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Abstract. Local electrical conductivities were measured for plastically deformed n-GaN single crystals by
scanning spreading resistance microscopy (SSRM). In the SSRM images, many spots with high conductivity
were observed, which can be attributed to introduced edge dislocations whose line direction is along [000 1]
and Burgers vector is b = (a/3)[1210]. This result is in contrast to the previous studies which showed that
grown-in edge dislocations of the same type in GaN films exhibit virtually no conduction. This suggests that
the dislocation conduction depends sensitively on the dislocation core structure. Current-voltage spectra
indicated a Frenkel-Poole mechanism for the conduction.

1 Introduction

Gallium nitride (GaN) and related nitride alloys have at-
tracted tremendous attention in recent years as wide band
gap semiconductors for applications in light-emitting
diodes (LEDs) and laser diodes (LDs) in the blue and
violet regions of the spectrum. In general, GaN thin films
grown on foreign substrates contain a high density
(107-10° cm~2) of threading dislocations. In most cases,
these threading dislocations are electrically active [1-12]
and could degrade the device performance; they behave as
nonradiative carrier-recombination sites, carrier scattering
centers and leakage current paths. Dislocation charging
in GaN has been studied by photoelectrochemical etch-
ing experiments [1], optical absorption experiments [2,3],
scanning capacitance microscopy [4] and electron holog-
raphy [5-7]. Several groups [8-12] have studied current
leakage by dislocations in GaN films. These studies have
shown that the threading dislocations of screw type are
responsible for the current leakage [8-10], and that the
conduction mechanism is of a Frenkel-Poole type [10-12].
Electronic-structure calculations by Northrup [13] have in-
dicated that screw dislocations with the Burgers vector

b = ¢[0001] in GaN can be highly conductive.

In the present study, we have investigated local cur-
rent conduction due to dislocations in GaN by scanning
spreading resistance microscopy (SSRM). To elucidate the
intrinsic properties of dislocations, we introduced fresh
dislocations by plastic deformation; grown-in dislocations
are possibly decorated with native point defects or im-
purities during the growth process. We have found that
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edge dislocations introduced by deformation give high lo-
cal conductivity, in contrast to the previous studies which
showed that grown-in edge dislocations exhibit virtually
no conduction. Local current-voltage (I-V) spectra have
indicated a Frenkel-Poole mechanism for the conduction.
Some of the preliminary results have already been
reported elsewhere [14].

2 Experimental procedures

GaN single crystals with n-type carrier concentration of
5 x 10'® cm ™3 doped with oxygen were grown by the hy-
dride vapor phase epitaxy (HVPE) technique followed by
the epitaxial lateral overgrowth (ELO) technique through
SiOy masks on GaAs (111)A surfaces. Details of the
growth technique and structural characterization of the
crystals have been described elsewhere [15]. For compres-
sion tests, rectangular specimens with dimensions 1.0 x
1.0 x 3.6 mm? were cut out from single crystals. The com-
pression tests were conducted at 950 °C under a constant
strain rate using an Instron-type machine. In Figure 1,
the geometry of the crystal axes, the compression direc-
tion and the slip system are schematically shown together
with the surface subjected to SSRM observations. Here,
the primary slip system comprises the (1010) plane and
the [1210] direction. The introduced shear strain was
5%. Detailed procedures of the deformation tests [16] and
photoluminescence measurements [17, 18] for the deformed
samples have been reported elsewhere. After the defor-
mation, some of the samples were sliced parallel to the
glide plane followed by mechanical and ionic polishing,
and observed by transmission electron microscopy (TEM)
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Fig. 1. The geometry of the crystal axes, the compression
direction, the slip system and the surface subjected to SSRM
observations.

to characterize the introduced dislocations. We also pre-
pared an undeformed reference sample subjected to the
same temperature history as that of the deformed sam-
ples. The (0001) surfaces of both the deformed and the
undeformed samples were first subjected to conventional
mechanical polishing and subsequently to photoelectro-
chemical etching [19]. Local conductivities were measured
on the (0001) surfaces (see Fig. 1) by SSRM using a
JEOL JSPM4200 microscope at room temperature ac-
cording to the procedure described in our previous pa-
per [20]. Here, a conductive diamond-coated Si cantilever
or a Ti-Pt-coated Si cantilever was used, where the ap-
plied force was 1-5 uN. Ohmic contacts were formed on
the back-side surfaces by depositing Ti/Al. Local current-
voltage (I-V') spectra were also measured.

