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a b s t r a c t

When using electroless etching of semiconductors for quality control or device applications one must be
aware of the possibility of galvanic interaction in the system. Here we show how highly doped (nþ þ)
GaN in a bilayer heterostructure dramatically increases the photoetch rate of the low doped (n) GaN
layer in alkaline peroxydisulphate solution (the nþ þ material does not etch). Contacting the bilayer to a
platinum sheet in solution further increases the photoetch rate. We show how previous electrochemical
studies on GaN can be used to understand such “galvanic” effects. The present results offer an
explanation for unexpected features in the photoetching of compound semiconductors which, during
growth, become non-uniformly doped either by accident or by design. The work describes an example of
the former case: non-uniformity due to the formation of extended defects, e.g. overgrown pinholes in
GaN. The relevance of this study for practical applications, including the revealing of crystallographic
defects for quality control, is considered.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Electroless etching, widely used in semiconductor device tech-
nology, has the advantage that, unlike electrochemical etching, it
does not require an Ohmic contact to the sample or an external
voltage source [1–6]. Electroless etching is based on two electro-
chemical reactions. An oxidizing agent (an electron acceptor) in
solution is reduced by extraction of electrons from the valence band
(VB) of the solid; this is equivalent to the injection of holes into the
band. The holes, localized in surface bonds, serve to oxidize the
semiconductor; the surface bonds are broken, resulting in etching.
In electroless photoetching, the subject of the present paper, supra-
bandgap light is used to generate electron–hole pairs. The conduc-
tion band (CB) electrons are captured by the oxidizing agent while
the valence band holes cause dissolution of the semiconductor
[1,7,8]. Since electrons and holes are mobile charge carriers the two
partial reactions, oxidation and reduction, can be spatially sepa-
rated. For example, in the photoetching of n-type samples the etch
rate can be enhanced by short-circuiting the semiconductor to a
catalytically active metal such as Pt; the photogenerated electrons
pass to the metal where they react more effectively with the
oxidizing agent [1,8–11]. This combination of metal and semicon-
ductor is, in fact, a galvanic element or cell: the semiconductor acts

as cathode and the metal as anode. Consequently, this form of
photoetching involving an auxiliary electrode (but no voltage
source) is termed “photogalvanic” [1]. The semiconductor and metal
may be in direct electrical contact, e.g. with a metal layer on the
semiconductor [2,4–6,12,13]. Galvanic effects can also be observed
when the semiconductor forms part of a heterojunction, e.g. as in a
p/n junction [14].

The technologically important semiconductor GaN can be etched
electrochemically, i.e. in a cell containing an electrolyte solution and
a counter electrode, with the reaction driven by a voltage source [15].
The p-type material is etched in the dark while n-type requires
illumination to generate VB holes. Because of its deep-lying VB edge,
injection of holes from an oxidizing agent in solution is, under
normal conditions, not possible, thus precluding electroless etching
in the dark. Minsky et al. [9] have shown that photogalvanic etching
of GaN is possible in alkaline solution. They and others have used this
approach for various applications: quality control based on defect
revealing, surface treatment and polishing, and pattern definition
[10,11,16–20]. Macht and coworkers [21] showed that such photo-
galvanic etching is made possible by gaseous oxygen normally
present in aqueous solution. Oxygen acts as an acceptor of CB
electrons, though only at a significant rate with the aid of an auxiliary
electrode. The discovery that addition of the peroxydisulphate anion
S2O

2�
8

� �
to the alkaline solution increases the photogalvanic etch

rate markedly and even enables electroless photoetching in certain
cases [12,22] was an important development.
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In this work we consider the photoetching of non-uniformly doped
n-type GaN crystals and GaN heterostructures in peroxydisulphate
solution. The work was inspired by previous studies of the compound
semiconductors, GaAs, GaN and SiC, that revealed a number of
interesting features [23,24]. Results for GaN, shown in Fig. 1, are typical
for these materials. The photoetch rate R is plotted as a function of the
free carrier concentration n (on a logarithmic scale) for two HVPE-
grown samples. Three trends are clear: (1) higher photogalvanic etch
rates R are observed at areas with lower carrier concentration n;
(2) plots of R versus ln(n) are linear (R¼�β ln(n/n0)) where β is the
slope and n0 corresponds to the R¼0 intercept on the n-axis; (3) plots
of R versus ln(n) for samples cut from different crystals are parallel
with a sample-specific shift [23]. The latter feature indicates that the
etch rate of areas with the same carrier density (e.g. 5�1017 cm�3 in
Fig. 1) from different samples may differ considerably (R1 and R2 in the
figure).

