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Photoelectrochemical 共PEC兲 etching has been used to study defects in heteroepitaxial GaN layers.
In Ga-polar layers PEC etching reveals only dislocations in the form of filamentary etch features
共whiskers兲. Transmission electron microscopy 共TEM兲 confirmed a one-to-one correspondence
between the whiskers and straight threading dislocations, which are mainly of edge and mixed type.
In N-polar layers, apart from dislocations, inversion domains 共IDs兲 also give rise to the formation
of more complex etch features that also have been confirmed by TEM. IDs of nanometer diameter
result in formation of whiskers similar to the dislocation-related ones. However, when the diameter
of IDs exceeds a critical size 共about 100 nm兲, crater-like deep etch features are formed during PEC
etching. Based on the mechanism of PEC etching of GaN in aqueous KOH solutions, it is argued
that inversion domain boundaries are electrically active defects. © 2001 American Institute of
Physics. 关DOI: 10.1063/1.1416137兴

of whisker-like features.8,9 The association of the whiskers
with dislocations was confirmed by means of transmission
electron microscopy 共TEM兲.8 –10 Good correlation between
the density of dislocations after PEC etching and the density
of each pits formed in orthodox etchants 共hot phosphoric
acid, molten KOH兲 has also been reported.11 PEC etching
studies clearly showed that the mechanism of etching of GaN
in aqueous KOH solutions is similar to the electroless one
that operates during photoetching of other III–Vs,6 with the
critical involvement of charge carriers.12–15 Therefore, it
could be expected that the KOH⫹H2O etching system is
suitable for revealing the nonhomogeneous distribution of
electrically active impurities in GaN, no matter, whether they
are gathered around dislocations or nonuniformly distributed
in the matrix. Indeed, it has been shown recently that growth
striations in GaN single crystals are visualized by electrochemical etching in KOH solution.16 In this article, results
are presented on electroless PEC etching of heteroepitaxial
GaN layers of Ga and N polarities that contain dislocations
and inversion domains 共IDs兲 as ascertained by TEM. The
emphasis is on the interpretation of the mechanism of selective etching on defects and consequently, on their resultant
electrical properties.

I. INTRODUCTION

Photoetching constitutes an attractive and ultrasensitive
method of revealing chemical and crystallographic inhomogeneities in III–V semiconductors 共see, e.g., Refs. 1–5兲. In
contrast to the ‘‘orthodox’’ etching method, which results in
formation of etch pits at the outcrops of dislocations, electroless photoetching 共no external potential is used6兲 leads to
the formation of nanometer-size protrusions on dislocations.
The total morphology of the etch features depends, however,
upon both the crystallographic and chemical nature of the
defect, often assuming a complex shape.4,5 The mechanism
of electroless etching, studied in detail in GaAs and InP,3,6,7
involves multistep reactions taking place simultaneously at
the semiconductor surface. These reactions are: reduction of
oxidizing agent followed by injection of holes into the solid,
oxidation of the solid using holes, and dissolution of the
products. At defects 共dislocations兲, recombination of charge
carriers occurs, resulting in a local decrease of the etch rate.
Interaction zones around crystallographic defects, which
might contain dopant or impurity atoms and native defects,
are revealed during photoetching either as hillocks or as depressions, depending upon the resultant electrical properties
of the zones.4,5
Recently, it has been shown that photoelectrochemical
共PEC兲 etching in dilute aqueous KOH solutions reveals dislocations in Ga-polar GaN heteroepitaxial layers in the form

II. EXPERIMENT

The samples for our study were grown in-house by
metal–organic chemical-vapor deposition 共MOCVD兲 on sapphire substrates following the procedure described earlier.17

a兲
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FIG. 3. Cross-sectional TEM image of an as-grown N-polar GaN heteroepitaxial layer from Fig. 2.

FIG. 1. 共a兲 SEM image of dislocation-related PEC etched whiskers on the
Ga-polar GaN heteroepitaxial layer. 共b兲 Weak beam cross-sectional TEM
image 共⬃g/4g, with g⫽ 关 11⫺20兴 ) of PEC etched Ga-polar layer: one-toone correlation of dislocations to whiskers. Some dislocations end before
reaching the top of whisker, indicating a foil cutoff by ion milling.

