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1. Introduction

Gallium nitride has been successfully used for the production
of blue and white light-emitting diodes (LEDs) for the last
30 years.[1] With a direct bandgap of Eg¼ 3.5 eV, GaN emits

UV light with a wavelength of 365 nm upon
application of voltage.[2] Insertion of an
InxGa1–xN multiquantum well (MQW)
can increase LED efficiency and shift the
emission wavelength into the range of blue
visible light.[3] During standard GaN LED
production, GaN is grown via metalorganic
chemical vapor deposition (MOCVD).[4]

Epitaxy describes deposition of a material—
in this study, GaN─on a substrate. Themate-
rial deposited can be identical (homoepitaxy)
or different (heteroepitaxy) from the grown
material. For cost efficiency, GaN LEDs
are typically produced in a heteroepitaxial
approach on sapphire (Al2O3) substrates.

[5]

During epitaxial growth, the crystal lattice
of the substrate is transferred to GaN.

Sapphire has a relatively low thermal
conductivity; thus, the performance of
the final LED chip is limited because the

heat generated by the operating device cannot be dissipated. A
common approach to produce high-power LEDs is “flip-chip”
technology,[6] in which a silicon substrate wafer is bonded on
the top surface of the epitaxial GaN layer. The initial electrical
and adhesive connection is made by a soldered metal layer stack.
In the next step, laser lift off (LLO) is applied to the back of the
sapphire substrate.[7,8] The irradiation wavelength of the laser is
chosen to fall between the bandgap energies of the sapphire and
GaN to allow light to cross the sapphire substrate and be absorbed
by the GaN layer. The induced energy causes the GaN nearest the
sapphire substrate to thermally decompose to Ga and gaseous
nitrogen. The volume increase caused by the liberation of nitrogen
causes separation of the sapphire substrate and GaN.

To further enhance the flip-chip LED performance, the revealed
GaN surface is addressed during processing. The refractive
indices of GaN and air have values of�2.5 and 1.0, respectively;[9]

this discrepancy results in a light escape cone of 23.6�. Generated
photons directed outside of this angle, toward the chip surface,
suffer total reflection. They are absorbed in the sidewall of the
LED and do not participate in light emission, which effectively
decreases the LED’s efficiency. Surface roughening has been a
common approach to increase the outcoupling probability for pho-
tons for decades, which we recently reviewed.[10] A rough surface
supplies a larger total surface area, as well as additional surface
angles with varying orientations through which photons can cross.

Immersion in aqueous KOH solution at elevated temperature
is a common technique for wet-chemical GaN roughening.[11] In
an anisotropic etch process, the hexagonal crystal lattice leads to
formation of hexagonal pyramids on an N-polar GaN surface.[12]

On a Ga-polar surface, etching occurs exclusively at dislocation
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Etching of gallium nitride is a key step in the production of blue and white
light-emitting diodes (LEDs). Etching in aqueous KOH solution creates a rough
surface on the LED chip to facilitate outcoupling of the photons generated,
drastically increasing the resulting LED’s efficiency. Compared with the common
technique of dry etching, wet-chemical etching using aqueous KOH solution
has significant advantages, e.g., lower complexity and cost and less remaining
surface damage. An in-depth analysis of the molecular etch reaction by char-
acterization of the reaction products is reported. The mechanism identified
explains the cause of anisotropic etching, which leads to the formation of
hexagonal pyramids. The concept of hydroxide repulsion by protruding NH
and NH2 groups established in the literature is adapted and further developed.
The susceptibility of several polar, semipolar, and nonpolar crystal facets may
also be explained, as well as the commonly observed increase in average pyramid
size over etch time.
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sites. The disrupted crystal bonds in these positions cause etch
removal. Etch process conditions influence the etch mechanism,
including the impact of dislocations. Dislocations had no impact
during N-polar GaN etching without above-bandgap illumination
and without application of bias voltage.[13] Under the same con-
ditions, Ga-polar material generates etch pits at dislocation sites.
This phenomenon has frequently been exploited for atomic force
microscopy (AFM) analysis of dislocation density.[14]

