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A methodology for the determination of the subsurface line direction of dislocations using
scanning tunneling microscopy (STM) images is presented. The depth of the dislocation core is
derived from an analysis of the displacement field measured by STM. The methodology is
illustrated for dislocations at GaN(1010) cleavage surfaces. It is found that the dislocation line
bends toward the surface, changing from predominantly edge-type to more screw-type character,
when approaching the intersection point. Simultaneously, the total displacement detectable at the
surface increases due to a preferred relaxation towards the surface. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926789]

I. INTRODUCTION

Dislocations commonly affect the electronic properties
of semiconductors and have the potential to critically de-
grade electronic and optoelectronic semiconductor devi-
ces."” The influence of dislocations primarily arises from the
introduction of localized defect states, which may give rise
to electrical charges and/or conduction channels along the
dislocation line. For most semiconductors, in particular for
GaN, the existence of such defect states and/or localized
charges at dislocation cores has been predicted theoreti-
cally.*” Experimentally, electrical charges along dislocation
lines were identified, too, mostly using microscopy-based
methods.'®""” Despite these efforts, a comprehensive under-
standing of the electronic properties of dislocations is a tre-
mendous task still. This is due to the fact that the
electronically relevant density of defect states and electrical
charges depend sensitively on the exact atomic structure of
the dislocation core, which itself is governed by many pa-
rameters. The most obvious parameters are the impurity and
doping concentration of the material, the strain field in the
device structures, as well as the type of dislocations, i.e., its
Burgers vector and the orientation of the dislocation line.

The line direction is particularly relevant for group III-
nitride semiconductors: Due to the lack of affordable and
sufficiently large real bulk substrates, group Ill-nitride layers
are grown mostly on non lattice and thermally matched sub-
strates or on pseudo substrates. This induces rather large dis-
location concentrations far beyond those characteristic for
the classical I1I-V semiconductors.'® Therefore, the need to
reduce the dislocation concentrations has led to growth
schemes, where the dislocation lines are bent off the growth
direction.'®® Hence, most dislocations are not present in
their original line direction and may thus change their elec-
tronic properties. Therefore, it is particularly relevant to be
able to identify the line direction of the dislocation cores.
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It is generally known that the orientation of the line
direction of a dislocation and its Burgers vector can be read-
ily determined by transmission electron microscopy (TEM).
However, surface sensitive techniques are frequently used to
map the dislocation concentration, e.g., by counting pit den-
sities in scanning electron or atomic force microscopy
images,””*® or by directly imaging and counting the disloca-
tion cores intersecting the surface, e.g., by scanning tunnel-
ing microscopy (STM).?*2° STM has also been used to
determine the atomic®'™* and electronic'” structure of dislo-
cation cores at their intersection point with the surface.
Therefore, it is desirable to develop a simple methodology to
determine the subsurface path and hence the line direction of
dislocations intersecting surfaces using surface-sensitive mi-
croscopy techniques. Thus far, the line direction was either
a priori known as in case of buried misfit dislocations at het-
ero interfaces.**° For in the first place unknown orienta-
tions of dislocations, the projected line direction was derived
from STM images of the displacement field,'” or molecular
dynamics simulations were used to calculate the subsurface
dislocation structure and correlate this with the dislocation-
induced step height at the surface.>”38 However, the latter
approach is rather complex and time-consuming, inhibiting
its use for large numbers of dislocations, and the former
approach does not contain the subsurface depth information.

In this paper, we illustrate the determination of the depth
of a subsurface dislocation core using the displacement field
at the surface measured by STM. The spatial variation of the
depth along the dislocation line allows to follow its subsur-
face path and hence the line direction of the dislocation core.
On basis of the depth information near the intersection point
of the dislocation with the surface, we determine the inter-
section angle.