To check the possibility that galvanic interaction between regions
of different dopant density might be responsible for these results,
bilayer samples of n-type GaN were prepared, consisting of two well-
defined layers with markedly different but macroscopically uniform
carrier density. In this paper we describe the results of photoetching of
such samples, as well as some results for GaN grown by MOCVD on
sapphire. Electroless (photo)etching can be considered a form of
electrochemical etching in which charge carriers are supplied directly
to the dissolving surface by a species in solution instead of from a
counter electrode via a voltage source [1]. Previously we have reported
on the photoelectrochemistry of n-type GaN in alkaline solution
[21,22] and the results of these studies form the basis for an
interpretation of the present results. We show that galvanic interaction

can account qualitatively for the photoetching of both heterostructures
and non-uniformly doped crystals. The consequences of these results
for defect revealing are considered.

2. Experimental

2.1. Materials

In this study special heterostructures were used: bilayers cut from
crystals of High Pressure (HP) GaN grown on a Hydride Vapor Phase
Epitaxy (HVPE) GaN template, using the multi-feed seed (MFS)
method. Details of the growth conditions are reported elsewhere
[25]. Two combinations of HP and HVPE material, both n-type, were
used. In both, the HP carrier density n was 5�1019 cm�3. In the first
combination (type A) the HVPE carrier density was 1�1017 cm�3, in
the second (type B) it was 5�1016 cm�3. The carrier density was
determined by the Van der Pauw method. SIMS measurements
revealed that oxygen was the main contaminating element respon-
sible for the n-type properties of HVPE-grown crystals (non-inten-
tional doping) and for the high electron density in the HP-grown
material [26].

The HVPE/HP crystals were cut along the 1100
� �

plane into a
number of beams with an initial thickness D, a width of 300 mm and
a length of approximately 7 mm (see Fig. 2). This face is widely used
because it is an easy cleaving plane (see also Fig. 8(a)) with, as for
the samples used here, a low dislocation density. To obtain the
desired HVPE/HP thickness ratio the samples were thinned. Prior to
photoetching one 1100

� �
face was polished and work damage was

removed by reactive ion etching (RIE). In the type A samples
(D¼870 mm; n¼1�1017 cm�3) two different HVPE/HP thickness
ratios were used: 6/4 and 5/5 (see Fig. 3(c) and (d)). In addition two
reference samples consisting of either HP (Fig. 3(a)) or HVPE
material (Fig. 3(b)) were obtained by thinning the original beams.
All type A samples were mounted together on a glass plate with
wax so that only the polished 1100

� �
surface was exposed to the

solution. The type B samples (D¼430 mm; n¼5�1016 cm�3) had a
HVPE/HP thickness ratio of 5/5 (each layer was 180 mm thick). These
samples were used to investigate, in addition, the influence of
contact of the GaN bilayer to an auxiliary Pt electrode. The etching

Fig. 1. Plots of the photogalvanic etch rate R as a function of the local free-carrier
concentration n for two different non-uniformly doped HVPE-grown GaN samples
(n was determined by Raman spectroscopy). R1 and R2 represent etch rates for two
regions with the same free-carrier concentration (5�1017 cm�3) in the different
samples. The slightly modified figure is reprinted with permission from Ref. [23].

Fig. 2. The geometry of the HVPE/HP GaN bilayer heterostructures used in this
study. The bold rectangle shows the 1100

� �
surface that was cut, polished and

subjected to RIE prior to photoetching. The type A and B samples had an initial
thickness D of approximately 900 and 430 mm, respectively.

