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This work investigates the morphology of GaN etched in hydrogen (H2) at different temperatures, the

activation energies of the rate-limiting steps of H2 etching, and the overgrowth on a H2-etched GaN

template. The surfaces of GaN have different profiles after being etched in H2; they resemble a plane

decorated with columns and mooring posts in a low-temperature etching condition, and with deep

controllable etching directions: vertical and lateral. In a low-temperature condition, H2 etching has

both vertical and lateral etching directions; however, in a high-temperature condition, it has only the

vertical etching direction. The activation energies of the rate-limiting steps under etching pressures of

100 and 700 Torr are estimated to be 3.22 and 3.77 eV, respectively. A thick GaN layer has been grown

on a H2-etched GaN template, and it has self-separated from the underlying sapphire substrate.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

GaN is a major wide band gap semiconductor used in fabricat-
ing green to ultraviolet optoelectronic devices. Various processes
have been developed to study the properties of GaN; among
them, etching is one of the most important steps. For example, the
etching process is necessary for making a patterned structure on
the surface of GaN to reduce stress and dislocation density during
the manufacturing of devices or large-area free-standing GaN
substrates [1–5]. Unfortunately, conventional wet etching is
difficult to be used due to the high chemical stability of GaN.
The more effective methods are dry etching techniques such as
reactive ion etching (RIE) [6] and inductively coupled plasma
(ICP) [7]. These dry etching processes produce anisotropic etch-
ing, i.e., GaN is etched in the vertical direction. However, the
obtainable patterned structures are limited because of the single
direction etching. It is valuable to develop an etching technique
having both vertical and lateral etching directions. Additionally,
an in situ maskless etching will also help to simplify the
manufacturing processes of GaN substrates and devices.

In our previous work, the morphology of GaN etched in
hydrogen (H2) under different pressures had been studied [8].
A model was developed to explain the mechanism of H2 etching
under different pressures at 1050 1C. We found that H2 etching
ll rights reserved.
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begins at some weak areas such as dislocation sites, and all
vicinity of dislocation sites has been etched to form cavities. In
this work, we investigate the morphology of GaN etched in H2 at
different temperatures, the activation energies of the rate-limit-
ing steps of H2 etching, and the overgrowth on a H2-etched GaN
template.
2. Experiment

Samples used in the experiments were MOCVD-grown c-plane
GaN template layers on sapphire, and the thickness of the GaN
layers was about 2 mm. The first experiment was temperature-
varying etching. After ultrasonic cleaning, a sample was loaded
into a home-made horizontal HVPE reactor, and then the reactor
was heated to a desired temperature under a pressure of 700 Torr.
In addition to nitrogen (N2), ammonia (NH3) was also introduced
into the reactor to avoid GaN decomposition during heating. After
the temperature reached, NH3 was shut off, and H2 was intro-
duced to begin etching. The flow rates of H2 and N2 were 1 and
4.9 slm, respectively; the etching time was 10 min. Six samples
labeled A, B, C, D, E, and F were etched at the temperatures of
1050, 1060, 1070, 1080, 1090, and 1100 1C, respectively. The
surface morphologies of the etched samples were observed
through a high-resolution field emission scanning electron micro-
scope (FE-SEM, Hitachi s-4700i). The second experiment is the
calculation of the activation energy of the reaction limiting GaN
decomposition. Samples were weighed to within 0.1 mg using an
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analytical balance before etching, and then they performed H2

etching at different temperatures by HVPE. After H2 etching, each
sample was reweighed to determine the mass loss. The etching
rate was calculated from the mass loss divided by the etching area
and time. Two activation energies at etching pressures of 100 and
700 Torr have been estimated. The third experiment was the
overgrowth on a H2 etched sample by HVPE. The H2-etching
condition was a two-step etching that was described in our
previous study [8]. After etching, a 320 mm-thick GaN layer was
Fig. 1. SEM images of the samples etched at different temperatures in plan views

