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Electrical and optical properties of grown-in and freshly introduced disloca-
tions in GaN have been studied by the electron beam induced current and
cathodoluminescence methods. It is observed that the recombination proper-
ties of grown-in and freshly introduced basal plane and threading dislocations
are comparable. That allows to assume the intrinsic nature of dislocation
recombination activity in GaN. It is demonstrated that the recombination
properties of basal plane dislocations weakly depend on their type. The
behavior of dislocation-related luminescence at 3.1 eV is more complex. It can
be observed not in all GaN crystals even when dislocations are introduced in
the similar conditions. Besides, it is not observed on basal plane and threading
grown-in dislocations. This luminescence is not produced by freshly intro-
duced basal plane dislocations. These observations can be explained assuming
that the dislocation-related luminescence is associated with point defects

generated by dislocations gliding in pyramidal or prismatic slip planes.
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INTRODUCTION

Dislocation densities in GaN and GaN based
structures usually exceed 10° cm~2.'® Moreover,
at least some dislocations in GaN are mobile at room
temperature under shear stress.®”'® The excess
carrier injection was also shown to stimulate their
glide (so called recombination enhanced dislocation
glide (REDG)'®8). Thus, dislocations can be unin-
tentionally introduced under technology processes
even if the dislocation-free crystals will be grown,
therefore, a study of dislocation electrical and
optical properties is important from both funda-
mental and practical points of view. It is well
established that dislocations in GalN increase the
local nonradiative recombination rate''®~2!
although, as shown in?'* they are not the main
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lifetime killers in the state-of-the-art GaN. Numer-
ous investigations by different methods indicated
that the total line charge per unit distance along
dislocations can reach 4 x 107 e/cm.?*2® The dislo-
cation-related luminescence was found on freshly
introduced dislocations.'®!%2°31 However, the nat-
ure of dislocation electrical activity is not totally
clear up to now. Particularly, it is not clear if it is
intrinsic or determined by a capture of point defects.
Theoretical investigations showed>?~3® that thread-
ing and basal dislocations can introduce gap states,
i.e., the activity at least of some types of dislocations
can be intrinsic. However, while the recombination
activity of edge threading dislocations was assumed
in343¢ to be low, the electron beam induced current
(EBIC) investigations showed® that the density of
revealed dislocations was close to the threading
dislocation density estimated from x-ray diffractom-
etry and atomic force microscopy. As shown in®%38
the nonradiative recombination on threading dislo-
cations can be determined by the piezoelectric field.
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Point defect atmospheres, in particular oxygen
segregation on dislocations and decoration of dislo-
cations by vacancy-type defects, were also suggested
as a reason for electrical activity of disloca-
tions.Z8394% For dislocations gliding at room tem-
perature formation of point defect atmospheres by
point defects trapped by the strain field around
dislocations can be excluded. Therefore, a compar-
ison of electrical and optical properties of such
dislocations with those of grown-in dislocations can
shed some light on the nature of dislocation electri-
cal and optical activity.

EXPERIMENTAL

As shown in,?! the dislocation contrast in the
EBIC method depends on impurity content. There-
fore, a comparison of grown-in and “fresh” disloca-
tions was carried out on the same crystals. Most of
the studies were carried out on two structures
with < 0001 > growth direction. The first ones is a
free-standing n-GaN grown by hydride vapor phase
epitaxy (HVPE) with a donor concentration of
5 x 10 cm™3, excess carrier diffusion leng;ch of
450 nm and dislocation density about 10 cm 2. The
second one is a 6 um thick n-GaN film grown by
epitaxial lateral overgrowth (ELOG) with the dislo-
cation density reduced down to 10 cm 2 over the
Si0, stripes (wing regions, 12 um in width) and of
108 cm~? for the material directly grown in the GaN
windows of the SiO, mask (slit region, 4 ym in
width). The diffusion length of 240 nm and the
donor concentration of 5 x 10 cecm™® and
1.5 x 10'7 em 3 for wing and slit regions, respec-
tively, were obtained in this ELOG film. These
values well correlate with results of,*'™*3 where it
has been shown that the donor concentrations in the
wing and slit regions differ by two—three times. The
stripes are aligned along the [1-100] direction, and
as shown in,** dislocations in the ELOG wing
regions have the form of half-loops with the bottom
located in the basal plane. Besides, some structures
with different densities of grown-in dislocations
from different suppliers were used to clarify the
conditions for the appearance of dislocation-related
luminescence because in the structure studied in '*
such luminescence was not revealed.

