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a b s t r a c t

The hydride vapor phase epitaxy (HVPE) grown GaN samples were etched by H3PO4, mixed solution
of H2SO4 and H3PO4 (HH) and molten eutectic of KOH–NaOH (E), respectively. The etching character-
istics and surface morphologies were studied by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The density of etch pits obtained by E etching under optimum etching condition was
around 3.0 × 108 cm−2, which was consistent with the results obtained by the cathodoluminescence (CL)
eywords:
islocation
tch pits
ydride vapor phase epitaxy
aN

investigation. Two types of etch pits with different sizes were all revealed on the GaN surface using dif-
ferent etching methods. The large etch pits were formed on screw or mixed dislocations, while small etch
pits were formed on edge dislocations. The difference in the size of etch pits was interpreted by Cabrera’s
thermodynamic theory. Prolonging etching time, the morphology changes of etch pits were different by
using H3PO4, HH and E. The etching rate by H3PO4 etching was the fastest and that by E etching was the
slowest. According to these etching results, it could be concluded that E etching was a better method for

.
evaluation of dislocations

. Introduction

In recent years, GaN have attracted a great interest due to
heir excellent properties for short wavelength optoelectron-
cs and high-power high-frequency electronics [1–3]. However,
aN epitaxial layers have high dislocation densities (108 cm−2 to
010 cm−2) due to the lattice mismatch and the difference in ther-
al expansion coefficient between GaN and the substrate [4]. The

igh dislocation density is harmful to the performance of optical
nd electrical devices. Homoepitaxy is the most effective method
o reduce the dislocation density. However, due to the lack of
ative substrates, GaN has been mainly grown on foreign sub-
trates [5,6]. To decrease the dislocation density of heteroepitaxial
aN, several techniques have been developed, such as epitaxial

ateral overgrowth (ELOG) [7], overgrown on etch pits [8], fabri-
ation of nanostructure on substrate [9]. The quality of GaN has
een improved by using these methods, and correspondingly the
islocation density has been decreased. Therefore, it is necessary to
tudy the dislocation of GaN epitaxial layers. Wet chemical etching

ethod is commonly used for its merits of low cost, simple exper-

mental procedure and no requirement of sample geometry [10].
ifferent etchants, such as phosphoric acid (H3PO4), mixed solu-

ion of H2SO4 and H3PO4 (HH), molten KOH and molten eutectic
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of KOH–NaOH (E), have been employed to study defects in GaN
epitaxial layers [11–13]. However, few studies reported the dif-
ferences of etching characteristics by using various wet chemical
etching methods in detail.

In this paper, we investigated the differences in H3PO4, HH and E
etching. The surface morphology of etched GaN epitaxial layers was
observed by SEM and AFM. The etching parameters, morphology
and mechanism of these systems were also investigated.

2. Experimental

GaN samples used for etching were grown by HVPE and they exhibited a
Ga-polar surface. The thickness of GaN epitaxial layers was about 60 �m. The
GaN samples were cut from the same wafer in order to ensure the comparabil-
ity of the experiment results. To reveal the dislocation etch pits, the chemical
etching was carried out by using H3PO4 (85%), HH (H2SO4:H3PO4 = 3:1) and E
(NaOH:KOH = 51.5:48.5). In order to find optimal etching conditions of the GaN sam-
ple, we started at low temperature, and then gradually increased temperature or
time of subsequent etching steps [13]. (1) H3PO4 etching: etching experiment in
H3PO4 was performed from 210 ◦C to 250 ◦C. The glass container with H3PO4 solu-
tion was heated in a resistive heated oven. When the temperature of H3PO4 solution
reached the specified value, GaN samples were immersed in the solution for 3–9 min,
and then immediately taken out from the container and quenched in cool water to
halt etching. (2) HH etching: the GaN samples were etched in HH for 3–12 min from
250 ◦C to 290 ◦C. The etching process was the same as H3PO4 etching. (3) E etch-
ing: a nickel crucible was used in the etching experiment. The molten KOH–NaOH

liquid was heated to 370–470 ◦C for 3–10 min. Table 1 summarized the etching con-
ditions and characteristics of HVPE-grown GaN using different wet chemical etching
methods. AFM (Digital Instrument Dimension 3100) and SEM (Hitachi S-4800) were
used to investigate the morphology of the as-grown and etched surface of GaN sam-
ples. CL investigations were performed using a Gatan MonoCL3 system attached to
a Hitachi SU-70 SEM.
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Table 1
Etching conditions and characteristics of HVPE-grown GaN using wet chemical etching method.

Etchant Etching temperature Etching time Etching characteristics Figs.

