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Thick GaN layers as well as AlGaN/GaN and AlN/GaN heterostructures grown by metalorganic 
vapor phase epitaxy have been photoelectrochemically (PEC) etched in various dilute electrolytes, 
and bandgap-selective etching has been demonstrated in heterostructures.  This result is a significant 
step forward in the fabrication of group III-nitride devices and one-dimensional photonic bandgap 
(PBG) structures in the deep UV.  Based on initial results from thick GaN layers, a method was 
developed to achieve self-stopping selective etching of thin GaN layers in AlGaN/GaN and AlN/
GaN heterostructures.  Selective PEC etching requires the use of a suitable light source with photon 
energies larger than the bandgap of GaN, but smaller than that of AlGaN or AlN, thus enabling 
selective hole generation in the GaN layers to be etched.  Additionally, it is imperative to use an 
electrolyte that supports PEC etching of GaN without chemically etching AlGaN or AlN.

 

1 Introduction

Motivation for the work reported here was to develop a
suitable processing technique for nanoscale patterning
of multiple-period heterostructures , thus enabling the
fabrication of AlN-based one-dimensional photonic
bandgap structures (1D-PBGs). Potential applications
include nanophotonic devices, UV photonic integrated
circuits, and in particular, 1D-PBG-based non-linear
optical frequency converters.  The same processing
technique is suitable for the fabrication of integrated,
passive optical elements, including Bragg reflectors,
interference filter structures, and for electronic devices.

For these applications, the ability to fabricate well
defined, flat and plane-parallel interfaces with ultimate
tolerances better than 0.1% is essential.  The lack of
chemical reactivity of group III nitrides to wet chemical
etching has been well documented. [1]  Porbaix  [2] dia-
grams of AlN and GaN overlap significantly and there-
fore, selective etching by means of wet chemical
methods is not sufficiently selective. Alternatively,
Wang et al.  [3] have demonstrated selective etching of
GaN from InGaN to create high reflectivity semiconduc-
tor/air distributed Bragg reflectors using chlorine-based
reactive ion etching (RIE).  However, their etching pro-
cess did not consider high aspect ratios and resulted in
distinct inclination of the sidewalls of their Bragg reflec-
tors.

In PEC etching, electron-hole pairs are photogener-
ated in a semiconductor placed in an electrolytic solu-
tion and illuminated with photons of energy greater than
its bandgap. Stonas et al.  [4] demonstrated bandgap-
selectivity by etching a thin layer of lower bandgap
InGaN sandwiched between thick n-GaN layers.  PEC
etching has become a valuable tool for the fabrication of
high power devices such as AlGaN/GaN high electron
mobility transistors (HEMTs) and heterojunction bipo-
lar transistors (HBTs) because it enables selective lateral
etching of material by virtue of its bandgap selectivity.
Improved I-V characteristics in current aperture vertical
electron transistors (CAVET) have been demonstrated
[5] by using a PEC process to remove the insulating
layer of conventional CAVET structures  [6] thereby
eliminating a path for leakage current.  Khare and Hu

[7] examined the etch selectivity of n+ GaAs on p-GaAs
and NID GaAs substrates and found significant etch rate

differences in n+ and p+ GaAs homostructures.  Flynn
[8] extended the utility of this dopant-selectivity in the
fabrication of 1.3mm LEDs when he demonstrated
improved coupling efficiency to optical fibers by PEC-
etching n-InGaAsP into curved lenses.  Thus, PEC etch-
ing has been demonstrated to be an important fabrica-
tion technique for electronic and photonic devices.
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Since PEC etching requires the generation of holes
to form oxides with the semiconductor and subsequent
dissolution of those oxides in the electrolyte, selection
of an appropriate electrolyte is a primary concern.  Min-
sky et al.  [9] demonstrated that PEC etching of non-
intentionally doped (NID) GaN could be achieved in
solutions of HCl:H2O (1:10) and solutions of 45%
KOH:H2O (1:3).  Additionally, Peng showed the solu-
bility of GaN in electrolytes of H3PO4 and KOH in the
pH regime from –1 to 2 and 11 to 15, respectively.  [10]
A further refinement of PEC-etching using dilute elec-
trolyte solutions of 0.04M KOH to generate smooth
GaN surfaces when etched in the diffusion-controlled
regime has been reported.  [11]  Selective PEC etching
of heterostructures requires the use of light with energy
higher than the bandgap of the material to be etched, yet
lower than the bandgap of material to be preserved.  The
photons are absorbed in the material to be etched and
electron-hole pairs are generated.  The holes are trans-
ported to the semiconductor-electrolyte interface for
bond-breaking reactions with the semiconductor.  Mean-
while, the electrons are swept to the cathode to reduce
the probability of unwanted electron-hole recombina-
tion.  In addition to adequate illumination, a good elec-
trical contact to the semiconductor (anode), as well as a
sufficiently large cathode for effective carrier sweep-out
are required.