(insets), tilted views (left column) and cross-section views (right column):

(a) 1050, (b) 1060, (c) 1070, (d) 1080, (e) 1090, and (f) 1100 1C. All the scale bars

are 1 mm.
sequentially grown on the sample at 1050 1C under the high
pressure of 700 Torr for 120 min, and the V/III ratio was 40.
3. Result and discussion

Fig. 1 shows SEM images of the six samples etched at the
temperatures of 1050–1100 1C. It can be found that the etching
temperature has remarkable influence on the morphologies of
GaN surfaces. The surface resembles a plane decorated with
mooring posts or columns at the low etching temperature of
1050 1C, as shown in Fig. 1(a), and there are a lot of undercut
shapes revealing the lateral etching ability of H2 etching. As a
higher etching temperature is used, the surface becomes flatter.
Deep cavities begin to appear at the high temperature of 1090 1C,
and the density of them becomes larger at the highest tempera-
ture of 1100 1C.

We can compare the effects of temperature with those of
pressure. By comparing our previous study [8], it can be found
that the effects of temperature are similar to those of pressure but
with an opposite tendency, i.e., in the pressure-varying experi-
ment, the etched surfaces are decorated with bollard-like posts at
high pressures and with deep cavities at low pressures.

The mechanism of the formation of the morphologies at these
temperatures can be explained by a model, which is similar to the
one we proposed in our previous study. It has been reported that
H2 enhances GaN decomposition; H and N atoms combine to form
NH3 [9–13]. As H mostly reacts with N, we presume that during
H2 etching, a facet formed with N atoms (N-terminated) will be
unstable whereas a facet formed with Ga atoms (Ga-terminated)
will be stable. The as-grown surface of a MOCVD-grown c-plane
GaN film is Ga-polarity (Ga-face) and the reverse side is N-polarity
(N-face); the inclined {10–11}, {11–22} facets are mainly N-termi-
nated; however, the nonpolar (a-plane and m-plane) facets contain
equal number of Ga and N atoms. Therefore, we suppose that during
H2 etching, the relative stabilities of the facets follow the order: Ga-
face4nonpolar face4inclined face4N-face. At 1050 1C under
700 Torr, the etching mechanism is proposed to be as follows. As
H2 arrives at the surface, it is difficult to decompose most of GaN on
the surface due to the high stability of Ga-polarity. Thus, etching
occurs at some weak areas such as dislocation sites to form a
vertical cavity, as shown in Fig. 2(b) (the dotted line indicates a
dislocation). As H2 etch GaN downwardly, the products, NH3 and N2,
Fig. 2. Stages of H2 etching at low temperature: (a) unetched template, the top

surface is Ga-face and the dotted line indicates the dislocation, (b) H2 etching at

the dislocation site, (c) lateral etching at the bottom of the cavity, and then N-face

facet is exposed, (d) etching in the upward direction due to the instability of

N-face, and (e) the resulting etching profile.



Fig. 4. The free-standing GaN thick film.

Fig. 5. AFM image of the self-separated sample after an EDP experiment.
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are produced; they dissipate slowly and then occupy the bottom of
the cavity at the low temperature of 1050 1C under 700 Torr. H2

cannot flow into the bottom of the cavity due to the occupancy of
NH3 and N2; therefore, the bottom of the cavity becomes a high V/III
ratio environment. It is proposed from the previous researches that
the inclined faces are stable in a condition of high V/III ratio [3,5,14].
Hence, we infer that the nonpolar sidewalls become unstable in
such an environment. As a result, the lateral etching begins at the
bottom of the cavity, as shown in Fig. 2(c). After the sidewalls are
etched for some distance, the N-face facet is exposed, and then it is
etched due to its instability; therefore, etching begins in the upward
direction, as shown in Fig. 2(d). The resulting etching profile is
shown in Fig. 2(e), and it has an undercut shape. A lot of cavities
with this undercut profile expand and merge to make the morphol-
ogy resemble a surface decorated with columns or mooring posts, as
shown in Fig. 1(a).