Fig. 3. DIC optical images of photoetched 1100
� �

sections from MFS-grown GaN:
(a) HP only; (b) HVPE only; (c) and (d) refer to HVPE/HP bilayers with thickness
ratio 6/4 and 5/5, respectively. The corresponding etch rates are shown.
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geometry of these samples will be described in the Results section.
A third type of sample was also investigated: a 5 mm thick Si-doped
GaN layer grown by MOCVD on sapphire. The carrier density in this
material was 1�1018 cm�3. Samples 5�5 mm, cut from the 3-in.
wafer, were used to study defects in the Ga-polar surface by
photoetching in both electroless and galvanic modes.

2.2. Photoetching

Electroless photoetching was performed with a 0.02 M K2S2O8,
0.02 M KOH solution (designated KSO-D solution in previous papers
[27,28]) using a 300W UV-enhanced Xe lamp (Oriel). This method
was developed for the rapid revealing and analysis of dislocations
and electrically active inhomogeneities in epitaxial and bulk GaN
crystals [28–30]. For photogalvanic etching the GaN sample was
connected to a Pt electrode (area approximately 2 cm2) by using a Ti
spring as contact to the semiconductor (surprizingly this gives a good
electrical contact to higher doped GaN in peroxydisulphate solution).
The current passing between GaN and Pt could be measured with an
ammeter. After etching, the samples were examined by differential
interference contrast (DIC) microscopy and scanning electron micro-
scopy (SEM). For etch rate measurements part of the sample surface
was masked by wax. After removal of the wax, the etched depth was
determined with a Tencor Alfa Step profiler.

3. Results and discussion

3.1. Galvanic interaction in photoetching of heterostructures

Results for the photoetching of type A samples in which only the
polished 1100

� �
face was exposed to solution are given in Fig. 3.

The two reference samples, only HP and only HVPE, show a
considerable difference in etching properties: the photoetch rate
of the low-doped HVPE sample (b) was 16 nmmin�1 while that of
the high-doped HP sample (a) was too low to be measured. The
HVPE etch rate in the bilayer sample (c) with a HVPE/HP thickness
ratio of 6/4 was increased by almost an order of magnitude (to
136 nmmin�1) compared to that of the reference sample (b). This
indicates that, although the HP material is not etching, it influences
markedly the HVPE photoetch rate. The increase in dissolution rate
of sample (d) with a thickness ratio of 5/5 (to 180 nmmin�1)
suggests that the area ratio of the high and low-doped materials
exposed to the solution may be important. Again, in this case the HP
layer was not etched.

To understand the results shown in Fig. 3 we first consider the
processes involved in the photoetching of n-type GaN in S2O

2�
8 /KOH

solution using a band-energy diagram of the semiconductor (see
inset Fig. 4). Step (1) involves the generation of an electron in the
conduction band (CB) and hole in the valence band (VB) by a supra-
bandgap photon

hν-e� ðCBÞþhþ ðVBÞ ð1Þ
The majority carriers, electrons, are captured by the S2O

2�
8 anion

[22] leading to its reduction to sulfate, SO2�
4 (step (2)).

S2O
2�
8 þ2e�-2SO2�

4 ð2Þ
(That this reaction is more complex than indicated in Eq. (2) and
Fig. 4 [22] is not important for the present discussion.) The minority
carriers, holes, are used for oxidation (etching) of the semiconductor
(step (3)).

GaNþ6OH� þ3hþ
-GaO3�

3 þ3H2Oþ1=2N2 ð3Þ
Three holes are required to photoetch one formula-unit of GaN; a
gallate ion in solution and gaseous nitrogen are formed [22]. The
charge transfer reactions (2) and (3) must compete with

recombination of electrons from the conduction band with holes
from the valence band (step (1)). In the steady state the rate of
transfer of electrons and holes to solution must be equal, i.e. the rates
of reduction of S2O

2�
8 (Eq. (2)) and oxidation of GaN (Eq. (3)) are

charge-balanced. Steps (2) and (3) are electrochemical reactions
whose rates can be varied by applying a potential to the semicon-
ductor. This can be achieved by connecting the GaN sample to a
counter electrode (e.g. Pt) via a voltage source in an electrochemical
cell and measuring the current in the external circuit as a function of
applied potential U [1,15]. The steps (2) and (3) can be studied
separately in two experiments.