3 Results and discussion

Figure 2 shows an example of TEM bright-field image of a
deformed sample, where a lot of straight dislocations are
observed to run along the [000 1] direction. The g-b analy-
ses showed that the Burgers vector of the dislocations is
b = (a/3)[1210], and thus it is of the pure-edge type. The
dislocation density was estimated to be 10°-10'0 cm~2.
Figures 3a-3d show typical SSRM images of the
(0001) surface of (Fig. 3a) undeformed and (Figs. 3b—-3d)
deformed samples. Here, we used a conductive diamond
tip with the tip bias of +9 V. The images of 3b and 3c are
from different positions on the same sample, and a part
of the image in 3c is enlarged and shown in 3d. In all the
images, bright spots with high conductivity are observed
but their density is much higher in the deformed sample
than in the undeformed one. The slip direction is indicated
by an arrow in the image of 3b and the spots are aligned
along this direction to form chains. The density of the
spots is 109101 cm™2, which is comparable to the dislo-
cation density estimated by TEM observations. We found
no apparent correspondence between the current images
and the AFM topographic images simultaneously taken,

Fig. 2. A TEM bright-field image of a deformed sample.

indicating that the conductive spots do not originate in
the surface roughness. From these facts, we can conclude
that the spots in Figures 3b—3d correspond to the dislo-
cations introduced by deformation. In Figure 3d, the radii
of the spots are 20-30 nm. We found that these are typi-
cal radii of the spots, when observed by a fresh tip. Here,
the radius of the contact area of the tip with the sam-
ple surface in our SSRM observations was estimated to
be 20 nm, which should correspond to the spatial reso-
lution limit. The observed spot size is approximately the
same as this resolution limit, indicating that the actual
size of the high conductivity area should be confined in
a small region around the dislocation core. As shown in
Figure 2, b = (a/3)[1210], edge dislocations running
along the [0001] direction are dominantly introduced by
deformation. This type of dislocation should terminate at
the observed (000 1) surface (see Fig. 1). Thus, the spots
observed for the deformed samples can be attributed to
these edge dislocations.

Some groups [8-10] have performed conductive AFM
or SSRM measurements for GaN thin films. They have
found that grown-in screw dislocations with b = ¢[0001]
give conductive spots in both forward and reverse bias
conditions and that grown-in edge dislocations with
b = (a/3)[1210] and the line direction along [0001] do
not. This fact appears to be inconsistent with our result.
We speculate that this is due to the difference in the core
structure between deformation-induced fresh dislocations
and grown-in dislocations possibly decorated with native
point defects or impurities. Such decorations may passi-
vate the dangling bonds arranged along the dislocation.
It has also been shown that the electronic states associ-
ated with the dislocation in GaN change sensitively with
the dislocation core structure [13,21]. Hsu et al. [8] have
reported that the conductive spot intensity of the screw
dislocation in GaN is many orders of magnitude higher
in the samples grown under Ga-rich conditions in com-
parison to N-rich conditions. According to the density-
functional calculations by Northrup [13], such a difference
can be interpreted as due to the conductivity difference de-
pending on the dislocation core structure. Also in the case
of edge dislocations, their electronic structures have been
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Fig. 3. (Color online) Typical SSRM images of the
(0001) surface of (a) undeformed and (b)—(d) de-
formed samples. Here, we used a conductive diamond
tip with the tip bias of +9 V. The images of (b) and
(c) are from different positions on the same sample,
and an area indicated by a square in (c) is enlarged
and shown in (d). The arrow in (b) indicates the slip
direction.