H3PO4 210 ◦C 5 min No change –
230 ◦C 3 min Inverted hexagonal pyramid shape Fig. 1(a)

6 min Hexagonal prism shape Fig. 1(b)
9 min Huge etch pits Fig. 1(c)

250 ◦C 3 min Huge etch pits –

H2SO4:H3PO4 (3:1) 250 ◦C 5 min No change –
270 ◦C 3 min Large and small

inverted hexagonal
pyramid shape

Fig. 2(a)
5 min Fig. 2(b)
7.5 min –
10 min Fig. 2(c)
12.5 min Huge etch pits –

290 ◦C 3 min Large inverted hexagonal pyramid shape –

NaOH:KOH (51.5:48.5) 370 ◦C 6 min A few etch pits –
420 ◦C 3 min A few etch pits Fig. 3(a)

n
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6 min
8 min
9.5 mi

470 ◦C 3 min

. Results and discussion

.1. H3PO4 etching

When the GaN samples are etched by H3PO4 at 210 ◦C for 5 min,
here is no change on their surfaces. Raising the etching tempera-
ure to 230 ◦C, etch pits with inverted hexagonal pyramid shape
egin to emerge. Fig. 1(a–c) shows the surface morphology of
tched GaN samples in H3PO4 at 230 ◦C for 3 min, 6 min and 9 min,
espectively. After being etched for 3 min (Fig. 1(a)), two types of
tch pits can be observed on the etched surface. One type is small
ark dots less than 100 nm in diameter, and the other is large

nverted hexagonal pyramid shape about 1 �m in diameter. The
ensity of large etch pits is about 5.2 × 106 cm−2. The shape of small
ark dots is unclear and the density is about 1.1 × 108 cm−2. The

otal density of the etch pits is 1.2 × 108 cm−2. To verify the shape
f small dark dots, AFM investigation was carried out. Fig. 2(a)
llustrates the AFM image and section analysis of GaN etched at
30 ◦C for 3 min. It can be confirmed that the small dark dots in
he SEM image of Fig. 1(a) are small etch pits with depth of about

Fig. 1. SEM images of GaN samples etched in H3PO
Large and small
inverted hexagonal
pyramid shape

Fig. 3(b)
Fig. 3(c)
Fig. 3(d)

Large hexagonal pyramid shape –

5 nm. The shape of dark dots is also inverted hexagonal pyramid,
which is the same as large etch pits. The depth of large etch pits
is about 140 nm. Increasing the etching time, the small etching
pits disappear, and the diameter of large etch pits increases from
1 �m (Fig. 1(a)) to 3–4 �m (Fig. 1(b)) and their shape changes from
inverted hexagonal pyramid (Fig. 2(a)) to hexagonal prism struc-
ture (Fig. 2(b)). The morphology changes of etch pits indicate that
overetching has occurred. The density of etch pits is 2.0 × 106 cm−2

in Fig. 1(b), which is two orders of magnitude less than that obtained
in Fig. 1(a). When the etching time is increased to 9 min at 230 ◦C,
some etch pits merges and forms huge etch pits with the diameter
of 5–8 �m. Increasing the etching temperature to 250 ◦C, only huge
etch pits are observed. So the optimum etching condition is 230 ◦C
and 3 min.
3.2. HH etching

Etched by HH at 250 ◦C, the surface of the GaN sample remains
unchanged. When the etching temperature reaches 270 ◦C, etch pits
with inverted hexagonal pyramid shape are observed. The SEM

4 at 230 ◦C for 3 min (a), 6 min (b), 9 min (c).
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Fig. 2. AFM image and section analysis of etching pits formed in GaN

mages of the GaN sample etched by HH at 270 ◦C for 3–10 min
re shown in Fig. 3. Two kinds of etch pits in different sizes are
bserved when the surface of GaN was etched with HH for 3 min
Fig. 3(a)). The densities of large etching pits and small ones are
round 1.7 × 107 cm−2 and 1.8 × 108 cm−2, respectively. The total
ensity of the etch pits is 2.0 × 108 cm−2. The AFM results (Fig. 3(d))
how the depths of the large and the small etch pits are about
20 nm and 7 nm, respectively. Further prolonging the etching time
o 5 min, the diameter of large hexagonal etch pits increases from
00 nm to 1.5 �m, and that of small etch pits increases from 250 nm
o 500 nm (Fig. 3(b)). The morphology of the two kinds of etch pits
as no significant change except the increase in size. When the
tching time prolongs to 10 min (Fig. 3(c)), the large and small etch

its begin to merge due to the increase in size. As a result, the
stimated density of etch pits will decrease. When the etching is
erformed at 290 ◦C for 3 min, only large inverted hexagonal pyra-
id shape etch pits appear. The etching results show that the best

tching parameters are 270 ◦C and 3 min because etch pits can be

ig. 3. SEM images of GaN samples etched in HH at 270 ◦C for 3 min (a), 5 min (b), 10 m
eing etched in HH at 270 ◦C for 3 min (d).
le after being etched in H3PO4 at 230 ◦C for 3 min (a) and 6 min (b).

clearly identified and reliable dislocation density can be obtained
under these conditions.

