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Observation of Dislocation Etch Pits in GaN Epilayers by Atomic Force
Microscopy and Scanning Electron Microscopy "
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Abstract: A combination of atomic force microscopy (AFM) and scanning electron microscopy (SEM) is used to

characterize dislocation etch pits in Si-doped GaN epilayer etched by molten KOH. Three types of etch pits with

different shapes and specific positions in the surface have been observed,and a model of the etching mechanism is

proposed to explain their origins. The pure screw dislocation is easily etched along the steps that the dislocation

terminates. Consequently a small Ga-polar plane is formed to prevent further vertical etching,resulting in an etch

pit shaped like an inverted truncated hexagonal pyramid at the terminal chiasma of two surface steps. However,

the pure edge dislocation is easily etched along the dislocation line,inducing an etch pit of inverted hexagonal pyr-

amid aligned with the surface step. The polarity is found to play an important role in the etching process of GaN.
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1 Introduction

Wet etching techniques are extensively used
for defect evaluation due to the merits of low cost
and simple experimental procedure.'’ The shape
of etch pits is well correlated with the type of de-
fects,and the etch-pit density (EPD) may corre-
spond to the density of defects. However,as far as
GaN is concerned, the density, types and distribu-
tion of defects can vary significantly with differ-
ent growth-related conditions, and hence there is
considerable discrepancy in the literature about
the origins of the etch pits.

Generally speaking,there are two ways to in-
vestigate the relationship between the etch-pits
and the threading dislocations: direct observation
and indirect quantitative comparison. Cross-sec-
tional TEM works for the first way. In this way,
Kenji et al."™ found all the etch pits correspond-
ing to mixed dislocations, while Hino et al."* ob-
served that both the screw and mixed dislocations
terminated at the bottom of the etch pits. Another
direct technique is plane-view TEM, by which
Weyher et al.™ found etch pits formed on nano-
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tube and mixed dislocations, while Hong et al .
concluded that only nanotube can cause the etch
pits. However, pure edge dislocations related with
the etch pits cannot be found through direct ob-
servation,due to the small sampling areca of TEM
and the difficulties in sample preparation.

Indirect quantitative comparison means com-
paring EPD with dislocation densities obtained by
other test techniques such as TEM and X-ray dif-
fraction (XRD). This method produces more dis-
crepancies than direct observation due to the ex-
istence of more uncertainties in the measurements
for comparison. For instance, Visconti et al .-
and Xu et al.'"" found that the total dislocation
density obtained by TEM was close to the EPD,
while Takahiro et al.'"* found that the EPD was
smaller than the dislocation density. Yamamoto
et al .'® compared the EPD with the dark spot
density of the electron beam induced current
(EBIC) . and found that different pit sizes corre-
sponded to different dislocation types.

In this paper, we propose another way to
identify the origins of the etch pits in our sample.
By a thorough analysis of the small details provid-
ed by SEM and AFM, the 3D shapes of the etch
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pits as well as their specific positions can be ob-
tained. The proposed model of etching process can
explain the result well. In addition, X-ray experi-
ments were performed to confirm this proposal.

2 Experiment

The Si-doped n-type GaN film used in this
paper was grown on (0001)-sapphire substrates
with low-temperature (LT) GaN buffer in an
MOCYVD reactor using ammonia (NH;) , trimeth-
ylgallium (TMGa), and SiH, as precursors. The
thickness of the GaN layers was 1094nm. The

“%, and

electron concentration was 1.49 X 10" cm
the mobility was 83. 74cm®/(V « s) according to
Hall measurements.

Etching was performed in molten KOH for
times of 1,2,3,5,8,and 10min at 210 and 236C ,
respectively. The etchant was heated in a nickel
crucible on a hot-plate. The temperature was mo-
nitored using a ptl00 immersed in the etchant
with accuracy within 5C. After the etchant
reached the specified temperature, the GaN sam-
ple was immersed in the etchant for a specified
time,and then immediately taken out to halt etch-
ing.