A formal substitution reaction path has been reported as the
mechanism of wet-chemical GaN etching,[13,15,16] meaning the
formal oxidation states of Ga and N remain unchanged during
etching. In terms of the reaction product, both Ga2O3 and
Ga(OH)3 have been suggested

2GaNþ 3H2O ! Ga2O3 þ 2NH3 (1)

GaNþ 3H2O ! GaðOHÞ3 þ NH3 (2)

Under different process conditions, a different mechanism
is conceivable: the field of photoelectrochemical (PEC) etching
entails application of above-bandgap illumination and bias
voltage.[17] Light illumination generates electron–hole pairs.
The use of positive polarization also increases the availability
of holes generated by illumination to support the oxidation
partial reaction. Several papers have reported a redox approach
as the mechanism for PEC etching, in agreement with the
concept of anodic dissolution of other semiconducting
materials.[18,19]

2GaNþ 6hþ ! 2Ga3þ þ N2 (3)

6Hþ þ 6e� ! 3H2 (4)

In this mechanism, Ga remains at a formal oxidation state of
þ3, whereas N3� is reduced to gaseous N2. Which etch mecha-
nism occurs during etching without application of bias voltage
and above-bandgap illumination has remained an open question
to this point.

Anisotropic etching has also been discussed in the literature.
The angles of the hexagonal pyramids that evolve during N-face
GaN etching have been reported to have a �60� angle toward
the ð0001̄Þ lateral N-face.[12,20,21] Palacios and co-workers[21]

suggested that the pyramid side planes consist of f112̄1g crystal
facets. Several later reports concluded that f101̄ 1̄g facets form
the pyramid side planes. The difference in the etch behavior
between N-face and Ga-face GaN has been explained with a model
of repulsion between protruding nitrogen and incoming OH�

ions.[14,16,22] Both surface-standing nitrogen and OH� are nega-
tively charged, which was suggested to cause electronic hindrance.
On a Ga-polar surface, nitrogen atoms protrude at a 90� angle
from the surface, creating considerable steric hindrance.

In this report, we analyzed the molecular etch reaction of GaN
under dark and current-free conditions to characterize the reac-
tion products. Based on the results, we explain the previously
reported phenomena observed during GaN etching (e.g., the
decrease in etch rate at very high and low concentrations of
KOH).[21] In addition, we build upon the previously reported
model of hydroxide repulsion to explain the relative stability
of several semipolar and nonpolar crystal facets, including the
pyramid side planes formed during N-face GaN etching.

2. Results and Discussion

2.1. Substitution Mechanism under NH3 Formation

Previous reports have debated the molecular reaction mecha-
nism of GaN etching.[10,13,15,16] Three separate experimental
approaches in this work allowed clarification of the mechanism.

2.1.1. Analysis of Reaction Products

In a first experiment, the formation of gaseous reaction products
during etching was investigated. A 15.24 cm GaN wafer was pre-
treated in buffered oxide etch (BOE) solution to remove Ga and
GaOx residues from LLO and ensure that no side reaction might
lead to gas bubble formation on the wafer’s surface. The wafer
was subsequently immersed in aqueous KOH solution (30 wt%)
at a temperature of 80 �C. A GaN etch rate of 138� 17 nmmin�1

was expected (mean� standard deviation, n¼ 5),[23] which
translates to a material removal rate of 0.174mgmin�1.
Assuming the hypothesized redox mechanism of N2 and H2

formation, the combined amount of formed gas would be
4.13� 10�6 mol min�1.

The back of the GaN wafer was protected from KOH etching
by a 20 nm Pt layer. However, Si was accessible on the wafer side
walls. Inductively coupled plasma-optical emission spectrometry
analysis revealed a Si etch rate of 1185� 99 nmmin�1.[23]

Although Si was accessible to solution only in a small area on
the wafer side wall, bubble formation caused by H2

production was clearly observed. No bubble formation was visi-
ble on the GaN surface. From this preliminary experiment, it was
concluded that no N2 or H2 formation occurred during the etch
reaction of GaN.

