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1. INTRODUCTION

Dislocation luminescence (DL), i.e., the forma�
tion of new luminescence bands with energies lower
than the band gap, caused by dislocations, is well
known and has been studied in detail for many semi�
conductors. In germanium and silicon, DL exhibits a
large set of spectral lines; for some of them, it was
found that their position and fine structure depend on
the atomic structure of the cores of split 60�degree dis�
locations [1, 2]. In direct�gap II–VI binary com�
pounds, only screw dislocations luminesce [3, 4]; in
silicon carbide, opposite partial 30�degree disloca�
tions bounding stacking faults (SFs) luminesce with
significantly different DL wavelengths [5].

Gallium nitride is a material widely used as the
active element in semiconductor radiation sources of
the visible and ultraviolet ranges. As a rule, the density
of grown�in dislocations in the most perfect GaN
crystals is no less than 105 cm–2, which makes it partic�
ularly important to understand the mechanisms of the
effect of dislocations on the electronic properties of
this material. However, despite a certain number of
studies in this field, the present level of understanding
of the electronic properties of dislocations in GaN is
far less than in the above�listed materials.

Experimental data on the effect of dislocations on
GaN luminescence, obtained until recently revealed
both the nonradiative nature of recombination at dis�
locations and the appearance of new spectral lumines�
cence bands [6–10].

For grown�in dislocations, luminescence lines
were reported at 3.21 [11] and 3.4 eV [6]. For arrays of
dislocations introduced by plastic deformation at ele�

vated temperatures, emission lines at 1.8, 1.9, 2.4 [12],
and 2.9 eV [13] were detected.

Recently, we reported on a new DL band in the
spectral range of 3.0–3.2 at 70 K from individual a�screw
dislocations [14] introduced at room temperature into
undoped gallium nitride, detected by the cathodolu�
minescence (CL) method. Quite recently, DL obser�
vation from individual screw dislocations introduced
under the same conditions, but into semi�insulating
GaN, whose emission energy appeared higher, i.e.,
3.35 eV at 4 K, was reported [15]. In this case, accord�
ing to transmission electron microscopy (TEM) data
[15], the dislocations in the studied samples were per�
fect, i.e., they did not undergo the dissociation char�
acteristic of all glide dislocations in tetrahedrally coor�
dinated semiconductors.

In this paper, we present a detailed description of
the properties of the DL band of a�screw dislocations
in low�resistance gallium nitride, and give arguments
in favor of the fact that the cause of the difference in its
spectral position from that of the DL in a high�resis�
tance material is associated with the different struc�
tures of cores in semiconductors with different Fermi�
level positions.

2. EXPERIMENTAL

GaN crystals 200–400 μm thick grown by the two
stage hydride vaporphase epitaxy (HVPE) method at
growth temperatures between 1000 and 1150°C on
sapphire [16] were studied. The grown�in dislocation
density was ~106 cm–2. The concentration of uncom�
pensated donors was determined by the capacitance–
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voltage characteristics of Schottky diodes fabricated by
gold deposition on the growth surface as ~1016 cm–3.

Fresh dislocations were introduced at room tem�
perature by indenting the growth (0001) and prismatic

(10 0) surfaces of gallium nitride with a tetrahedral
pyramidal indenter using a Buehler Micromet 5103
hardness tester with loads of 0.1, 1, and 5 N for 10 s or
by scratching. Dislocation luminescence was also
observed in GaN samples grown by the metalorganic
chemical vapor deposition (MOCVD) technology.

1

Cathodoluminescence studies were performed
using a Carl Zeiss Supra 40VP scanning electron micro�
scope equipped with a MonoCL3 system including a
parabolic�mirror light collector, a monochromator,
and Hamamatsu photomultiplier cooled by a Peltier
element. CL radiation was measured in the panchro�
matic mode in the spectral range of 300–900 nm. The
CL measurements were performed at accelerating
voltages of Va from 3 to 30 kV at a beam current Ibeam

from 0.5 to 10 nA and temperatures of T = 70–300 K.