The characterization of defect structure was
carried out by EBIC and cathodoluminescence
(CL) methods at room temperature. EBIC measure-
ments were carried out in the scanning electron
microscope JSM-840A and the CL measurements in
JSM 6490 with the MonoCL-3 system. In most cases
the beam current of about 0.1 nA was used. Beam
energy of 10 keV and 35 keV was used for the CL
and EBIC measurements, respectively, to achieve
the appropriate lateral resolution. To stimulate
REDG low energy, electron beam irradiation
(LEEBI) was carried out in the same microscopes
at room temperature at beam energies 10 keV or
35 keV and beam current 1 nA. Fresh dislocations
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were introduced at room temperature by indenta-
tion of {0001} plane with a Vickers type indenter.
The load was varied in the range from 0.2 N to
0.8 N. The dislocation velocity V; in REDG exper-
iments was estimated to be of the order of 10 nm/
s.'®. However, it should be taken into account that
this value was estimated for a beam current smaller
than 1 nA. Besides, irradiation time was assumed to
be equal to the frame scan duration. Real duration
of beam interaction with a dislocation can be shorter
by one-two orders of magnitude, i.e,. the dislocation
velocity also can be by one-two orders of magnitude
larger. As shown in Ref. 15 the velocity of disloca-
tions in pyramidal planes under LEEBI is a few
times higher. The velocity of dislocation moving
from indentation can be about 1000 nm/s.'* Thus,
the dislocation velocity can be estimated in both
cases as 100-1000 nm/s. Taking into account that
an impurity can follow dislocation if its diffusivity
D > (V b%)/a, where b is the dislocation Burgers
vector and a is some parameter (usually
a < 5nm),*> D for this impurity should be larger
than 10724-1071% cm?¥/s at room temperature and the
migration enthalpy smaller than 0.6-0.77 eV. It
should be also taken into account that point defects
in dislocation atmospheres most probably formed
complexes, the diffusivity of which should be rather
low. Therefore, it is reasonable to assume that
dislocations gliding at room temperature are indeed
much cleaner than grown-in ones.

RESULTS AND DISCUSSION

Typical EBIC images of ELOG GaN before and
after LEEBI are shown in Fig. 1. One can see that
the EBIC contrast of dislocation segments, which

2pm

Fig. 1. EBIC images of basal dislocations in ELOG GaN before (a)
and after e-beam irradiation at 35 keV up to a dose of 2 x 1072 C/
cm? (b). Shifted dislocation segments are shown with arrows.
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are shifted in the basal plane due to REDG, does not
change and is similar to that of neighboring immo-
bile segments. As dislocations glide in the basal
plane their depth does not change and from a
similarity of EBIC contrasts it follows that the
recombination properties of grown-in basal plane
dislocations and those of dislocations gliding at
room temperature are approximately the same. It
should be also noted that the dislocation segments
shifted under LEEBI change their orientation.
Therefore, it can be assumed that the contrast
dependence on the dislocation type is not so strong.
In the case of threading dislocations the EBIC
contrast of grown-in dislocations can be compared
with that of fresh dislocations introduced under
applied shear stress and dislocations gliding at room
temperature due to REDG effect. The first case is
illustrated in Fig. 2. It should be taken into account
that a length of dislocation segments intersecting
the surface can differ from that of threading dislo-
cations due to a different depth of dislocation half-
loops that could determine the difference in the
EBIC contrast. Nevertheless, it can be stated that
the EBIC contrast of grown-in threading disloca-
tions is comparable with that of some “clean”
dislocations. EBIC images of dislocation rosettes
before and after LEEBI are shown in Fig. 3. It is
clear seen that the EBIC contrast of dislocation
generated by the LEEBI near indentation is close to
that of grown-in threading dislocations. These
results allow to conclude that the essential part of
dislocation recombination activity is intrinsic in
nature. If so, the recombination activity of disloca-
tion should depend on its type. The methods used in
this work do not allow to determine the dislocation

Fig. 2. EBIC image of imprint in HYPE GaN at 10 keV. Dislocation
segments intersecting the surface are shown with arrows.

type and to conclude if they are dissociated or not.
Nevertheless, for basal plane dislocations, some
conclusions can be made. An indentation of GalN
at room temperature introduces a lot of dislocation
loops in the basal plane (see Fig. 2). In most cases
their segments do not coincide with the crystallo-
graphic directions. However, a few loops have a
pronounced hexagonal form (see, e.g., Figure 4).
Perfect basal dislocations should be of screw or 60°-
mixed types, therefore for this particular loop at
least one segment should be of a screw type and
others are 60° dislocations. The contrast is more or
less homogeneous along the loop, which means that
freshly introduced screw and 60° basal dislocations
increase the nonradiative recombination rate and
have close recombination strength values.