Subsequently, the formation of NH3 during the etch reaction
was analyzed. First, the pH change in the atmosphere above the
solution was monitored. To detect the evolution of NH3, wet
pH indicator stripes were placed inside the vials above the
KOH solution. Three individual entries contained aqueous
KOH (20mL, 30 wt%) with a 1� 2 cm polished GaN sample
in solution at room temperature. Three further control entries
contained only KOH solution without GaN. All vials were closed
and slowly heated to 50 �C to gradually accelerate the etch
reaction. During heating, the pH indicator stripes showed a
pH change from 7 to 12 above the KOH solutions containing
GaN (Figure 1b). The control experiments (without GaN) showed
no pH change (Figure 1a), meaning no KOH evaporated from
the solution, and the formation of NH3 caused the pH increase
resulting from GaN etching.

In a second in-depth experimental approach, NH3 formation
was investigated by the Berthelot reaction. In its first step, the
Berthelot reaction describes the oxidation of NH3 to NH2Cl by
NaOCl.[24] In the second step, NH2Cl reacts with thymol to form
a blue indole dye via formation of a combined π-electron system.
The conditions and results are shown in Table 1, and the
appearance of the aqueous and organic phases for the various
conditions is shown in Figure 2.

The control reaction with only KOH, NaOCl, and thymol
(Table 1, entry 1) had a colorless aqueous phase and a brown
organic phase. The latter appeared after the addition of thymol,
presumably due to decomposition in 80 �C KOH solution.
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In another reaction (entry 2), NH3 (100 μL, 28 wt%) was directly
added to the hot reagent mixture. This led to yellow discoloration
of the aqueous phase, with a blue color observed in the organic
phase, as expected in the presence of NH3.

Pieces of a 5.08 cmmolecular beam epitaxy (MBE)-grown bulk
GaN substrate wafer were added to the reagent mixture for the
third reaction (entry 3). No blue color was visible in the organic
phase. The addition of ground MBE GaN (entry 4) also did not
lead to a blue organic phase, though the aqueous phase had a
slightly yellow color in both cases.

The MBE GaN samples had a low etch rate due to saturation of
the N-face with f101̄ 1̄g pyramids prior to etching. Polished bulk
MOCVD-grown GaN was used (entry 5) to achieve a higher
etch rate. Due to the polishing process, the initial GaN N-face
was terminated by the quickly etched ð0001̄Þ crystal facet. This
experiment (entry 5) appears essentially the same as the control
experiment (entry 2) to which NH3 was added directly. NH3 for-
mation was thus confirmed by the Berthelot reaction, at least
in the case of GaN etching at the etch rate achieved by the
polishedMOCVDGaN sample. It seems likely that the sensitivity
of the experimental design was too low to also detect the
small concentrations of NH3 formed by slower etching reactions
(i.e., that of MBE GaN).

2.1.2. Molecular Reaction Mechanism

The formation of NH3 during the etch reaction was confirmed by
the three experiments described to this point. This allowed the
previously reported reaction mechanisms to be narrowed to two
alternatives

2GaNþ 3H2O ! Ga2O3 þ 2NH3 (5)

GaNþ 3H2O ! GaðOHÞ3 þ NH3 (6)

At this point, the only difference between both mechanistic
approaches is the gallium–oxygen species formed. Nucleophilic
attack of hydroxide ions in the solution on positively charged Ga
atoms is a feasible first reaction step, and has been previously
reported to create Ga─OH bonds.[16] It has also been reported
that Ga(OH)3 dissolves readily in acidic and alkaline solutions,
with formation of [Ga(H2O)6]

3þ and [Ga(OH)4]
�, respectively.[25]

Figure 1. Images of wet pH indicator stripes placed above aqueous KOH solution (20mL, 30 wt%) a) without and b) with polished MOCVD GaN
samples. The samples were prepared at room temperature, closed, and slowly heated to 50 �C. NH3 formed by the etching reaction evaporated from
the solution and caused a pH change from 7 to 12 in the vials containing GaN. The control experiments without GaN showed no pH change, proving that
KOH did not evaporate.