3. EXPERIMENTAL RESULTS

Figure 1a shows a map of the CL intensity distribu�
tion obtained in the panchromatic mode on the
growth surface of the gallium�nitride sample near an
indent made with a load of 5 N.

Luminous rays of the dislocation rosette consisting
of straight segments extended in three possible direc�

tions ±〈2 0〉 propagating from the indenter to tens of
micrometers are clearly seen. According to the TEM
data [9, 13], these luminous lines are screw disloca�
tions in small half�loops with head edge dislocations in
the prismatic and basal slip systems with the Burgers

vector (a/3) 〈2 0〉.

We note that the prevalence of four of six rosette
rays possible for this surface orientation is caused by
the features of mechanical stresses near the tetrahedral
indenter. Furthermore, in Fig. 1a, we can see irregu�
larly distributed bright dots caused by the amplifica�
tion of CL collection in the main emission band at
points where there are dips in growth near threading�
dislocation emergence. A detailed description of the
results of the study of grown�in dislocation CL is
beyond the present report and will be published addi�
tionally.

In the case of monochromatic measurements,
freshly introduced screw dislocations in the exciton
CL band had dark contrast as reported previously
[8, 9, 17]; in the panchromatic mode, the bright con�
trast of screw dislocations reached 20–30% at an
accelerating voltage of Va = 5 kV. We note that images
of deeper curvilinear dislocation loops appeared in the
CL maps near the growth surface indents at high
accelerating voltages, which were seen as dark lines
with a contrast of 2.5–5% in all modes in accordance
with previously published data [18].

Straight luminous dislocations propagating in the

[1 10] directions were also detected after indenting
the prismatic surfaces and near fresh scratches.
Figure 1b shows the panchromatic CL map near an

indent on the prismatic polished (10 0) surface,
where dark lines along the [0001] axis and dark dots
corresponding to grown�in dislocations, which exhibit
the properties of nonradiative recombination centers,
are also seen.
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(a) 20 µm

(b) 20 µm

Fig. 1. (a) Cathodoluminescence image in the panchro�
matic mode, Va = 5 kV, Ibeam = 0.5 nA, and T = 70 K.

Bright screw dislocations are seen in the ±〈2 0〉 direc�
tions in the c(0001) plane; dislocation luminescence is
dominant over interband luminescence; bright dots corre�
spond to threading dislocations. (b) CL map near the

indent on the prismatic surface (10 0), Va = 15 kV,
Ibeam = 0.5 nA, T = 70 K.
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Thus, the presented data suggest that straight seg�
ments of screw dislocations incorporated into half�
loops in both the basal and prismatic slip planes are
DL sources.

Local spectral measurements revealed that CL�inten�
sity enhancement at screw dislocations is caused by the
appearance of a new spectral emission band of gallium
nitride. Figure 2a shows the sample spectra measured
at T = 70 K at fixed electron�beam positions far from
(dashed curve) and directly on fresh a�screw disloca�
tions (solid curve). The spectrum of dislocation�free
regions (Fig. 2, dashed curve) for all samples under
study consisted of a free exciton (FE) emission band
with an energy of 3.46–3.47 eV, which was dominant
in intensity, and two low�intensity bands with maxima
near 3.4 and 3.3 eV, whereas DL is characterized by
the appearance of the intrinsic band in the crystal�
emission spectrum (3.1–3.2 eV) consisting of two
incompletely resolved narrow DLL and DLH peaks
with phonon replicas (phonon LO) for each. It should
be emphasized that the DL intensity at 70 K in the
region with a high density of a�screw dislocations was
higher than the FE intensity by an order of magnitude,
and also exceeded the FE intensity in the dislocation�
free region, as shown in the spectra (Fig. 2a). At room
temperature, the DL�band spectral position was red�
shifted according to the temperature dependence of
the GaN band gap.