2 Experimental

Initial etching experiments were performed on GaN
samples grown by metalorganic vapor phase epitaxy
onto sapphire substrates.  GaN layers were typically 5
µm thick, and either not intentionally doped (NID) with

a carrier concentration of ~5 x 1017 cm-3, or, alterna-
tively highly-doped with a carrier concentration of ~1 x

1019 cm-3.  300 nm thick Ti contacts were deposited

either as square pads with 10 x 10 µm2 to 50 x 50 µm2

openings or 10 µm parallel lines with 10 µm openings.
The material was then cleaved into approximately 5 mm
x 5 mm samples.

In order to investigate wet etching properties without
illumination, films of AlN and GaN were placed in sepa-
rate beakers of 1:10 HCl:H2O, 1M KOH and 1:25
H3PO4:H2O covered with aluminum foil for a 24 hr
time period at room temperature.  Bright-field optical
microscopy revealed no evidence of etch pits.  Although
we used these molarities and concentrations of the elec-
trolytes as upper limits, we did investigate and will
report on other electrolytes investigated in the course of
this study.

An Oriel high-pressure mercury arc lamp, Model
66021 (1000 Watt), with spectral emission lines at 297,

313 and 365 nm provided photon energies near and
above the bandgap of GaN.  A one meter long optical
light guide fiber was used to couple the light to the sam-

ple and a lens reduced the spot size to 1.3 cm2.  A cold
mirror was also used to eliminate infrared illumination
thereby reducing unwanted heating of samples.  After
spectral and transmission loss corrections, the estimated

illumination intensity at 365nm was 30mW.cm-2.  The
experimental apparatus was similar to that described in
the literature.  [9]  Since the electrolytes used were
highly acidic or basic, samples were mounted on a
Teflon block.  A stainless steel washer was used to
increase the contact area to the sample (anode).  A gold
wire was wound around the screw securing the GaN
sample to the Teflon block, and a 6” long 1 mm Pt wire
wound to a coil of 8 mm diameter served as the cathode. 

3 Results

The photocurrent, which is proportional to the etch rate
at the semiconductor-electrolyte interface, was mea-
sured with a digital multimeter and varied from 30 to
600 µA for the dilute electrolytes H3PO4, KOH, and
HCl, while the dark current for all electrolytes was <2
µA. The photocurrent is a measure of the oxidation reac-

tions being induced by holes (h+) in the valence band.
The presence of holes at the semiconductor-electrolyte
interface allows ionic dissolution of the semiconductor.
Youtsey  [11] proposed that the following oxidation
reaction is responsible for the decomposition of GaN,

  .
Bubble formation was observed in these experi-

ments.  The formation of bubbles on the sample surface
during etching had been previously suggested  [11] as
evidence for the release of N2.

The resultant photocurrent data for our initial choice
of chemistries and geometries are shown in Figure 1.
Note the stability of the photocurrent with etch time.  It
is evident from inspection of the data that the magnitude
of the photocurrent is specific to the choice of the elec-
trolyte.  But more importantly, the data suggest that the
magnitude of the photocurrent in solutions of the same
electrolyte is a function of the ratio between the masked
and unmasked illuminated area for the geometries used
in these studies. Integration of the photocurrent vs. time
curve estimates that the total charge through the cell was
0.2 – 0.5 C, depending on the etch time and chemistry.

After PEC etching, samples were examined with a
field emission scanning electron microscope (FESEM)
to verify that GaN etching did indeed occur, and if so, to
determine the resultant etch depth.  For the specific
example of a 1 hr etch using 1:25 H3PO4:H2O we
observed an average photocurrent of 40 µA.  The result-
2  MRS Internet J. Nitride Semicond. Res. 9, 5 (2004).
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ant etch depth was 1.25µm for an effective etch rate of

21 nm.min-1.  The observed average photocurrent, Iph,
for each of the electrolytes gave a reasonable prediction
of the etch rates based on Faraday’s Law, from which
the etch rate can be expressed as

(1)

 
where h is the etch depth, t the etch time, α the col-

lection efficiency at the cathode, J the current density,
Mw the molecular weight, F Faraday’s constant, and ρ
the density of GaN. However, since we have no accurate
determination for the illuminated area and the current
density can be written as J=Iph/A, where A is the illumi-
nated area, Equation (1) can be written as,

      (2)

 

where  is defined as α/A.  Using the etch rate for

1:25 H3PO4:H2O to determine  in Equation (2), we
can then use the measured photocurrents of 60 and
150µA to predict the PEC-etch rates for 2:25
H3PO4:H20 and 0.04 M KOH electrolytes without any
adjustable parameters.  The calculated etch rates of 31

and 72 nm.min-1 are in reasonable agreement with the

etch depths per unit time (33 and 51 nm.min-1) as mea-
sured by FESEM and recorded in Table 1. The differ-
ence in the KOH results suggest that there may be
slightly different cathode efficiencies based on the selec-
tion of the electrolyte.