Table 1. Berthelot reaction experiments for NH3 detection in aqueous
KOH solution at 80 �C. All entries contained KOH (20mL, 30 wt%),
NaOCl solution (100 μL), and �10mg thymol (spatula tip).

Entry NH3 [μL] GaN/Si sample Appearance
aqueous phase

Appearance
organic phase

1 – – Colorless Brown

2 100 – Yellow Blue

3 – 5.08 cm GaN pieces Yellow Brown

4 – 5.08 cm GaN ground Yellow Brown

5 – Polished MOCVD GaN Yellow Blue

6 – Si substrate Colorless Brown

Figure 2. Images of Berthelot reaction entries 1–6 for detection of NH3

during GaN etching. In all entries, KOH (20mL, 30 wt%) was preheated
to 80 �C. Thereafter, NaOCl solution (100 μL) and�10mg thymol (spatula
tip) were added. The entry numbers refer to Table 1. A blue organic phase
on top of the aqueous solution was observed for the polished epitaxial
GaN sample as well as the control experiment, in which exogenous
NH3 was added to the KOH solution.
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Ga2O3 is generally formed from Ga(OH)3 by dehydration.[25]

The formation of Ga2O3 would, therefore, require further
reaction after the initial formation of Ga─OH bonds, which
would not be feasible due to the solubility of Ga(OH)3 in water.
Of the Ga species present in solution, only [Ga(OH)4]

� is present
at high pH. Thus, the net reaction of GaN etching at the reaction
conditions applied in this study must be

GaNþ 3H2OþOH� ! GaðOHÞ�4 þ NH3 (7)

The step-by-step removal of GaN, in cycles of Ga─O bond
formation and dissolution of the reaction products, has been
extensively discussed in previous studies.[16,22,26]

At this point, it must be clarified that the postulated
reaction mechanism was found under these specific conditions;
other mechanisms are possible under other conditions. For
instance, diffusion limitation has been reported under PEC
conditions.[17,27,28] It is possible that the reaction mechanism
changes once holes are generated by above-bandgap illumina-
tion. Further experiments regarding the reaction mechanism

should include a detailed study of the transition between NH3

formation and N2/H2 formation.

2.2. Explanation for Anisotropic Etching at the Atomic Level

The root cause for the development of pyramids during KOH
etching was investigated at the atomic level.

2.2.1. Characterization of Pyramid Side Facet Species

AFM measurement was applied to precisely determine the
species of formed pyramid side facets as a first step toward
explaining the anisotropic etch behavior of GaN. The angle
between the side facets and the lateral ð0001̄Þ N-face was deter-
mined to be 61.5� 0.6� by AFM (Figure 3).

Based on the lattice constants of wurtzite GaN, the theoretical
angle between f101̄ 1̄g and ð0001̄Þ crystal facets is 62.1�; thus, the
theoretical and actual angles were in good agreement. This result
indicates that the pyramid side facets represent the f101̄ 1̄g
planes.

2.2.2. Selectivity of N-Face over Ga-Face Etching

GaN reacts under dissociative water adsorption once it is
immersed in aqueous KOH.[17] Protons bond to the negatively
charged nitrogen, whereas the Ga-polar surface is terminated
by hydroxide ions. The schematic surface states of both polarities
are shown in Figure 4, where the Ga─N, Ga─O, O─H, and N─H
bond lengths are pictured to scale with the literature values of
1.96, 1.92, 0.98, and 1.01 Å, respectively.[29–37]

Figure 3. a) AFM image of single MOCVD GaN pyramid after 6 min in
aqueous KOH solution (30 wt%) at 80 �C. b) The three lines indicate
the cross sections of the pyramid side facets. Height diagram of the
cross sections. The angle of the side facets relative to the base plane
was determined to be 61.5� 0.6�, which aligns well with the theoretical
angle of 62.1�, which f101̄ 1̄g facets form with the base plane.