A high-resolution field-effect scanning elec-
tron microscope (JEOL 7400F) was used to get a
clear SEM image. AFM observations were carried
out with a Shimadzu Instruments SPM-9500 J3 in
tapping mode. The probe radius was about 5nm.
XRD measurements were performed on a Phillips
X’ Pert PRO MRD system using CuKa radiation.

3 Results

3.1 Three types of etch pits observed by SEM and
AFM

Figure 1 (a) shows a typical SEM image of
the Si-doped GaN surface etched in molten KOH
at 210C for 5min. Three types of well-defined
hexagonal etch pits,marked “o”,“g”,and “y”,are
observed. In order to see them clearly, we have
magnified some images and made a schematic il-
lustration for each,as shown in Figs.1 (b), (¢),
and (d). According to the topographic contrast
principle of the secondary electron image.''"’ the
brightest part represents a steep incline, the gray

area should be a plane or a gentle incline,and the
black core means there is a hole or a sharp
groove. Therefore, the o type etch pit may be an
inversed truncated hexagonal pit, and the § type
an inversed hexagonal pyramid, while the 7y type is
not that clear. The following AFM observation
confirms the results for types o and $,and makes
clear the shape of the y type etch pit.

x5,000

(b) © ()

Fig.1 SEM image of KOH etched GaN film surface
(a),a type (b), B type (c),and y type (d) etch pits
and their corresponding schematic views

The AFM observation in Fig. 2 (a) shows an
image of a stepped/terrace structure with an aver-
age step height of 0.25nm, which is consistent
with the height expected for a Ga-N bilayer on a
(0001) GaN surface. The white spots in the image
are contaminants. At the lower right of the image
is a hexagonal etch pit terminated by two surface
steps. The depth is measured along three lines
across it in three symmetry axes of the hexagon,
marked by AB,CD and EF in the image to indi-
cate the three corresponding line profiles shown
below the image. This trapezoidal profile confirms
that the o type etch pit is an inversed truncated
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hexagonal pyramid, as schematically shown in
Fig. 3 (a). In the same way, the pit selected in

Fig. 3 (b). Note that this type tends to arrange
along the surface step line,instead of terminating

Fig. 2 (b) is a B type etch pit for the triangular
profile, and its 3D schematic view is shown in

_—

two surface steps.
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Fig.2 Typical AFM images of KOH etched GaN film surface

(b)

(©)

The etch pits selected to perform line pro-

file in each image are respectively: (a) « type; (b) B type; (¢) 7 type. The lines labeled AB,CD and EF

across the pit indicate three corresponding line profiles shown below each AFM image.

A

Fig.3 3D schematic views of « type (a), type (b),
and v type (c) etch pits

The profile of the pit selected in Fig. 2 (c)
has a combination of triangular and trapezoidal
shapes,which seems to be the result of a combina-
tion of o and (B types. The steep incline corre-
sponds to the brightest area in the SEM image,
and the gentle incline corresponds to the gray
area. The triangular groove at profile bottom
should correspond to the hexagonal black core in

the SEM image for the following three reasons:
first,the width of the triangular groove is compa-
rable with the radius of the black core of some y
type pits in SEM image;second, the black core is
much wider than the radius of the AFM probe,so
the profile of a hole should look like a very deep
well, but not a triangular groove as observed;
third,the groove,though not very sharp,is deep in
the bottom,and thus its secondary electron is still
unlikely to be collected. Consequently, it can be
concluded that the profiled pit in this figure
should be a vy type etch pit.

In summary, high-resolution field-effect SEM
is superior in getting a good visual plane-view im-
age of etch pits as well as having a large sampling
area in comparison with other techniques, inclu-
ding TEM. AFM is able to give us information in
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the vertical direction and the specific positions of
the etch pits. A combination of the two methods
helps to distinguish the etch pit’s shape,which al-
so provides an easy way to identify different dislo-
cation densities.