To study the oxidation and dissolution of GaN (Eq. (3)) a KOH
solution without S2O

2�
8 is used. This reaction requires VB holes,

minority carriers that must be generated by light. In an electro-
chemical experiment, majority carriers (electrons) flow to the
counter electrode, giving rise to an “anodic” photocurrent in the
external circuit. The corresponding current–potential curve is
shown as (a) in Fig. 4. Before the onset of photocurrent at Uph1

photogenerated electrons and holes recombine; in this range the
concentration of majority carriers is high. As the potential is made
positive with respect to Uph1 the surface electron concentration
decreases. The electric field of the depletion layer separates the
electrons and holes. The holes are driven to the surface by the field
and by diffusion; the electrons pass to the counter electrode. The
resulting anodic photocurrent increases with increasing potential, i.
e. the etch rate Retch increases (see Eq. (3)). Finally, all photogener-
ated holes reach the surface where they react, giving rise to a
constant photocurrent, i.e. constant Retch. Reduction of S2O

2�
8 at n-

type GaN in KOH solution requires CB electrons, i.e. majority
carriers (see Eq. (2)). In an electrochemical experiment its rate
can therefore be measured as a dark current and is not influenced
by light (the electrons are supplied from the counter electrode). The
potential dependence of this “cathodic” dark current, with onset at
Ured, is shown schematically as curve (b) in Fig. 4. The reaction rate
increases on going to negative potential, as the electron density in
the CB at the surface increases and majority carrier accumulation is
reached [22]. At more negative potential the reduction reaction
becomes dependent on mass transport of S2O

2�
8 to the surface, i.e.

its rate becomes constant [22].
In an electrochemical experiment in which the GaN electrode is

illuminated in a KOH solution containing S2O
2�
8 , one measures a

Fig. 4. The inset shows a schematic energy band diagram giving the steps involved
in electroless photoetching (for details: see the text). The main figure shows
schematically the potential dependence of (i) the photocurrent measured during
anodic dissolution of n, nþ and nþ þ GaN in KOH solution (curves (a), (c) and (e),
respectively) and (ii) the cathodic current due to reduction of S2O

2�
8 in KOH

solution at n and nþ GaN in the dark (curves (b) and (d), respectively). Electroless
photoetching occurs at the open-circuit potential (UOC1 and UOC2 for n and nþ ,
respectively) at which anodic and cathodic current are equal (Itotal¼0). The
corresponding etch rates (R1, R2) are shown.
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“total” current–potential plot. The total current, the sum of anodic
and cathodic current at each potential, is not shown in Figs. 4 and 5
for the sake of clarity. At open-circuit, with no applied potential and
no current flowing between GaN and Pt, the anodic current must be
equal to the cathodic current (Itotal¼0), i.e. the rates of oxidation of
GaN and reduction of S2O

2�
8 must be charge-balanced. This condi-

tion defines the open circuit or rest potential of the system Uoc1 and,
consequently, the open-circuit etch rate R1, as observed during
electroless photoetching.