Figure 4. a) Schematic surfaces of Ga-polar ð0001Þ and b) N-polar ð0001̄Þ
crystal polarities on the atomic level. The top face of each schematic
represents the surface. Hydroxide ions are adsorbed to the Ga-polar
surface, whereas protons bond to nitrogen, a phenomenon referred to
as dissociative water adsorption. Black, blue, red, and white spheres
represent Ga, N, O, and H, respectively. Surface-standing free electron
pairs are indicated as orangish ellipses.
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Before etching begins, the first layer of Ga atoms is easily
accessible to hydroxide ions in solution. The reaction mechanism
established in this work means the first Ga atom layer is then
removed, meaning hydroxide ions are blocked by the now-
exposed NH2 groups (Figure 5, bottom).

NH2 groups protrude at a vertical 90� angle from the Ga-polar
surface. This concept of hydroxide repulsion has been previously
reported.[11] Briefly, the two hydrogen atoms present on every
nitrogen provide steric blocking, and the free electron pair on
each nitrogen provides electronic blocking. In contrast, the initial
N-polar surface is terminated with NH groups (Figure 6, top).
The nitrogen atoms on the surface bond to only one hydrogen,
and do not have a free electron pair. This decreases the blocking
of the Ga-polar crystal surface. The angle between the Ga─N
bond and the lateral N-face is only 19�, compared with 90� for
the Ga-face. In consequence, hydroxide ions can attack Ga, as
shown in Figure 6, bottom. Once an entire GaN layer is removed,
the initial surface condition present prior to etching removal
is recovered. Etching of N-face GaN can thus proceed at a
higher rate.

2.2.3. Stability of Pyramid Side Facets

Etch selectivity between Ga- and N-face GaN was further
examined in terms of the stability of semipolar f101̄ 1̄g pyramid

side facets. The formation of hexagonal pyramids is a conse-
quence of a higher stability of the f101̄ 1̄g crystal facets compared
with the N-polar ð0001̄Þ plane. The pyramid facets were theoreti-
cally investigated to examine the surface termination on the
atomic level (Figure 7).

The NH2 groups protrude from the surface with alternating
angles of 79� and 35.5�. Therefore, the magnitude of the blocking
against approaching hydroxide ions was expected to fall between
that of the Ga- and N-faces. This relative etch selectivity conforms
to the empirically observed etch behavior.

During etch experiments performed with N-polar and
polished MOCVD GaN, additional crystal facets were observed

Figure 5. Removal of a single Ga atom layer from the Ga-polar ð0001Þ
GaN surface results in the termination of the remaining surface,
with NH2 groups protruding at a 90� angle relative to the lateral
Ga-face. Approaching negatively charged hydroxide ions are blocked by
steric and electronic repulsion from negatively polarized NH2 groups.
In addition to the two hydrogen atoms on every protruding nitrogen atom,
a nonbonding electron pair is also present, providing further electronic
hindrance.

Figure 6. Removal of a single GaN atom layer from the N-polar ð0001̄Þ
GaN surface results in the termination of the remaining surface with
NH groups protruding at a 19� angle relative to the lateral N-face.
Approaching negatively charged hydroxide ions are blocked less effectively
than when approaching the Ga-face, which leads to material removal
during etching.

Figure 7. Schematic surface of f101̄ 1̄g pyramid side facets. NH2 groups
protrude from the surface at alternating angles of 79� and 35.5�. This
situation implies relative etch selectivity between N-face and Ga-face
GaN in good agreement with actual etch behavior.
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on top of f101̄ 1̄g pyramids at a lower angle toward the lateral
N-face in some cases (Figure 8, green cross section).