3.2 An etching mechanism model to identify etch

pit origin

It is believed that o type etch pits could be
correlated with pure screw dislocations. A screw
dislocation creates a step when it ends up at the
19181 ‘a5 shown in Fig. 4 (a). This step will
associate with the natural surface terrace struc-
ture. It can be proved by the AFM results that «
type etch pits terminate surface steps,as shown in
Fig. 2 (a). In the beginning, etching can form a

surface

few ascending spiral steps,as shown in Fig. 4 (b).
These spiral steps are so vulnerable that they will
soon be attacked by OH ' through further etch-
ing,and only a small plane facet will be left, as
shown in Fig. 4 (c¢). This small facet must be Ga-
terminated. Even if it were N-terminated,it would
be further etched to become Ga-terminok due to

07=211 Once

the chemical stabilization of Ga-face
this small smooth plane is formed, the vertical
etching velocity will become rather smaller than
the transverse one, and finally this small plane
will turn into a big one which can be observed by
microscopy. Thus the screw dislocation can be
etched to form an inversed truncated pyramid at

the surface steps’ terminal chiasma.

(b)

(@

Fig.4
cation; (b) A few spiral steps formed at the initial

(a) Surface termination of a pure screw dislo-

stage of etching; (c) Formation of small Ga-face to
prevent further vertical etching

It is believed that B type etch pits correspond
to pure edge dislocations. Figure 5 (a) illustrates a
pure edge dislocation with a burgers vector b =
1/3[1120],and “ X ” denotes the edge dislocation
line, which is vertical to the surface. Since each

atom in this line has a dangling bond,they are the
most vulnerable to attack. There is little chance
that a small Ga-terminated facet will form to pre-
vent vertical etching as in the case of screw dislo-
cation. Thus the pure edge dislocation can be
etched to form an inversed pyramid. As the y type
is a combination of o and B types,it can be associ-
ated with a mixed dislocation.

Fig.5
Etching is easier to carry on along the vertical disloca-

(a) Illustration of a pure edge dislocation; (b)
tion line

In summary,the difference in etch pit shapes
between a pure screw and a pure edge dislocation
lies in the fact that etching the former depends
more on the surface steps associated with the dis-
location, while etching the latter depends more on
the dangling bonds along the dislocation line.
What should be emphasized is that the chemical
stabilization of the Ga-polar surface plays an im-
portant part in etch pit formation.

3.3 EPD and dislocation densities

By counting etch pits of different shapes in
the FESEM images, the densities of o, 8, and ¥
type etch pits can be easily determined to be
3.0%X107,4.4%X10%, and 6.7 X 10°cm™?%, respec-
tively. In order to avoid nonuniform distribution
of dislocations, several images of different sam-
pling areas are needed to get an average value.
The density of 3 type etch pits is about one order
larger than that of « type,and about two orders
larger than that of y type. It should be pointed out
that for the purpose of clearly showing as many as
possible of all three types of etch pits in one im-
age,the densities of asf3,and y type pits in Fig. 1
(a) are approximately equal. However, the density
ratio in Fig. 6 (a) is the actual one.

In order to check the accuracy of this propos-
al, X-ray rocking curves of (0002) and (3032) re-
flections were recorded,since the (0002) diffrac-
tion peak broadening is related to the mean tilt



541 Gao Zhiyuan et al . .

Observation of Dislocation Etch Pits in GaN Epilayers by Atomic Force -+ 477

| (2)

Intensity
T

| 1 1 1 1 1
170 172 174 176 178 18.0 182
/(%)

L (b)

Intensity

| | | | | | | | |
63.2 63.4 63.6 63.8 64.0 64.2 64.4 64.6 64.8
/(%)

Fig.6 Measured rocking curves of (0002) reflection
(a) and (3032) reflection (b),as well as the fitted

The dotted
lines are experimental data and the lines are fitted to

curves using a function of Pseude-Voigt

them.