Previous work has shown that the onset of anodic photocurrent
shifts to positive potential as the dopant density is increased in the
range from moderate (n �1017 cm�3) to high (nþ �5�1018 cm�3)
[21]. This trend is mainly due to enhanced carrier recombination as a
result of a decrease in minority carrier diffusion length and space
charge layer thickness. The result is shown schematically in Fig. 4 for
moderately doped (n) and higher doped (nþ) GaN, curves (a) and (c),
respectively. In this range the influence of dopant density on the
cathodic current is limited: curve (d) for the nþ electrode is shown
the same as curve (b) for the lower doped electrode (we assume that
the GaN area is the same for both cases). From Fig. 4 curves (c) and
(d) it is clear that the open-circuit potential for the higher doped GaN
Uoc2 is at a more positive potential and, as a result, the photoetch rate
R2 has decreased with respect to that of the lower doped sample R1. If
the onset potential for anodic photocurrent is more positive than that
of the cathodic current Ured (curve (e), nþ þ), electroless photoetch-
ing is no longer possible (all photogenerated electrons and holes
recombine at open circuit). This is very likely the case for the very
highly doped HP material (5�1019/cm�3) used in this study. The
difference in onset potential for photocurrent for n and nþ GaN
(curves (a) and (c), Fig. 4) has been exaggerated somewhat to make
clearer the effects involved.

To consider the photoetching of bilayer heterostructures con-
sisting of very high-doped (HP and low-doped (HVPE)) materials as
in Fig. 3 we use a simplified band diagram in which the two layers
are back-to-back (inset Fig. 5). As in the case of low-doped GaN (see
Fig. 4) some of the photogenerated holes in the HVPE layer will
contribute to photoetching while the remainder will recombine. On
the other hand, the charge transfer reactions (2) and (3) cannot
compete with recombination in the HP layer: no etching occurs.
Since, on illumination, the majority carriers in the system rapidly

equilibrate, electrons from the low-doped layer end up at the
surface of the high-doped material where they can contribute to
reduction of S2O

2�
8 . This electron transfer from HVPE to HP reduces

electron–hole recombination in the HVPE layer and, consequently,
the rate of electroless photoetching is increased. The energy barrier
between the HP and HVPE layers in Fig. 5 results from the difference
in Fermi level EF due to the considerable difference in dopant
density of the two materials.

These steps can also be represented electrochemically. The
current–potential curves for a moderately doped HVPE sample
(electron density: n) are shown as (a) and (b) in Fig. 5. The photoetch
rate at open-circuit potential Uoc1 is denoted by R1. Photoanodic
oxidation of HP GaN (nþ þ) is shown as curve (c). Clearly, electroless
etching is not possible with this material. The extremely high donor
density of the HP layer (5�1019 cm�3) means that the electrode is
degenerate and thus quasi-metallic. As a result, the rate of reduction
of S2O

2�
8 is expected to be higher than at a HVPE electrode (curve

(d), Fig., 5) until mass transport gives rise to a potential-independent
cathodic current (we assume that n and nþ þ areas are the same).
When the two materials are in electrical contact, as in the bilayer, we
need to consider the total anodic current (curve (f)¼(a)þ(c)) and the
total cathodic current (curve (e)¼(b)þ(d)) [31]. This leads to a new
open-circuit potential Uoc2 and a markedly increased photoetch rate
R2. If we increase the HP area while keeping the HVPE area constant,
the contribution of the high-doped material to the total cathodic
current is enhanced (the current at a given potential is directly
proportional to the area exposed to solution). This will shift the
open-circuit potential to an even more positive value, thus further
increasing the photoetch rate. In this way we can understand how
contacting a HVPE layer with a HP layer (also in contact with
solution) increases the photoetch rate and that the area ratio of the
two surfaces determines the magnitude of the increase, reported in
Fig. 3(c) and (d). As in the case of an n-GaN/metal contact [21,22], a
combination of HP/HVPE GaN also acts as a photogalvanic element,
with electrons passing from the HVPE to the HP surface.

Using reasoning similar to that described above it is possible to
predict the etching result when a bilayer is formed of n and nþ

GaN with the characteristics shown in Fig. 4. The photoetch rate of
the lower-doped material will be increased by a factor of approxi-
mately two while that of the nþ layer will be decreased to a low
value. If the difference in Uph between n and nþ is smaller than
shown in Fig. 4, the increase in etch rate of n and decrease in etch
rate of nþ will be less pronounced.