Thus, from the one side, as shown in Ref. 21, the
recombination strength of threading dislocations
pronouncedly depends on the impurity content.
That seems to support the extrinsic nature of
dislocation electrical properties. However, from the
other side, a movement of dislocations at room
temperature, which can be assumed to release them
from contaminations, does not noticeably change
their recombination activity. This contradiction may
be explained by the assumption made in Ref. 32 that
the giant local strain field around a threading
dislocation in GaN leads to an appearance of the
deep electronic states. The observed, in Ref. 21,
decrease in the dislocation recombination strength
with the dopant concentration increase could be
explained by screening of the piezoelectric field.

Optical properties of dislocations behave quite
differently. First of all, it should be noted that the
dislocation-related luminescence at about 3.1 eV
was observed on freshly introduced dislocations
only'®1%29-31 and was never observed on grown-in
dislocations. Moreover, the investigation of a set of
GaN layers from different suppliers has shown that
it is observed not in all epilayers. The reason is
unclear up to now but it should be noted that in the
present work this luminescence is not observed on
three epilayers, grown by metalorganic chemical
vapour deposition (MOCVD) or molecular beam
epitaxy (MBE) methods, and the only common
feature of these structures is rather high dislocation
density exceeding 10° cm 2. At the same time the
dislocation-related luminescence was observed on
the structures grown by the MOCVD, HVPE and
ELOG methods with the lower dislocation densities.
Besides, as a comparison of EBIC and CL images of
the same dislocation rosette has shown, dislocation-
related luminescence was not observed on the basal
plane dislocation loops (Fig. 5). As shown in Ref. 15,
LEEBI leads to a disappearance of some lumines-
cence lines, while new ones are generated. This is
illustrated in Fig. 6. In both cases, after deforma-
tion and after LEEBI luminescent features have a

form of lines elongated along the < 11 2 0 > direc-
tions. That means that they are associated with
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Fig. 3. EBIC images of imprint in HVPE GaN at 35 keV before (a) and after LEEBI with a dose of 1.5 x 1072 C/cm? (b). Dislocations created by

LEEBI are shown with arrows.

Fig. 4. EBIC image of dislocation rosette fragment in HVPE GaN at
35 keV.

dislocation half-loops gliding in the planes inter-
secting the surface (prismatic or pyramidal ones).
The dislocation-related luminescence was shown to
be unstable under LEEBI'® and probably under
high-temperature annealing.®® That allows to
assume that it is associated not with dislocations
but with point defects generated by gliding disloca-
tions. Another possible explanation of low disloca-
tion-related luminescence stability under LEEBI
can be a transformation of dissociated dislocation
into perfect ones under electron beam irradiation.
Such transformation was observed in Ref. 35 on
basal plane screw dislocations. In our experiments
the dislocation-related luminescence is most proba-
bly produced by the dislocations gliding in prismatic
or pyramidal planes, nevertheless, such a mecha-
nism allows to explain the results obtained.

Thus, it is shown that the recombination proper-
ties of freshly introduced and grown-in dislocations

Fig. 5. EBIC (a) and 3.1 eV monochromatic CL (b) images of imprint
fragment in HVPE GaN.

are very similar. That allows to assume the intrinsic
nature of their activity. However, it is not the case
for the dislocation-related luminescence. It is not
observed in some GaN epilayers. Besides, it has
been never observed on grown-in dislocations and
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Fig. 6. Monochromatic CL images at 3.1 eV after deformation (a)
and after LEEBI with a dose of 4 mC/cm? (b). Dislocations generated
under LEEBI were indicated with arrows.

basal plane dislocations. Thus, it can be concluded
that only one or very few types of dislocations can
produce such luminescence. It can be also assumed
that this luminescence is extrinsic in nature.
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