angle of the mosaic structure'®’ induced by screw

dislocations®?' ,and the (3032) peak broadening
can be taken as an appropriate figure of merit for

t°%! induced by edge dislocations "#*%,

the twis
It should be pointed out that the broadening of
the XRD curve is not affected only by the disloca-
tion structure. Fortunately, however, wafer ben-
ding and heterogeneous strain do not influence it,
due to the small acceptance angle of the detec-
tor'*”) . In addition,both the intrinsic width of the
reflection for the crystal and the instrumental

[25]

broadening is negligible'*> . Hence a separation a-

nalogous to the Pseudo-Voigt function can be per-
formed to obtain the correlation length parallel to
the substrate surface and the angular rotation at

(2728 and the dislocation densities

(297

the dislocations
can be obtained using the equation

N = @)

__a
2.11bL,
where o« is the rotation angle, L, is the lateral
correlation length, and | b | = 0.5185nm for the
screw dislocation and [b| = 0. 3189nm for the edge

dislocation. As shown in Fig. 6, the fitted curves
agree quite well with the measured rocking curves
of (0002) and (3032) reflections. The calculated
dislocation densities are 5.06 X 10°cm™* for edge
dislocations and 6. 72X 10" cm™* for screw disloca-
tions. It can be seen that 8 type EPD is approxi-
mate to the edge dislocation density,and the total
EPD of « and v type is approximate to the screw
dislocation density,since XRD cannot distinguish
between pure screw and mixed dislocation.

4 Discussion

The above-mentioned model is partly in
agreement with the results of some literature.
Kapolnek et al." reported that AFM measure-
ments showed a step termination density in close
agreement with TEM measurements of screw and
mixed threading dislocation density. Kenji"*
found that the etch pit positioned at surface step
termination revealed by AFM corresponded to the
surface termination of pure-screw or mixed dislo-
cations as observed by TEM.

If these three types of etch pits evolve from
one type with time,then their diameters should be
correlated to their designation, for instance, 3 pit
diameters <{q pit diameters <y pit diameters,and
after being etched both for a short time (or at a
low temperature) and for a long time (or at a
high temperature) , there should be only one type
of etch pit. However, such orderliness cannot be
found in all of our etched samples. As shown in
Fig. 7 (a) ,diameters of « type etch pits can be lar-
ger or smaller than those of B type. The small etch
pits hidden in the background in Fig. 1 (a),which
should be newly formed pits, have features similar
to the larger ones, as shown in Fig. 7 (b). All of
the three shapes of the etch pits can be found in
the film surface etched under a mild condition,
i.e.with a short time or a low temperature. For
example, Figure 7 (c) shows the surface morphol-
ogy of GaN ectched for 2min at 210C . The large
etch pit on the left of the image is v type,and the
other two large pits on the right are « type. When
overetching,i. e. etching for a long time or at a
high temperature,all the three shapes can also be
found,as shown in Fig. 7 (a).

The smaller EPD compared with the disloca-
tion density observed by TEM presented in some
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Fig.7 (a) SEM images of a slightly overetched GaN
film surface,some etch pits begin to merge together;
(b) Typical surface morphology etched under a mild
condition; (¢) Part of the image in Fig.1 (a) over a
larger magnification

literaturet'?-3

is supposed to be the result of insuf-
ficient etching,in which case dislocation etch pits
have not got enough time to form,or are too small
to be observed. As can be seen in Fig. 7 (c¢),it is
too difficult to count the smaller pits hidden in
the background. However,one can count the small
pits from an image with larger magnification, but
charging effect and uniformity introduce other
problems. Therefore, a reasonable over-etching is
needed in order to fully reveal the defects so that
they can be casily identified and counted.

5 Conclusion

Three etch pit types in KOH-etched Si-doped

GaN surface have been observed by a combination
of atomic force and scanning electron microsco-
py.and a model of the etching mechanism is pro-
posed to identify their origins. Polarity is found to
play an important part in the etch pit formation,
which is truly an amazing point of this compound
material.
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