Table 1 summarizes all the electrolytes that were
investigated.  Although the measured photocurrent for
1:10 HCl:H2O was high, there was no evidence of etch-
ing. In general and with the exception of the 1:10
HCl:H2O sample, FESEM inspection of  the samples
etched in electrolytes showing no evidence of etching
revealed extensive patches of oxide across the semicon-
ductor surface.  These data suggested that excessive
oxide formation most likely inhibited PEC etching of
the GaN for these electrolytes.

Figure 2 shows a plot of photocurrent vs. illumina-
tion intensity for GaN etched in KOH.  In the region of
low illumination intensities, the photocurrent behavior is
linear which is indicative of a carrier-limited regime,
which is below 650W for our experiments.  Here, the
reaction rate is limited only by electron-hole pair gener-
ation.  As the illumination is further increased, the mea-

sured photocurrent becomes sublinear as it approaches
the diffusion-limited etch regime.  Due to the intensity
limitations of our experimental apparatus, saturation,
which is indicative of a diffusion-limited process, was
never reached. However, it must be noted that the ability
to generate holes at the semiconductor-electrolyte inter-
face appears to be correlated to the n-carrier concentra-
tion of the material as is indicated by the 2.5-fold
increase in etch rate for the material with a donor con-

centration of ~1x1019 cm-3, as seen in Table I.  In con-
trast to NID GaN and for nearly identical photocurrents,
the PEC etching of this material resulted in whisker-free
surfaces.  These observations are consistent with the
decrease in Debye length of the semiconductor as the
doping density increases.  A higher donor concentration
confines the holes closer to the semiconductor surface
thereby enabling more efficient etching.

While both KOH and H3PO4 chemistries resulted in
well-defined patterns with vertical sidewalls in the thick
film GaN material, GaN whiskers typically remained
within the etched area.  This observation is consistent
with earlier reports that free-standing GaN whiskers
remain on the surface for carrier-limited etch conditions.
[12]  Whiskers have been observed previously for a nar-
row range of KOH concentrations near 0.02M  [11] and
for H3PO4 at pH=3.  [10]  It has also been reported that
whisker-free surfaces can be achieved for PEC etching
under diffusion-controlled etch conditions in KOH. [13]
The ability to deliver the electrolyte to the surface for
dissolution of the GaN can be assisted by stirring the
solution. However, in all cases stirring the solution
caused an increase in the surface roughness due to
highly localized etch rates at the semiconductor surface
unless the concentration of the electrolyte was signifi-
cantly reduced.  Since the fabrication of PBG structures
requires smooth interfaces, the electrolyte solutions
were not stirred in this work.  With the exception of the

high carrier concentration (~1x1019 cm-3) GaN, whis-
ker-free GaN surfaces could not be achieved by simply
PEC etching in an appropriate electrolyte.  In order to
remove the whiskers after completion of the PEC etch, a
wet chemical etch was performed for 15 to 30 min in
2M KOH.  Although some whiskers remained after 15
min (Figure 3a), a 30 min clean-up etch resulted in a
whisker-free surface with no deleterious effect on the
vertical sidewalls (Figure 3b).  Note the lack of inclina-
tion the sidewall, which is key feature for the fabrication
of nanophotonic devices. Another alternative is to use

highly doped, ~1019 cm-3, GaN, in which no whiskers
were observed for our etch conditions.

The heterostructure materials used in this study were
grown by MOVPE on sapphire and 6H SiC (0001) sub-
strates.  These structures consisted of alternating stacks
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of AlN and GaN or AlGaN and GaN, comprising 5 lay-
ers, each of 100-200 nm thickness.  In order to establish
an electrical contact to the GaN layers, a shallow-angle,
5 mm wide wedge was polished off each sample, and a
300 nm thick Ti contact was deposited.  This approach
was more effective in the AlGaN/GaN heterostructures
than the AlN/GaN heterostructures since the insulating
layers of AlN diminish the effective cross-sectional con-
tact to the GaN material.