3.3. E etching

Etched by E at 370 ◦C for 6 min, only a few etch pits come out.
After the etching temperature increased to 420 ◦C, a few etch pits
are observed after 3 min (Fig. 4(a)), and the size of etch pits is
very small and their shape cannot be identified. Six minutes later
(Fig. 4(b)), two types of etch pits with different sizes appear. The
average diameter of large etch pits is about 500 nm, while that of
small etch pits is about 100 nm. The AFM results (Fig. 4(e)) show
that the depths of the etch pits are about 120 nm and 30 nm, respec-

tively. The hexagonal etch pits are well separated in space and can
be clearly distinguished from their shape. The densities of the etch-
ing pits are around 4.2 × 107 cm−2 and 2.5 × 108 cm−2, respectively.
The total density of the etch pits is 3.0 × 108 cm−2. After being
etched for 8 min (Fig. 4(c)), the size of etch pits became twice as

in (c). AFM image and section analysis of etching pits formed in GaN sample after
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ig. 4. SEM images of GaN samples etched in E at 420 ◦C for 3 min (a), 6 min (b), 8 m
fter being etched in E at 420 ◦C for 6 min (e).

ig as that etched for 6 min (Fig. 4(b)). The size and shape of the
tch pits do not change obviously when the etching time increased
o 9.5 min (Fig. 4(d)). Further increasing the etching temperature
o 470 ◦C, only large etch pits are observed. According to the etch-
ng results, it can be found that the optimum etching condition for
evealing the defects for E is 420 ◦C and 6 min.
.4. CL image

Fig. 5 shows a CL image for the as-grown HVPE GaN. The density
f dark spots is about 3.0 × 108 cm−2. The dark dots are correspond-

Fig. 5. CL image of the as-grown sample.
, 9.5 min (d); AFM image and section analysis of etching pits formed in GaN sample

ing to the non-radiative carrier recombination at dislocations,
which is strongly localized due to the short-hole carrier diffusion
length in GaN [14]. Therefore, the density of dark spot is close to
the real density of dislocations. The density of etch pits obtained
by E etching under the optimum etching conditions is around
3.0 × 108 cm−2, which is consistent with the results obtained by the
CL study. Therefore, it can be concluded that the density of disloca-
tions obtained by E etching is reliable under the optimum etching
conditions.

3.5. Discussion

In our investigation, two types of etch pits with different sizes
are revealed on the GaN surface etched by different etchants. Vis-
conti et al. obtained similar results using both molten KOH and
H3PO4 etching on HVPE-grown GaN [15]. Chen et al. demonstrated
that both large and small etch pits are formed by H3PO4 etching
on MOCVD grown GaN, and the large etch pits are attributed to
screw or mixed threading dislocations and the small ones to edge
threading dislocations, according to their locations on the surface
and Burgers vectors of threading dislocations [16]. Weyher et al.
reported that three types of threading dislocations are revealed in
molten E on HVPE-grown GaN by wet chemical etch, and the largest
etch pits are formed on screw dislocations, intermediate size pits
on mixed dislocations and the smallest ones on edge dislocations
[13]. However, it is difficult to distinguish the largest etch pits and

intermediate ones on the basis of our etching results. Therefore, by
comparing the size and shape of etch pits, it can be concluded that
the large etch pits are formed on screw or mixed dislocations, while
small etch pits are formed on edge dislocations. Different sizes of
etch pits could be interpreted in terms of Cabrera’s thermodynamic
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screw or mixed dislocations, while small etch pits were formed on
edge dislocations. Difference in the size of the etch pits was inter-
preted by Cabrera’s thermodynamic theory. In addition, the change
ig. 6. Schematic diagram of the morphology change of etch pits using H3PO4, HH
nd E.

heory [17,18]. According to this theory, the energy localized in
he vicinity of a dislocation lowers the free energy required for the
ucleation of a cavity of unit depth in the surface at the site of the
islocation. This decrease in the free energy is the cause of preferred
issolution of the surface at the emergence points of dislocations.
he free energy change associated with the formation of an etch pit
t the dislocation site, �E, is given by:

E = 2�hr� − �hr2��

˝
− h

Gb2

4�
˛ln

(
r

r0

)
, (1)

here r is the radius of etch pit, h is the height of etch pit, r0 is the
adius of the dislocation core, �� is the change in free energy dur-
ng dissolution (chemical potential), ˝ is the molecular volume, � is
he specific surface free energy of an atom or molecule going from
he solid surface into the solution, G is the shear modulus of the
rystal, b is the Burgers vector of dislocation and ˛ is the surface
ntropy factor. The sequence of Burgers vector of screw disloca-
ion, edge dislocation and mixed dislocation in GaN epitaxial layers
ith wurtzite lattice is as follows: mixed dislocation > screw dislo-

ation > edge dislocation. From Eq. (1) it can be concluded that the
igher is the Burgers vector of dislocation, the lower is the value of
E. Consequently, dislocation etch pits are formed more easily on

crew or mixed dislocation. The edge dislocations are more resis-
ant to chemical etching due to the higher �E. Therefore, the size
f screw or mixed dislocation etch pits is larger than that of edge
islocations.

Prolonging etching time, the morphology changes of etch pits
re different by using H3PO4, HH and E etching at their respective
ptimum etching temperatures. The schematic diagram of the mor-
hology change of the etch pits using H3PO4, HH and E is shown

n Fig. 6. For H3PO4 etching, the shape of the etch pits change
rom the inverted hexagonal pyramid to hexagonal prism struc-
ure. Both diameter and depth of etch pits increase. For HH etching,

ome neighboring defects merge and form larger pits because of
he size of the etch pits increased. For E etching, the size of etch
its increases at first, then did not change continuously. The size of
tch pits etched by H3PO4 is the largest, while that etched by E is
ompounds 504 (2010) 186–191

the smallest. This phenomenon indicates that the etch rate in GaN
epilayer are different by using different etchants. Within the same
etching time, the etching rate of H3PO4 is the fastest, while E is the
slowest. It has been reported that the reactions using H3PO4 and E
etchants during etching are as follows:

In H3PO4 [19]:

GaN + H3PO4 → Ga3+ + PO4
3 + NH3

−↑ (2)

In E [20]:

GaN + 3H2O
KOH,NaOH−→ Ga(OH)3 + NH3 ↑ (3)

According to the reaction (2), we tentatively assume the reaction
using HH etchant is as follows:

3GaN + H3PO4 + 3H2SO4 → Ga3+ + PO4
3− + Ga2(SO4)3 + 3NH3↑

(4)

From reaction (3), it can be found that Ga(OH)3 are produced
in the E etching. Some early reports showed that GaN could be
etched in an sodium hydroxide (NaOH) aqueous solution, how-
ever, etching ceased upon the formation of an insoluble coating
of presumably gallium hydroxide (Ga(OH)3) [21,22]. Therefore, it
can be considered that the morphology change of etch pit by E
is related to Ga(OH)3. At first, the amount of Ga(OH)3 is limited
and the etching is continuing, and the size of large and small
etch pits increase. With increasing the etching time, when the
amount of Ga(OH)3 on the etched surface of GaN become more
and more, the etching will cease. Oshima and Dwikusuma [23,24]
reported H2SO4 etching of �-Ga2O3 crystal and sapphire, which
was disturbed by the formation of insoluble sulfates (Ga2(SO4)3,
Al2(SO4)3). The etch rate of H2SO4 (<0.001 �m/min) is lower than
that of H3PO4 (0.013–3.2 �m/min) [25], which may be due to the
formation of insoluble Ga2(SO4)3. From reaction (4), it can be seen
that Ga2(SO4)3 are formed in the HH etching. Therefore, the etch
rate of the mixture of H3PO4 and H2SO4 is lower than H3PO4. As
a result, E etching is prone to avoid merging of etch pits and well
defined etch pits can be obtained within the same etching time.
The overetching is more liable to occur with H3PO4 and HH etching.
Correspondingly, the density of dislocation will be underestimated.
From the above analysis, it can be seen that E etching is easier to
control and can objectively reflect the density of dislocation. There-
fore, it can be concluded that E etching is a better method for the
evaluation of dislocations.

According to our etching results, the dislocation density of GaN
grown on sapphire is very high (3.0 × 108 cm−2). To decrease the
dislocation density, we are trying to use pattern substrate and SiC
substrate which could reduce the residual stress and lattice mis-
match, and some good results are achieved. The efforts on decrease
dislocation density are being carried out.

4. Conclusions

In summary, the etching characteristics of GaN surface by using
H3PO4, HH and E were investigated. The density of dislocations
obtained by E etching was reliable under the optimum etching con-
ditions by the CL study. Two kinds of distinctive etch pits were
revealed by these etchants, and the large etch pits were formed on
of the surface morphology along with time was also investigated.
These changes were attributed to the difference of etching rate. The
etching results indicated that the E etching was a better method for
the evaluation of dislocations.
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