When recording the DL spectra of single luminous
lines, the doublet structure became well resolvable
(see Fig. 2b). The FWHM of the composing peaks was
~15 meV which also corresponded to the width of the
main peak of exciton luminescence of the crystal. The
distance between the DLL and DLH doublet compo�
nents was ~30 meV and was independent of the exci�
tation region within determination error, while the
whole doublet was red�shifted along with the main
exciton peak as the electron beam receded from the
dislocation introduction region. Such a shift in the
spectral position of the exciton peak indicates a
decrease in macroscopic strains with distance from the
indent. The DL red�shift with distance from the
indent is shown in two maps of the monochromatic
DL distribution for measurements of photon energies
of 3.15 and 3.195 eV (see Fig. 3). We can see that lumi�
nous dislocations in rosette rays are traced at signifi�
cantly greater distances at lower detected photon
energies. 

When the beam was positioned near the emergence
of fresh prismatic edge dislocations to the surface and
on dislocation half�loops in the basal plane, no addi�
tional CL spectral bands were detected.

4. RESULTS AND DISCUSSION

In the previous section, we showed that a�screw
dislocations introduced by plastic deformation at
room temperature by GaN indentation or scratching

are efficient sources of intrinsic luminescence with an
emission energy ~0.3 eV lower than the band gap.

Generally speaking, the origin of DL with an emis�
sion energy lower than the band gap and localized
along a dislocation line can be associated with the
local electronic states of a perfect dislocation core,
partial dislocation cores, stacking faults of splitting
dislocation, and point defects accompanying disloca�
tion motion and concentrated near its core.

The rapid motion of fresh luminous dislocations,
detected in the experiments presented here, rules out
the possibility of explaining the origin of DL by point�
defect traces left by a moving dislocation, since the
mechanism of their rapid production and elimination
remains unclear in this case. At the same time, the
involvement of point defects in the formation of the
observed DL band cannot be completely ruled out.
For example, in [19], it was shown that a DL band
close in spectral position to that detected in the
present study disappeared after annealing at 500°C; at
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Fig. 2. Cathodoluminescence (CL) spectra measured for
immobile electron�beam positions (a) in the region with
high dislocation density near the indent (solid curve) and
far from it (dashed curve) and (b) in the region of a single
screw dislocation. Va = 10 kV, Ibeam = 0.5 nA, T = 70 K.
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the same time, a similar luminescence band desig�
nated in the review [20] as Y7 was observed by many
researchers [21–24] in undeformed samples and was
attributed to point defects near grown�in a�disloca�
tions.

Theoretical calculations of the energy position of
the electronic states of dislocations themselves predict
the existence of two groups of such states: shallow
delocalized states of the deformation potential and
deep states concentrated directly in the core.

The core�state depth estimated for an undissoci�
ated 60�degree dislocation with a large inaccuracy of
0.2 eV [25] is also too small, and the depth of the core
states of partial 30� and 90�degree dislocations, calcu�
lated in [26], appears too large (0.6–1.1 eV) in com�
parison with the data presented.

Perfect screw dislocations create only shear lattice
strains which, according to symmetry considerations,
lead to the formation of shallow bound states only at
the top of the valence band with energies of <100 meV
in direct�gap semiconductors [27, 28]. Recent calcu�
lations [15] considering the contributions of higher
bands predicted also the existence of an attractive
potential for electrons in the conduction band near
perfect screw dislocations; this was used in [15] to
explain a shift of the DL spectral band by 0.14 eV with
respect to the exciton line, but does not allow explana�
tion of a similar shift by 0.3 eV in our case.