An angle of 38.2� � 0.7� relative to the lateral N-face was deter-
mined. Considering the 30� rotation of the additional crystal
facets in the lateral direction, the f12̄14̄g crystal facets were
identified to represent the observed angle with a theoretical value
of 39.2�. The latter angle was calculated from theoretical GaN
crystal lattice parameters.

In the schematic view of this crystal facet, a terraced structure
was obvious with alternating situations discussed in Section 2.2.2
for ð0001̄Þ and f101̄ 1̄g facets (Figure 9).

While etching is fast on the horizontal ð0001̄Þ N-face plateaus,
the effective hydroxide blocking by NH2 groups in the angled
sections, reminiscent of the f101̄ 1̄g situation, slows the com-
bined etch rate. Thus, the expected etch selectivity of the
f12̄14̄g crystal facets was between the observed etch rates of
the ð0001̄Þ and f101̄ 1̄g facets. In fact, this theoretical consider-
ation was borne out by actual etch experiments; it appears

that the f12̄14̄g facets develop as an intermediate step if etching
of an initial ð0001̄Þ GaN surface evolves into f101̄ 1̄g pyramids.

2.2.4. Stability of Nonpolar Crystal Facets

In the next step, the etch behavior of the nonpolar f11̄00g crystal
facets was analyzed (Figure 10).

Alternating NH2 and NH groups protrude at angles of 81�

and 0�, respectively. The expected relatively low etch rate was
confirmed by scanning electron microscopy (SEM) analysis of
a ground MBE GaN sample (Figure 11).

SEM images of the ground GaN powder were taken before
(Figure 11a,b) and after (Figure 11c,d) etching in aqueous
KOH (30 wt%) for 120min at 80 �C. The long etch time was
chosen to reach termination of the GaN particles with the most
stable crystal facets. Small particles of powder present prior to
etching were entirely dissolved during the etching process.
Large particles within the powder showed smooth and defined
crystal facets after etching, and the crystal facets were arranged
in terraces. The most stable GaN facets could be identified at
higher magnification (Figure 12).

On the bottom of the GaN particle shown, the N-polar direc-
tion was identified using the large f101̄ 1̄g pyramids. These pyr-
amids transitioned into nonpolar f11̄00g facets and terminated
at Ga-polar ð0001Þ crystal facets at a 90� angle. No other crystal
planes were found at this point of the etch progress, proving that
these three facets are indeed the most stable to KOH etching.
The three could be ranked in terms of relative etch selectivity:
the Ga-polar ð0001Þ facet has been frequently reported to show
no detectable etch progress under the process conditions
applied.[10] The etch rate of f11̄00g facets must be higher com-
pared with f101̄ 1̄g pyramid side planes. If the latter selectivity
were reversed, GaN pillars would form as a consequence of
N-face GaN etching instead of pyramids. In this case, some sur-
face sections would have to show areas in which the f101̄ 1̄g fac-
ets transition into vertical f11̄00g facets due to a hypothetical
higher resistance to etching. As this has not been observed
during GaN etching under non-PEC conditions, the f101̄ 1̄g
pyramids must have higher resistance to etching. The relative

Figure 8. AFM measurement of N-polar MOCVD GaN sample after
etching in aqueous KOH solution (30 wt%) at 80 �C for 6min. The red
line marks a cross section of a regular f101̄ 1̄g pyramid side facet. The
green line indicates the presence of an additional set of crystal planes with
an orientation rotated 30�.

Figure 9. Schematic surface of f12̄14̄g pyramid side facets. The situation
is reminiscent of a terraced combination of alternating f101̄ 1̄g and ð0001̄Þ
surface states, leading to expectation of an etch selectivity between that of
ð0001̄Þ and f101̄ 1̄g facets.