3.2. Influence of an auxiliary electrode on photoetching

Type B samples with carrier densities of 5�1016 cm�3 and
5�1019 cm�3 for HVPE and HP layers, respectively, were used for
experiments similar to those described above for type A samples
(Fig. 3(c) and (d)). In addition, the effect of connecting the sample
via a Ti contact and wire to an auxiliary Pt electrode was also
investigated. Results are given in Table 1.

In experiment 1 only the polished HVPE/HP 1100
� �

bilayer face
was exposed to solution (all other faces were masked by wax).
Again, the HP layer was not photoetched. The etch rate of the HVPE
layer was 185 nmmin�1 comparable to that of the corresponding A
sample (d) with the same thickness ratio. When all surfaces of this
sample were exposed to solution (experiment 2, no masking) the
etch rate increased considerably to 400 nmmin�1. Enhanced
S2O

2�
8 reduction at the rough HP backside and other exposed faces

increases the photoetch rate of the polished HVPE layer.
The results of experiments 1 and 2 in Table 1, Fig. 3(c) and (d)

prove that the significant increase in etch rate of HVPE GaN is due to
galvanic interaction with HP material: the highly doped HP layer acts
as an auxiliary electrode, shifting the open-circuit potential of the
system to a more positive value. Experiment 3 in Table 1 shows that

Fig. 5. The inset illustrates galvanic interaction in photoetching of a GaN n/nþ þ

heterostructure. Electrons transferred from the n to the nþ þ layer cause reduction
of S2O

2�
8 at the latter. As a result, electron–hole recombination at the surface of the

n layer is reduced and its etch rate is enhanced. The main figure shows the
potential dependence of (i) the photocurrent measured during anodic dissolution of
n and nþ þ GaN in KOH solution (curves (a) and (c), respectively) and (ii) the
cathodic current due to reduction of S2O

2�
8 at n and nþ þ GaN (curves (b) and (d),

respectively). Electroless photoetching of the n GaN occurs at UOC1, at a rate R1
(nþ þ does not etch). When n and nþ þ are in electrical contact the total cathodic
current (curve (e) (nþnþ þ)) and anodic current (curve (f) (nþnþ þ)) determine
the open-circuit potential UOC2 and the markedly enhanced etch rate R2.
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when the masked HVPE/HP bilayer is connected to a Pt electrode, the
photoetch rate is further increased (to 550 nmmin�1). In this case
S2O

2�
8 was also reduced at the Pt. A photocurrent of about 180 mA

was measured between GaN and Pt (Fig. 6) during such an experi-
ment. This current corresponds to an etch rate of 400 nmmin�1.
Clearly, reduction of S2O

2�
8 occurs at the surface of both the GaN and

the Pt, thus contributing to the higher etch rate. When, as in
experiment 4 (a bilayer with all surfaces exposed to solution), the
GaN was also connected to Pt, the same etch rate was found as for
experiment 3 without the auxiliary electrode. This indicates that in
these two experiments the open-circuit potential is in the saturation
range of the photocurrent, i.e. the photoetch rate is independent of
potential.

The electroless photoetch rate of heteroepitaxial GaN samples
grown by MOCVD on sapphire was low. This is to be expected
[21,22] since the dopant density is quite high (1�1018 cm�3).
Connecting the sample to a Pt auxiliary electrode enhanced the
photoetch rate significantly. This is the same photogalvanic effect as
reported for experiment 3 of Table 1. Photogalvanic etching proved
an effective method for revealing dislocations in this material while
electroless photoetching was not as effective. Fig. 7 summarizes the
results.

With the Pt counter electrode connected to the GaN sample
photoetching was fast and reproducible. Nanopillars, formed on
threading dislocations, have a well-defined morphology, similar to
that obtained with KOH solution containing oxygen [22], i.e. there is a
constant diameter along the pillars, even after prolonged etching, as
shown in Fig. 7(a) and (b). On the other hand, electroless photoetching
(i.e. without the Pt electrode) of samples cut from the same GaNwafer
required a long “incubation” time for dissolution (Fig. 7(c)). The
etching time needed to reveal dislocations (in this case in the form
of conical pyramids, Fig. 7(d)), was more than a factor of 10 longer
than for the photogalvanic mode. The conical shape of dislocation-
related etch features was not previously observed on numerous GaN
samples etched photogalvanically in KOH solution containing O2 or

Table 1

Etch rate of the polished HVPE 1100
� �

surface of a HVPE/HP bilayer (type B) for

different modes of photoetching in 0.02 M S2O
2�
8 /0.02 M KOH solution (KSO-D

standard etchant). For details see the text.