AlN/GaN and AlGaN/GaN heterostructures pre-
pared in this manner required no further photolitho-
graphic patterning.  The metallized edge of the sample
was fastened to the Teflon block using a stainless steel
washer.   We used electrolytes of KOH and H3PO4 and

illuminated the samples with 750W of illumination.
For the AlN/GaN heterostructures etched in KOH, the
appearance of cones below each of the GaN layers was
evidence that the AlN layers were being selectively
etched with respect to the GaN layers.  Switching elec-
trolytes from KOH:H2O to H3PO4:H2O circumvented

the solubility issues. PEC etching the AlGaN/GaN het-
erostructures resulted in the desired effect of etching the
200nm GaN layers preferentially while leaving the
AlGaN layers intact, as shown in Figure 4.  There is evi-
dence of whisker formation in the GaN layers; in order
to provide whisker-free surfaces, longer PEC-etching or
the use of more highly doped GaN yielding accelerated
etch rates would be required.

Although it is clear by examination of the Pourbaix
[2] diagrams of AlN and GaN that etching an AlN/GaN
heterostructure in KOH should result in solubility of the
AlN in preference to GaN, low photocurrent was
observed for the AlN/GaN samples.  To address this
issue, a simple AlN/GaN heterostructure having 200 nm
GaN sandwiched between 100 nm AlN grown on a sap-
phire substrate was designed and an alternative means of
establishing contact to the GaN layers was employed.
The first step was a full surface metallization of 300 nm
Ti onto the AlN/GaN substrate followed by a photolitho-
graphically generated metal mask in order to selectively
wet-etch channels into the top AlN layer.  Afterward, the
sample was etched in dilute buffered-HF to remove the
Ti mask.  The full surface metallization with 300 nm Ti
was then repeated.  This processing generated areas
where the GaN layers were in direct contact with the Ti
mask. By employing backside illumination through the
sapphire substrate, GaN in the heterostructure was
selectively etched in 2:25 H3PO4:H20.  Figure 5 shows

that this fabrication sequence and the selection of the
appropriate electrolyte result in the desired selective
etching of 200 nm GaN layer from the 100 nm AlN lay-
ers. Additional effort is required to ensure smooth inter-
faces.

4 Conclusions

To our knowledge, this is the first demonstration of
selective etching of GaN from AlN and AlGaN layers.
Significant differences in etch rate between the high and
low carrier concentration material investigated in this
study suggest that it will be beneficial to increase the n-
carrier concentration in the GaN material to further
improve selectivity.  Additionally, it should be investi-
gated whether thin p-type layers are indeed resistant to
PEC etching. This work could be confirmed using thin
GaN homostructures of alternating p- and n- type mate-
rial.  And finally, p-doping the thin AlN and AlGaN lay-
ers within the AlN/GaN and AlGaN/GaN
heterostructures while keeping the n-carrier concentra-
tion of the GaN high may provide even greater selectiv-
ity.  To our knowledge, successful p-doping of these
layers has not be achieved to date.
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FIGURES

Figure 1. Photocurrent vs. etch time for electrolytes of KOH,
H3PO4, and HCl (left) and two types of mask geometry used in

this study. 

Figure 2. Photocurrent behavior in the carrier-limited regime. 

Figure 3a. Whiskers remaining after 15 min. clean-up etch. 
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Figure 3b. Line-patterned GaN after 3 hr. PEC etch in H3PO4:H2O at pH=3 followed by 30 min. clean-up etch in 2M KOH. 
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Figure 4. PEC-etched AlGaN/GaN heterostructure showing good selectivity between the AlGaN and the GaN layers. 
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TABLES

Figure 5. PEC-etched AlN/GaN/AlN sample after 3 hr. etch in 2:25 H3PO4:H2O. 

Table 1. Comparison of room temperature PEC etch rates for GaN and AlN under Hg arc illumination.

Electrolyte Concen. Iph [µA] GaN etch rate [nm/min] AlN etch rate [nm/min]

KOH 0.02 M 150 42 0

KOH 0.04 M 150 51 0

H3PO4:H2O 1:25 40 21 0

H3PO4:H2O  (NID GaN) 2:25 60 33 0

H3PO4:H2O  (~1E19 cm-2 GaN) 2:25 60 83 0

HCl:H2O 1:10 600 0 0

H2SO4:H2O 1:25 20 0 0

B4K2O7 0.1 M 175 0 -

B4Na2O7 0.1 M 175 0 -

C4H6O6:NaOH):H2O 2:100 30 0 -

HBrpH=0.67):H2O 2:100 45 0 -
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