Figure 10. Schematic surface of f11̄00g GaN surface. NH2 groups pro-
trude with an angle of 81� relative to the f11̄00g surface, whereas NH
groups provide additional blocking with a 0� angle relative to the surface.
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susceptibility of the three most stable crystal facets can thus be
determined to be f11̄00g> f101̄ 1̄g> ð0001Þ. Compared with
these, the N-polar ð0001̄Þ facet disappears after a relatively short
period of etching. The empirically observed stability agrees with
the theoretical considerations discussed by means of schematic
GaN surface models on the atomic level.

2.2.5. Instability of Pyramid Tips during Prolonged Etching

Etching of N-polar GaN in aqueous KOH solution has previously
been reported to occur in a steady equilibrium of pyramid
formation, coalescence, and erosion of the pyramid tips.[20]

The breakdown of pyramid tips again leads to the formation
of smaller pyramids. Thus, the most stable particle morphology
during etching is expected to have large and smooth crystal fac-
ets, and a lower relative etch resistance is expected at transitions
from one facet to another. Thus, the pyramid size should become
as large as possible to provide the highest possible stability.

However, during etch experiments, pyramids were found to
be eroded after etching for no more than 2min. SEM analysis
of an N-polar MOCVD GaN sample surface section in 1min
steps during etching (aqueous KOH solution [30 wt%] at 80 �C)
showed the growth and breakdown of a large pyramid
(Figure 13).

The relative instability of pyramid tips was further analyzed
schematically (Figure 14).

While the pyramid side walls are formed by the stable f101̄ 1̄g
crystal facets, the tip is equivalent to a microscopic ð0001̄Þ N-face
plateau. Thus, the tendency of the material to form large homo-
geneous crystal facets is disrupted. During etching, the combi-
nation of formation and breakdown of large crystal facets
leads to a steady but slow increase in average pyramid size, a
finding in agreement with several previous reports.[12,20,21]

3. Conclusions

In this study, we investigated the GaN etch process in
aqueous KOH solution in detail. First, the molecular reaction
mechanism was elucidated using three independent experimen-
tal approaches to prove that NH3 evolves during etching.
This allowed the mechanism in aqueous solution under the
specific reaction conditions applied to be narrowed down to one
possibility. By changes in the electrostatics of the crystal by
application of bias voltage and above-bandgap illumination

Figure 11. SEM images of ground MBE-grown bulk GaN particles a,b) before and c,d) after etching in aqueous KOH solution (30 wt%) at 80 �C for
120min. Small particles were entirely dissolved during etching. The remaining larger particles have smooth crystal facets arranged in terraces.

Figure 12. High magnification SEM image of a grinded MBE-grown bulk
GaN particle after etching in aqueous KOH solution (30 wt%) at 80 �C for
120min. The N-polar crystal direction is visible on the bottom of the
sample by means of large f101̄ 1̄g pyramids. These terminated in nonpolar
f11̄00g crystal facets. In Ga-polar direction, f11̄00g facets ended at
terraced ð0001Þ plateaus. No other facets had remained at this stage of
etch duration.
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(e.g., by PEC etching), the mechanism might change to a com-
bination of N3� oxidation and Hþ reduction─equivalent to the
concept of anodic dissolution of other common semiconductors.

The underlying reasons for the observed anisotropic etch
behavior of GaN were analyzed at the atomic level. Based on the-
oretical and schematic considerations, the concept of hydroxide
repulsion by protruding nitrogen established in the literature was
further examined. The etch selectivity of the most stable GaN
crystal facets could be explained. Etching of grinded MBE-grown
bulk GaN led to the conclusion that the most stable crystal
facets against KOH etching are f11̄00g< f101̄ 1̄g< ð0001Þ.
The observed breakdown of pyramid tips can be explained by
the presence of a microscopic N-face ð0001̄Þ plateau with a
relatively high etch rate on each pyramid tip. While the stability
of the GaN surface is increased by the presence of large facets,
the maximum pyramid lifetime was found to be 2min under the
reaction conditions used. Etching of GaN thus occurs as a steady
equilibrium of pyramid formation and breakdown, which causes

a slow and steady increase of the average pyramid size during
etching. Thus, the exact positions of the pyramid tips on the
surface undergo constant change.