Standard Ga-polar GaN was grown on a 20-nm-thick GaN
buffer layer, while N-polar material was obtained without
buffer by direct growth of GaN on sapphire. It should be
remarked here that the calibration of PEC etching features
observed on Ga-polar material by TEM has been already
presented.8 However, in order to obtain a direct link between
these results with that of PEC etching of N-polar material
containing other types of defects, we will also briefly report

FIG. 2. DIC optical image of N-polar GaN epitaxial layer grown by
MOCVD on sapphire.

in this article on the PEC etching TEM calibration of Gapolar GaN as a reference material. The polarity assignment
was based on the morphology of the epitaxial layers and was
confirmed using chemical etching18 and quantitative electron
diffraction.19 The samples were undoped with electron concentration n⫽1.5e17 cm⫺3. PEC experiments were performed using the same setup as described by Youtsey,
Adesida, and Bulman.12 PEC etching was performed using
stirred 0.004 M KOH solution, Ti on GaN contacts, and 450
W Xe lamp illumination. The time of etching varied between
5 and 20 min. Surface morphology before and after PEC
etching was examined using differential interference contrast
共DIC兲 optical microscopy and scanning electron microscopy
共SEM兲. Structural defects and their association with surface
features obtained during PEC etching were examined by
conventional transmission electron microscopy and highresolution 共HRTEM兲 imaging. Cross-sectional, electron
transparent foils were prepared by the Ar-ion milling both
from as-grown and PEC etched layers.

III. RESULTS AND DISCUSSION

The as-grown Ga-polar epitaxial layers were featureless
under the DIC optical microscope. PEC etching resulted in
formation of a dense pattern of straight whiskers, all about
50– 60 nm in diameter, see Fig. 1共a兲. In order to confirm a
correlation between the whiskers and dislocations, another
sample from the same 2 in. MOCVD wafer was photoetched
in a short, 5 min run. This prcedure was used to avoid a
possible breaking of long whiskers during preparation of
cross-sectional TEM specimens. Detailed examination of
large-area transparent foils led to the conclusion that all
whisker-like features observed after PEC were formed on the
outcrops of dislocations, as can be seen in Fig. 1共b兲. The vast
majority of the dislocations in the Ga-polar samples are
straight and threading across the whole thickness of the
layer. They have either pure edge 共b⫽ 具 11⫺20典 /3) or mixed
共b⫽ 具 11⫺23典 /3) character. The results of this analysis are in
agreement with data published earlier.8 Both findings do not
exclude the possibility of formation of whiskers on screwtype dislocations; they show only the absence of these dislo-
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FIG. 4. SEM image of whiskers formed on defects during PEC etching of
N-polar heteroepitaxial GaN layer.

cations in Ga-polar heteroepitaxial layers. No other extended
crystallographic defects have been found in this material.
Figure 2 shows an optical image of an as-grown N-polar
GaN layer, exhibiting the characteristic hexagonal pyramidal
or flat growth hillocks. The origin of the macroscopically flat
hillocks is attributed to the operation of the individual or
clustered dislocations,20 while pyramidal, sometimes top-flat
hillocks contain central IDs.21–24 Cross-sectional TEM examination of as-grown samples showed the presence of a
more complex dislocation structure than that of Ga-polar material, see Fig. 3. In addition, a high density of IDs nucleated
at the sapphire/GaN interface and threading to the top of the
layer has been recorded. PEC etching under the same conditions as used for Ga-polar material reveals coexisting straight
and bent whiskers, as shown in Fig. 4. Detailed TEM examination of specimens, prepared after PEC etching, using different diffraction conditions, confirmed the association of
straight whiskers with IDs and straight or bent whiskers with
dislocations, as illustrated in Figs. 5共a兲 and 5共b兲, respectively.
A HRTEM image of one whisker formed on an ID, which is
representative for the whole population of IDs, is shown in
Fig. 6. It demonstrates that IDs of about 20 nm diam are
embedded in a residual N-polar GaN to form whiskers of
diameter up to 60 nm. This means that around the defects
关both dislocations 共Figs. 1 and 5共b兲 and IDs 共Figs. 5共a兲 and
6兲兴 there is a 20–25-nm-thick zone of matrix which is not
etched. Surprisingly, IDs of larger diameter 共above 100 nm兲
are etched much more rapidly than the surrounding N-polar
matrix, see Fig. 7共a兲, which is opposite to the result of etching in ‘‘orthodox’’ etchants.25 It is important to note that
though the ID itself is etched more quickly, the inversion
domain boundary 共IDB兲 is protruding above the surrounding
N-polar matrix, i.e., it is resistant to PEC etching. Similarly,
inside the etched ‘‘crater’’ numerous whiskers are often
formed, indicating the presence of dislocations inside the
IDs. In addition to the large diameter ID situated in the center of the hexagonal growth hillock of Fig. 7共a兲, one smaller
diameter ID 共marked by an arrow兲 has been quickly etched.
Many such ID-related etch craters, with diameter ranging
from about 100 nm up to 1 m, and randomly distributed
over the etched samples, have been observed. Clearly the
threshold diameter of IDs, which ‘‘open’’ during PEC etch-

FIG. 5. Cross-sectional TEM images of N-polar GaN heteroepitaxial layer
showing correlatin between PEC etched whiskers and 共a兲 IDs and 共b兲 dislocations.