Based on the latter, it is reasonable to assume that
the additional DL�band shift by 0.15 eV in our samples
in comparison with the DL band in [15] is caused by a
difference in the structure of the screw�dislocation
core, which, in turn, is caused by different doping lev�
els of materials. In [15], high�resistance iron�doped
GaN samples with perfect screw dislocations were
studied. In the experiments presented here, the sam�
ples were low�resistance and not intentionally doped;
therefore, it is reasonable to assume that their screw
dislocations were dissociated. This assumption is
based on electron�microscopy observations of splitted
a�screw dislocations with a SF width of 5 nm in
undoped gallium nitride [29] and on the well�known
effect of the doping level (Fermi�level position) on dis�
location splitting in silicon carbide [30, 31], i.e., a
phenomenon which, to our knowledge, has not yet
been observed in GaN.

The split core of a�screw dislocations contains a SF
bounded by two 30�degree dislocations. According to
the proposed model [32], dislocation�core splitting is
caused by a gain in the total crystal energy when elec�
trons are trapped at deep SF states. In the wurtzite lat�
tice, the SF can be presented to first approximation as
a unit�interlayer inclusion of the cubic phase which in
both GaN and SiC has a smaller band gap than in the
hexagonal matrix, mainly due to the conduction�band
step. In GaN, the wurtzite� and cubic�phase band
gaps are 3.47 eV and 3.27 eV, respectively [33]. Theo�
retical calculations [34] confirm the presence of a
type�II heterostructure at the wurtzite–sphalerite
interface in GaN; it has long been proposed that SFs
be considered as quantum wells in this material [35].
In this case, the additional red�shift of the DL band of
an extended dislocation in comparison with a perfect
dislocation can be explained by the fact that the elec�
tron size�quantization level of the SF, which lies
deeper than the electronic level of the deformation
potential for an undissociated dislocation, is involved
in the optical transition.

The luminescence of different SF types in GaN has
been studied in considerable detail [36–38]. Accord�
ing to the data obtained, three stacking faults existing
in wurtzite, usually denoted as I1, I2, E, yield emission
lines differing in energy in the range from 3.29 to
3.42 eV [36]. Only one of these three SF types, i.e., I2,

(b) 20 µm

3.16 eV

(a) 20 µm

3.21 eV

Fig. 3. Cathodoluminescence image of dislocations in the
monochromatic mode. The mapping wavelengths are
(a) 388 and (b) 394 nm. Va = 10 kV, Ibeam = 0.5 nA, T = 70 K.
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can arise due to simple gliding in the basal plane and
be a component of moving dislocations. According to
different data, the energy position of the correspond�
ing luminescence line is in the range of 3.32–3.36 eV,
i.e., is shifted with respect to the exciton energy
exactly by a value of 0.15 eV, which is necessary to
explain the difference in the DL spectra of samples
with different resistivities.

It is impossible to unambiguously determine the
origin of the fine doublet structure of the DL spectrum
based on the data obtained. In the proposed model,
one of the possible explanations, also by analogy with
SiC [5], is associated with the shallow�hole�level opti�
cal transitions of two partial dislocations which differ
in the atomic composition of their cores: the cores of
one of the 30�degree dislocations mainly consist of
gallium atoms, and the cores of the other consist of
nitrogen atoms. At the same time, the effect of the dis�
location splitting width on the DL spectral position in
Ge is well known [2]. The mechanism responsible for
the DL doublet structure in the case at hand has yet to
be clarified.

5. CONCLUSIONS

It was shown that a�screw dislocations introduced
by plastic deformation at room temperature by GaN
indentation or scratching are efficient sources of
intrinsic luminescence in the spectral range of 380–
390 nm with a higher probability of optical transitions
than in the case of the bulk exciton. Only perfect long
straight segments of a�screw dislocations are lumi�
nous, which can move upon excitation with an elec�
tron beam and at a temperature of 70 K. The emission
band of individual screw dislocations has a small spec�
tral width comparable to the band widths of free and
bound excitons and the doublet structure with a split�
ting of ~30 meV independent of external strain.

A model was proposed to explain the DL as optical
transitions between the electron size�quantization
level of the stacking fault and hole levels of two partial
30�degree dislocations bounding it in the split core of
a a�screw dislocation.
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