fig. 6b).

Transmission electron micrographs confirm the for-
mation of regions where local oxidiation of the GaN has
taken place, separated by protrusions that are remnants
of the faceted surface (position A, Fig. 7a). Material at
regions of local oxidation, (positions B and C), iden-
tified as amorphous by electron diffraction, is reaction
product that is generally found in the vicinity of troughs,
although there is also some lateral spread. The mate-
rial (which was not evident by SEM) is of non-uniform
appearance and contains pore-like features, which are
generally less than 10 nm diameter. The extent of local
oxidation ranges from 90 to 180 nm, similar to that re-
vealed by SEM. Areas of attack under the GaN surface
(position D, Fig. 7b) are considered to result from the
lateral spread of attack outside the plane of the section.

AES was undertaken to gain further insight into the
nature of the reaction product. The AES profile for an-
odically oxidized GaN reveals the presence of oxygen,
gallium associated with oxygen, and tungsten, suggest-
ing the reaction product is gallium oxide, with some
incorporated tungsten species (Fig. 8). The roughness

and non-uniformity of the substrate/oxide interface re-
sult in broadening of the profiles, as expected. The XPS
survey spectrum discloses the presence of Ga, W and N,
and C contaminant. High resolution scans (referenced
to the C 1s line of 284.8 eV) for Ga 3d (B.E = 20.6 eV)
and Ga 2p (B.E = 1118.9) peaks indicate the presence
of Ga2O3. Scrutiny of the O 1s peak indicates negligi-
ble contribution from hydroxide. The W 4d and W 4f
peaks suggest either WO3 or WO2−

4 . The N 1s peak is
in the same region as a strong contribution from the Ga
LMM1 Auger peak. Nevertheless, deconvolution of the
peak indicates a signal from N in the GaN substrate.

4. Discussion
From previous work on GaN, it is clear that etching
is affected significantly by the carrier concentration,
illumination, the distribution of impurities and non-
stoichiometry, and defects [1, 7]. GaN of low carrier
concentration is difficult to etch in the absence of il-
lumination, probably due to the strength of the Ga N
bond [5]. Further, etching of GaN can proceed pref-
erentially, leading to cavities or channels, due to at-
tack of more readily oxidized regions of material. In
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Figure 3 Bright field transmission electron micrographs of cross-sections of GaN after rinsing in acetone: (a) the sapphire/GaN interface; (b) the
faceted GaN appearance.

Figure 4 Voltage-time response during anodic oxidation of GaN at
5 mA cm−2 in 0.1 M sodium tungstate electrolyte at 298 K.

the present experiments, using conditions conducive
to anodic oxide formation, such local oxidation was
observed, with adjacent regions appearing to be little
changed. The preservation of the latter regions can be
attributed to the greater purity/perfection of the GaN,
and the lack of UV irradiation to assist oxidation. Else-
where, anodic oxidation proceeded comparatively read-
ily, with the local current density differing from the
average value due to local anodic oxidation and rough-
ening of the surface. The local oxidation occurred par-

ticularly, but not exclusively, in the regions of troughs
in the faceted initial surface and may be associated with
dislocations emerging at these sites.

The oxidation product differed significantly from a
compact, amorphous anodic film. TEM revealed a tex-
tured appearance, including pore-like features gener-
ally of less than 10 nm diameter, with XPS suggest-
ing the generation of Ga2O3. The product differs from
amorphous Ga2O3 formed by anodizing of GaP in
sodium tungstate electrolyte, which develops as a uni-
form, non-porous layer above an inner layer containing
both Ga and P species [9]. The film on GaP grows by
high field ionic conduction with the faster migration of
gallium species relative to phosphorus species leading
to the outer layer of Ga2O3.

The absence of a compact film material in the oxi-
dised regions of the GaN substrate may be due to gener-
ation of N2 gas during anodic oxidation, which has been
suggested to proceed according to the reaction [11].

2GaN + 6h+ → 2Ga3+ + N2

The nitrogen, generated at the GaN/oxide interface,
may be partly trapped within the Ga2O3, hence pro-
ducing non-uniform material. Amorphous anodic films,
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Figure 5 AFM image of GaN following anodic oxidation at 5 mA cm−2 in 0.1 M sodium tungstate electrolyte at 298 K.