4. Experimental Section

Materials: Selectipur grade KOHwas purchased from BASF. Planar sap-
phire wafers were used as growth substrates during epitaxy. Silicon wafers
were purchased from Siltronic. Commercially available MBE-grown
5.08 cm bulk GaN wafers with a threading dislocation density of 2.0� 106

cm�2 were used. Indicator strips for pH were purchased from Roth. GPR
Rectapur grade NaOCl (14 wt% active Cl2 in aqueous solution) and ana-
lytical grade thymol were used as received from VWR. BOE solution with
HF (4.15 wt%) and NH4F (33 wt%) and no surfactants or additives was
obtained from Honeywell.

Preparation of Epitaxial GaN Samples: Standard c-plane oriented GaN
epilayers were grown using commercially available Veeco MOCVD tools.
After deposition of a thin AlN nucleation layer, a 3 μm bulk GaN layer was
deposited in the Ga-polar direction. The dislocation density was deter-
mined by photoluminescence microscopy (PLM) to be approximately
4� 108 cm�2. Due to the high dislocation density, this value represents
a minimum, as PLM images showed dislocation aggregation.[23] For
PLM analysis, a rudimentary GaN/InxGa1–xN MQW was deposited on
the GaN, though these wafers were not used for the etch experiments
discussed later.

After epitaxial growth, the Ga-face of the epilayer was bonded to a sili-
con substrate with a nonohmic metal contact to achieve electrical isolation
and thus avoid substrate influence on the etch process. The sapphire was
removed by LLO to reveal the N-polar ð0001̄Þ crystal facet. The silicon back
of the wafers was protected against KOH etching by deposition of a 20 nm
Pt layer.

A set of samples underwent surface polishing; LLO surface roughness
was removed using a commercially available wafer polisher. An aqueous
alkaline slurry (pH 12.3) was used in combination with a mechanical com-
ponent based on SiO2 particles. This process decreased surface roughness
(Rq) from 24.1 to 1.1 nm, as measured by AFM.

Etching: Etching was conducted with full 15.24 cm MOCVD GaN
wafers, with cut samples with dimensions of 1� 2 cm, and with commer-
cially available MBE-grown bulk GaN samples. Etching of 15.24 cm GaN
wafers was conducted in a beaker. The wafers were placed on Teflon place

Figure 13. Consecutive SEM images of the same surface of a MOCVD-grown N-face GaN etched in 1 min steps in aqueous KOH solution (30 wt%)
at 80 �C. The observed pyramid had grown to its maximum size in the fourth image. After 1 min prolonged etch time, the tip of the pyramid had
broken down, leading to the development of smaller pyramids.

Figure 14. Schematic tip of f101̄ 1̄g GaN pyramid on the atomic level.
Directly on the tip, a microscopic ð0001̄Þ is visible. This explains the
relative instability of the pyramid tip, which leads to the breakdown of
large pyramids.
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holders to allow for magnetic stirring underneath the wafer. Etching of cut
1� 2 cm MOCVD GaN sample pieces, as well as ground or fragmented
MBE bulk GaN, was conducted in 50mL polypropylene centrifuge vials
under magnetic stirring. The KOH solution was heated to the process tem-
perature prior to immersion of the wafer to enable maintenance of a stable
process temperature over the entire etch period.

Analytical Methods: PLM images were recorded directly after epitaxy
using an Olympus BX51 microscope with an Olympus U-RFL-T UV light
source. Light with a wavelength of 408 nm was used for excitation. AFM
measurements were taken using a Veeco/Bruker microscope and a
Scanasyst-Air tip with a 2 nm diameter. All measurements were recorded
in peak force tapping mode at 2 kHz. SEM images were recorded on a
Zeiss Gemini Leo 1530 microscope with an acceleration voltage of
2 keV and SE2 detection.
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