The formation of the cavities at a low etching pressure in our
previous study is proposed as follows. As the pressure become
lower, NH3 and N2 dissipate more rapidly, and the bottom of the
cavity becomes a H2 environment; the sidewalls become stable,
and deep cavities appear. We suggest the formation of the cavities
at high etching temperatures is also due to a similar mechanism.
At high temperature, the dissipation rate of NH3 and N2 increases,
so the bottom of the cavity becomes a H2 environment; therefore,
the sidewalls become stable, and deep cavities appear as a result.

To estimate the activation energies of the rate-limiting steps of
H2 etching under pressures of 100 and 700 Torr, we performed
experiments to obtain the etching rates at different temperatures.
Fig. 3 shows the Arrhenius plot of the results, and we estimate the
activation energies at the etching pressures of 100 and 700 Torr to
be about 3.22 and 3.77 eV, and the pre-exponential factors of
them are 3.34�1027 and 2.62�1029 molecules/cm2 s, respec-
tively. These values indicate that the rate-limiting steps for H2

etching at 1030–1055 1C under pressures of 100 and 700 Torr are
the same, i.e., formation and the desorption of N2 [9]. However,
the different activation energies may have some implications. In
Ref. [9], the activation energy of the etching condition under pure
H2 at 40 and 76 Torr is 3.4 eV, and that under pure N2 at 76 and
150 Torr is 3.62 eV; the activation energy under pure N2 is larger.
In our results, the activation energy under the high pressure of
700 Torr is larger than that of 100 Torr (the same H2/N2 ratio), so
we infer this result agrees with our hypothetical model that the
bottom of the cavities is relatively a high V/III ration environment
(without H2) at high pressure and a H2 environment at low
pressure [8]. The sidewalls are unstable at high pressure, and
then the lateral etching begins as the mechanism discussed in
Ref. [8].

To demonstrate the application of H2 etching, we performed
an overgrowth experiment. A sample was first etched using two-
step etching to produce porous caves structure that is shown in
Fig. 3. The Arrhenius plot of the etching rates at pressures of 100 and 700 Torr.
our previous study [8], and then a 320 mm-thick GaN layer was
grown on the sample. The overgrown GaN thick layer self-
separated from the underlying sapphire substrate; however, it
also cracked. The growth area is 10 mm�10 mm, and the largest
piece is shown in Fig. 4. It is supposed that the porous caves make
the interface of the GaN layer and the sapphire substrate become
weak, so the thick film separates from the substrate due to the
stress that rises during cooling. Nevertheless, the etching and
growth parameters need to be optimized to avoid cracks. This
experiment demonstrates one possible application of H2 etching,
and we believe that H2 etching is also helpful for the reduction of
threading dislocation density during the overgrowth process;
however, the dislocation density of the self-separated sample
does not reduce greatly. Fig. 5 shows the AFM image of the
surface of the free-standing GaN thick film after an EDP experi-
ment. The dislocation density is estimated to be about
2�107 cm�2, and this value is just a little lower than that of a
thick film, which is grown without H2 etching. We consider that
the growth condition needs to be optimized to reduce the
dislocation density.
4. Summary

In conclusion, different morphologies appear on the GaN
surface etched in H2 at different temperatures under a high
pressure of 700 Torr. It is considered that H2 etching begins in
certain weak areas such as dislocation sites. In addition to the
vertical downward direction, H2 etching also has lateral and
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upward directions at the low temperature of 1050 1C, and these
etching directions make the surface profile resemble a plane
clustered with columns or mooring posts. On the other hand, H2

etching merely has the vertical direction at high temperatures
that make the surface decorate with cavities. The activation
energies of the rate-limiting steps at pressures of 100 and
700 Torr are estimated to be 3.22 and 3.77 eV, respectively. A
320 mm-thick GaN layer has been grown on a H2-etched GaN
template, and it has self-separated from the underlying sapphire
substrate.
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