Experiment Masking Pt (aux. elec.) R (nm min�1)

#1 Yes No 185
#2 No No 400
#3 Yes Yes 550
#4 No Yes 550

Fig. 6. Short-circuit current measured when a 1100
� �

HVPE/HP GaN bilayer was
connected to a Pt electrode in S2O

2�
8 /KOH solution. Illumination of the sample was

started 1 min after immersion (see experiment #3, Table 1).

Fig. 7. SEM images of GaN grown by MOCVD on sapphire and photoetched in S2O
2�
8 /KOH (KSO-D standard solution): (a) and (b) in photogalvanic mode for 5 and 10 min,

respectively; (c) and (d) in electroless mode (i.e. without Pt) for 30 and 70 min, respectively.
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S2O
2�
8 [22,32]. In the electroless case the open-circuit potential of

samples with a dopant density of 1018 cm�3 will be close to the onset
potential for photocurrent (Uoc2, Fig. 4(b)). In this range, electron–hole
recombination is more effective than etching and this may retard
dissolution of the semiconductor at the pyramid base. Photogalvanic
etching of the heteroepitaxial GaN in S2O

2�
8 /KOH solution has been

used to produce uniformly “rough” platforms for surface-enhanced
Raman spectroscopy (SERS) applications [33].

3.3. Photoetching of non-uniformly doped semiconductors

On the basis of the current–potential curves shown in Fig. 4 one
expects that, in general, the photoetch rate of the n-type GaN will
decrease as the dopant density is increased. We have shown that
this is the case for the photoetching of GaN (grown by MOCVD on
sapphire) in aerated KOH solution [21]. However, the decrease in
etch rate was considerably less pronounced than that shown for the
non-uniformly doped samples of Fig. 1. In addition, the fact that
regions with the same dopant density show, for different crystals,
markedly different photoetch rates may seem surprizing. The
experiments on heterostructures described above help us to under-
stand the photoetching results for such doped crystals. As in the
case of bilayers (Fig. 5) galvanic interaction will influence the local
etch rate. Each region makes a contribution to the total anodic
current and the total cathodic current. These contributions depend,
not only on the dopant density (Fig. 4) but also on the relative
surface area of the region exposed to solution (Fig. 5). Under open-
circuit photoetching conditions the total anodic current is equal to
the total cathodic current (see Fig. 5). This defines the open-circuit
potential of the system and thus the photoetch rate of the different
regions. As in the bilayer case, the etch rate of the low-doped
regions will generally be increased at the expense of more highly
doped areas. Since the relative area of regions of different dopant
density exposed to solution is important in determining the total
current, it is not surprizing that regions with the same dopant

density in different samples do not give the same photoetch rate. It
is clear that the prediction of local etch rates in such a poorly
defined system is not simple.

Experiments performed on HVPE grown GaN crystals which
contained overgrown “pinholes” support the hypothesis described
above for non-uniformly doped crystals. The 1100

� �
sections of

three different crystals are shown in Fig. 8. In each case the matrix,
grown in the [0001] direction, had a carrier density r1�1017 while
that of the overgrown pinholes was about 1�1019 [30,34]. Sample
(a) contained a single pinhole, i.e. a pit about 100 μmwide, that was
largely filled with GaN. Samples (b) and (c) had many overgrown
pinholes; the percentage of the total surface area covered by such
pinholes was approximately 20% and 80% for (b) and (c), respectively
(for (a) it was less than 5%). Since these are examples of non-
uniformly doped materials, one would expect to see an influence of
galvanic interaction on the photoetching properties. The etch rate of
sample (a) in the present KSO-D solution was low. A considerable
etching time (10 min) was necessary to reveal growth striations and
other inhomogeneities. The structure of crystal (b) became clear after
much shorter etching, though again, as in case (a), the overgrown
pinholes themselves were not etched. A still shorter etching time
(2 min) was sufficient to reveal clearly striation patterns in both the
matrix and the pinholes of sample (c).