Figure 6 Scanning electron micrographs of cleaved GaN after anodic oxidation at 5 mA cm−2 in 0.1 M sodium tungstate at 298 K: (a) anodised to
28 V; (b) anodised for a prolonged period.

such as those formed on dilute Al-Cu alloys, have a re-
markable capacity for accommodating high pressure
gas bubbles, formed within the film close to the sub-
strate/film interface, which can expand and coalesce
to a significant degree without cracking of the grow-
ing oxide [12]. The film material and trapped gas sup-
port the voltage that develops during anodizing. For
Al-Cu alloys, oxygen is generated from O2− ions of the
Al2O3 at sites of semiconducting oxide associated with

oxidation of Cu in the alloy. For alloys of high copper
contents, the resultant anodic film is extensively flawed
and the voltage rise due to normal film growth is limited
to a low value. In the case of GaN, the film material is
also presumably highly flawed and fragile due to the
large amounts of nitrogen generated, in this case due to
oxidation of the substrate which, consequently, impede
growth of uniform Ga2O3. The absence of formation of
nitrogen compounds contrasts with oxidation of P and
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Figure 7 Bright field transmission electron micrographs of cross-sections of GaN after anodic oxidation to 28 V at 5 mA cm−2 in 0.1 M sodium
tungstate electrolyte at 298 K (a, b). Region E in (b) is a mask used in the TEM sample preparation.

Figure 8 Auger electron spectroscopy profile of GaN anodized at
5 mA cm−2 to 28 V in 0.1 M sodium tungstate at 298 K. Sputtering
used 1 keV argon ions.

As and formation of film species (e.g. P2O5, As2O3)
during anodising of GaP and GaAs [9, 10]. Tungsten
species associated with reaction product, probably arise
from adsorbed W ions, WO3, formed by reaction of
electrolyte anions with the H+ ion by-product of the an-
odic reaction, or tungsten species incorporated into the

Ga2O3 [13]. The reported formation of uniform films
of 0.4 µm thickness in KOH [6] at relatively low volt-
age suggests that the film material did not develop by a
high-field process.

The anodic oxidation of the present GaN is concen-
trated in regions of troughs of the faceted GaN. How-
ever, the attack is not exclusive to these regions, as
is evident from cavity-like features in the regions of
peaks. Further, adjacent to such features are flat sur-
faces, where the loss of material due to anodic oxida-
tion is negligible. The localized nature of the anodic ox-
idation suggests non-uniformity of the substrate, with
oxidation occurring at regions of enhanced impurity,
greater non-stoichiometry, or higher defect concentra-
tion which, in particular, may be associated with regions
at and adjacent to dislocations.

Localization of the anodic process was emphasized
by prolonged oxidation of the GaN until the oxidation
front reached the sapphire substrate. Using a density
of 6.1 × 103 kg m−3 for GaN [11], the charge passed
was then equivalent to a depth of uniform oxidation of
1.0 µm, compared with the initial thickness of GaN of

348



1.7 µm. This indicates that the material regions that
readily oxidized comprised about 61% of the volume
of GaN. Such an estimate is reasonably consistent with
the channel-like porous morphology observed by SEM.
Additional high resolution studies are required to un-
derstand filming of GaN in more detail, focusing on the
film morphology and detection of nitrogen gas within
bubbles.

5. Conclusions
1. Anodic oxidation of GaN, of carrier concentration
4.6 × 1018 cm−3, under normal laboratory illumination,
at 5 mA cm−2 in 0.1 M sodium tungstate electrolyte at
293 K results in local oxidation attack of the substrate.
The oxidation occurs preferentially at troughs in the
faceted GaN substrate, although oxidation also takes
place at other regions. At certain regions, particularly
associated with peaks in the faceted substrate, oxidation
is negligible. The localized nature of the oxidation of
the GaN is presumed to be related to the strength of the
Ga N bond and non-uniform distributions of impurity,
non-stoichiometry or defects in the substrate.

2. At regions of anodic oxidation, Ga2O3 is formed.
The product has a non-uniform, textured appearance
with pore-like features. The absence of a compact an-
odic film is probably due to extensive generation of
nitrogen during anodic oxidation which disrupts devel-
opment of a uniform anodic film.
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