ing, is above 60 nm 共the average diameter of whiskers兲 and
below 100 nm.
The formation of whiskers on dislocations during PEC
etching of GaN can be explained by the recombinative properties of these defects, as suggested by Youtsey, Romano,
and Adesida.8 There are numerous experimental indications
and theoretical predictions, which demonstrate electrical 共recombinative or nonradiative兲 properties of dislocations in
GaN.26 –32 Previous studies on electroless photoetching of
GaAs 共Refs. 4, 6, and 33兲 also justify this conclusion. Properties of IDBs in GaN, on the other hand, are still not well
understood. Based on the HRTEM studies and image simulation technique, different models for IDB structures have
been analyzed 共see, e.g., Refs. 34 –37兲. On the basis of models it was suggested that IDBs in GaN should be electrically
inactive.37,38 Theoretical calculations of binding 共formation兲
energies of native defects indicate, however, a preference for
these defects to form or to be trapped at the planar defects,
which might successively induce deep states and alter the
electrical properties.38,39 Experimental results presented in
this article provide strong evidence for the electrical activity
of IDBs in GaN: during PEC etching of the N-polar matrix
containing large-diameter Ga-polar IDs 关Fig. 7共a兲兴, IDBs are
etched most slowly, i.e., they must serve as very effective
recombination defects for photogenerated carriers 共holes兲.
When the diameter of an ID is smaller than twice the thick-
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FIG. 6. Cross-sectional 关10⫺10兴 HRTEM image of a PEC etched whisker
formed on an ID in N-polar GaN heteroepitaxial layer.

ness of the material in the vicinity of the IDB 共which is not
etched due to depletion of carriers兲, then the whole Ga-polar
ID is not etched 关Figs. 5共a兲 and 6兴. This does not indicate,
however, that the ID as a whole constitutes a recombinative
defect. It becomes evident when IDs of larger diameter are
photoetched: the Ga-polar inner part of the defects is etched
fastest. This phenomenon can be explained by taking into
account preferential incorporation of impurities/dopants
共such as silicon and oxygen兲 on the N-polar surface as compared to the Ga polar surface during MOCVD growth.40,41
As a result, the N-polar matrix is characterized by a higher
carrier concentration, 共say, n ⫹ 兲 versus the Ga-polar ID 共say,
n兲. During simultaneous electroless photoetching of such an
n/n ⫹ system, n ⫹ regions are etched much slower than n
regions due to narrower space charge region width
(W sc⬃1/n 1/2兲, as was quantitatively determined for
GaAs.33,42 The effect is pronounced in GaN and clearly demonstrates the difference in the mechanism of defect-selective
electroless and orthodox etching. In order to confirm this
difference, part of the N-polar sample used in this study has
been etched in a phosphoric/sulphuric acid mixture 共labeled
HH⫽3:1 after Ref. 25兲. The whole large-diameter Ga-polar
IDs appeared to be resistance to the etchant, while pronounced attack of the surrounding N-polar matrix occurred,
see Fig. 7共b兲. Apparently, in this orthodox etching system,
orientation-dependent anisotropy of the properties of Ga- and
N-polar surfaces is responsible for the differentiation of the
etch rates at IDs versus the matrix. This anisotropy can be
expressed in terms of a different surface potential on Gapolar IDs embedded in a N-polar GaN matrix, as was recently shown using surface-potential electric-force

FIG. 7. SEM images of the central parts of hexagonal growth pyramids on
N-polar heteroepitaxial GaN layer after 共a兲 PEC etching and 共b兲 HH etching.

microscopy.43 While the Ga-polar 共0001兲 surface of the ID
from Fig. 7共b兲 is not etched in the HH mixture, striking
dissolution occurs at the edges of the ID and also at the
corners of the hexagonal growth pyramid. This is exactly the
opposite to the relative dissolution rates at the same structural features during PEC etching 关compare Fig. 7共a兲 and
7共b兲兴. The enhanced rate in the orthodox etchant at these
sites can be attributed to the increased impurity level: at
IDBs due to the possible formation or trapping of native
defects 共as discussed above兲 and at the corners of the pyramid due to the accumulation of point defects at the meeting
area of the growth steps 共which in atomic scale move horizontally according to the kinking mechanism兲. Consequently,
it could be deduced that the latter features also have recombinative properties because they form pronounced ridges
during PEC etching, see Fig. 7共a兲.
IV. SUMMARY

In conclusion, experimental results indicate that PEC
etching of GaN in aqueous KOH solutions is similar to electroless photoetching of other III–V semiconductors 共e.g.,
GaAs in the CrO3 –HF–H2O etching system兲. As a consequence of the critical involvement of photogenerated carriers
in the mechanism of dissolution of GaN during PEC etching,
recombinative defects are etched more slowly than the
defect-free matrix. It has been shown by TEM calibration
that apart from dislocations, IDs are revealed by this method.
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From PEC etching of IDs of different diameters 共in the range
20 nm up to 2 m兲 in N-polar heteroepitaxial GaN layers it
is concluded that IDBs are electrically active defects. Remarkable differences in PEC etch rate on large-size IDs and
on the N-polar matrix are explained in terms of the different
widths of the space-charge region that is influenced by the
level of carrier concentration.
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