010} (a) . 1
- v
-
- * &
- o z
s [Ti-Pt o 8
0.05 + v . o %
] : diamond =2 z
o di sigd =
<
= -r" %
ok ® s -
-~
s o b
E P =

104 L ¢ diamond | Fig, 4. (a) Local (I-V) spectra measured at the posi-
005 ' . E . ) tions of conductive spots in SSRM images using a con-
10§ 0 10 25 3.0 ductive diamond-coated tip and a Ti-Pt-coated tip,

V [volt] V2 [volt™) (b) the data in (a) are re-plotted as log(I/V') — V.

theoretically shown to change sensitively with the core
structure [21], which should result in a large difference in
the conductivity.

Figure 4a shows local I-V spectra measured at the po-
sitions of conductive spots in SSRM images using a con-
ductive diamond-coated tip and a Ti-Pt-coated tip. These
spectra have been taken from different conductive spots.
All the spectra show a clear rectifying behavior. We have
analyzed the forward bias data in terms of various conduc-
tion mechanisms to find that the data can be fitted best
to the Frenkel-Poole mechanism [22]. The Frenkel-Poole
mechanism refers to a conduction mediated by carrier-trap
states, which gives the I-V relation of the form [11,12]:

a (00— BVaV/mee. )
kT

I = AV exp (1)

Here, ¢ is the electron charge, ¢; is the barrier height
for electron emission from the trapped state, g is the per-
mittivity of free space, 5 is the relative dielectric
permittivity, k7" has the usual meaning, and A and B are
constants. Equation (1) predicts a linear In(I/V) — vV
relation, i.e.,

In(I/V)=a+pVV with a=In _%

B/
and (= 42V 4/ 0% q/ﬂ-gogs.

T (2)

In Figure 4b, the forward bias data are re-plotted as
log(I/V) — vV, where we indeed find the linear
dependences. The re-plotted data show that a values in
equation (2) differ largely depending on the selected con-
ductive spots whereas the differences in § are small.
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This indicates that the barrier heights ¢; for electron emis-
sion from the trapped state are different largely depending
on the dislocation whereas the dielectric permittivities eg
are effectively unchanged. There are various possibilities
as to what kind of trap states are involved in the conduc-
tion. One is a trap state near the tip-sample interface; car-
riers that run along the dislocation come to the interface,
get trapped by the states near the interface and then emit-
ted to the tip. Another possibility is a trap state within
the dislocation. For example, kinks in the dislocation may
serve as carrier-trap sites. In fact, the dislocations intro-
duced by deformation should have more kinks than those
in the as-grown film.

Grown-in screw dislocations in GaN films have previ-
ously shown to exhibit a Frenkel-Poole conduction in for-
ward bias [10] and in reverse bias [11,12]. Recently, Amma
and his coworkers [23] have fabricated Al nanowires along
threading dislocations of edge or mixed type in GaN films.
They have shown that the conduction mechanism along
these wires is also of a Frenkel-Poole type.

4 Conclusions

Local electrical conductivities were measured for
plastically deformed n-GaN single crystals by scanning
spreading resistance microscopy (SSRM). The dislocations
introduced by deformation were of an edge type with
b = (a/3)[1210] and with the line direction along [000 1].
In the SSRM images, many spots with high conductivity
were observed. The spots are aligned along the slip direc-
tion to form chains. The density of the spots is compara-
ble to the dislocation density estimated by TEM observa-
tions. From these facts, we can conclude that the spots are
due to the edge dislocations introduced by deformation.
This result is in contrast to the previous studies which
showed that grown-in edge dislocations of the same type
in GaN films exhibit virtually no conduction. This sug-
gests that the dislocation conduction depends sensitively
on the dislocation core structure. Current-voltage spec-
tra indicated a Frenkel-Poole mechanism for the conduc-
tion, where the barrier heights for electron emission from
the trapped state are different largely depending on the
individual dislocation.
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