Clearly, the pinhole surface with a high carrier density in
electrical contact with the matrix and exposed to solution has a
strong influence on photoetching, as one would expect on the basis
of Fig. 5. The trend in etch rate is determined by the area ratio of the
high and low-doped materials: as this increases, the open-circuit
potential of the system shifts to a more positive value, increasing
the etch rate of the matrix considerably. This trend is illustrated in
Fig. 8(d). Schematic photocurrent (etch rate)–potential curves are
shown for material corresponding to the low-doped matrix and the
filled pinholes. As the pinhole/matrix area ratio is increased on
going from (a) to (c) the open-circuit potential changes from Uoc(a)

to Uoc(c). The corresponding etch rates for matrix and pinholes are

Fig. 8. DIC optical images of 1100
� �

cross sections of thick HVPE-grown GaN after electroless photoetching (i.e. without a Pt auxiliary electrode). Sample (a) contained a
single overgrown pinhole. Samples (b) and (c) contained many such pinholes. The surface coverage by pinholes for samples (a), (b) and (c) was approximately 5%, 20% and
80%, respectively. The electron density of the GaN matrix was 1�1017 while that of the overgrown pinhole regions was about 1�1019. (d) Schematic photocurrent/etch rate-
potential plots for the two materials, matrix and overgrown pinholes, indicating the open-circuit potential, which is determined by the area ratio of the two materials
exposed to solution.
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indicated on the current axis. Ra, the etch rate of the matrix for case
(a), is low. With the shift in open-circuit potential from Uoc(a) to Uoc

(b), this rate increases to Rb and becomes even higher (RcM) in case
(c). In the latter case some etching of the highly doped overgrown
pinhole (RcP) is expected. The results of Fig. 8 indicate that the
etching time in a practical experiment depends markedly on the
actual ratio of areas of different carrier density exposed to solution
and cannot be predicted a priori.

It should be remarked that, in contrast to the high density of
dislocations (�2�108 cm�2) present in the MOCVD hetero-
epitaxial samples shown in Fig. 7, the density of dislocations in
the HVPE-grown samples shown in Fig. 8 is at least two orders of
magnitude lower and, especially on the 1100

� �
planes, has no

influence on the etch rate of the matrix between overgrown
pinholes.

4. Conclusions

Two examples of galvanic interaction during photoetching of GaN
in S2O

2�
8 /KOH solution are considered in this paper. These involve:

(i) direct contact between HVPE and HP layers of a GaN bilayer
heterostructure and (ii) contact between a heterosturcture or an
MOCVD grown GaN layer and a Pt auxiliary electrode (via a Ti contact
and a metal wire). In both cases the photoetch rate of relatively low-
doped HVPE GaN (nr1017 cm�3) was enhanced markedly by con-
tact with high doped HP material (n45�1019 cm�3) or with Pt. A
similar enhancement of photoetch rate was observed with an
MOCVD GaN/Pt combination. The results can be rationalized on the
basis of the electrochemistry of GaN in S2O

2�
8 /KOH solution.

These results provide an explanation for the exceptionally strong
dependence of photoetch rate on local donor density in non-
uniformly doped compound semiconductors (GaN, GaAs, SiC). This
hypothesis was further confirmed by experiments which show that
overgrown pinholes with a high carrier density (nE1019 cm�3)
significantly increase the photoetch rate of the “host” HVPE material
(n¼1017 cm�3). The extent of the increase is determined by the ratio
of the areas of the high and low-doped GaN exposed to solution and
can be explained in terms of current (etch rate)–potential curves. The
consequences of such galvanic effects on defect revealing for quality
control of crystals are considered.
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