Il. EXPERIMENT

The aim of the experiments is to probe the displacement
fields surrounding dislocations intersecting a surface. We

© 2015 AIP Publishing LLC
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FIG. 1. (a) Constant-current STM image and (b) directional derivative of the STM image along the [1210] direction of the GaN(1010) cleavage surface meas-
ured at a voltage of +4 V and a tunnel current of 50 pA. In this cross-sectional view, the growth direction of the epitaxial GaN layers is toward the top ([0001]
direction). The surface exhibits terraces separated by steps. The total topographic height difference is 18 ML (~5nm) in the area shown. Some of the steps ter-
minate suddenly at dislocations intersecting the cleavage surface. The strain fields introduced by the dislocations induce distortions of the surface plane (high-
lighted in the derivative image). In some cases, these distortions extend far away from the intersection point (arrows), indicating the presence of shallow
subsurface dislocation cores. The area indicated by the dashed rectangular in (a) is enlarged in Fig. 2.

chose GaN epitaxial layers since this material typically
exhibits rather large dislocation densities,'® which enables us
to find sufficient numbers of dislocations intersecting the
limited surface areas scanned by STM.'”*

Thus, the experiments are performed on non-polar
GaN(1010) surfaces obtained by cleaving epitaxially grown
n-type GaN(0001) layers with carrier concentrations of a few
10" cm ™. In order to improve the cleavage, rectangular-
shaped samples (long axis in (1010) direction) were thinned.
The bottom half is electrically contacted by sputtered Au
contacts and mounted into the sample holder. Cleaving off
the upper, non contacted free standing part of the samples in
ultrahigh vacuum (1 x 107% Pa) yields contamination free
and clean GaN(1010) surfaces, which represent a cross-
sectional view through the epitaxial layers perpendicular to
the [0001] growth direction.

After cleavage, the samples are transferred into the STM
chamber without breaking the vacuum and investigated by
STM in the constant-current mode. This mode records a
superposition of topography and electronic effects. The main
contrast is, however, topographic, since electronic effects are
negligible: (i) The local atomic structure within a 1 x 1 unit
cell, visible in high resolution STM images,*** is averaged
at our magnifications. (ii) The screened Coulomb potential
around localized charges at the surface induce voltage de-
pendent depressions or elevations,”> ™ which typically van-
ish at the used voltages of 4 V.***® Potential fluctuations
with spatial dimensions of 30—40nm due to inhomogeneities
in the dopant distribution**~>! also weaken at the high vol-
tages used. They are still slightly visible in the STM images,
but give rise to local height variation of only ~0.03 nm, i.e.,
1‘—0 ML appearing as noise. Since we analyze the long range
effects over several 100 nm, this does not affect the results.

lll. EXPERIMENTAL RESULTS

Figure 1(a) shows a constant-current STM image of the
GaN(1010) cleavage surface. In this cross-sectional view of

the cleaved GaN epitaxial layer, the [0001] growth direction
is oriented to the top side. The surface morphology is gov-
erned by large terraces separated by steps of various heights.
Most steps are one monolayer high steps (step height of
2.76 A). These steps frequently terminate suddenly (see
examples marked by dashed circles). At such termination
points of steps, a dislocation intersects with the sur-
face.!”3123325% We observed an average dislocation density
of 1.5 x 10’ cmfz, which exhibits, however, significant spa-
tial fluctuations.’® The actual dislocation density is about
50% larger, since without atomic resolution we cannot
observe dislocations with in plane Burgers vectors.*

The contrast of the STM image in Fig. 1(a) indicates
that the surface surrounding the intersection points of dislo-
cations is not planar, but rather deformed vertically. This
suggests that most dislocations introduce a significant dis-
placement field. To highlight the local deformation of the
surface plane due to strain fields, Fig. 1(b) shows the direc-
tional derivative of the STM image along the [1210] direc-
tion. The steps appear either as bright or dark lines. At the
termination points of the steps, one can recognize frequently
a directionally oriented displacement field (mostly showing
up as darker zone in this derivative STM image due to the
predominant Burgers vectors present in this area). This non
symmetric strain field arises from the inclined penetration of
the dislocation line into the surface, relaxing the surface
plane locally above the subsurface dislocation core.'” The
directionally oriented strain field is usually only detectable
rather close to the intersection point of the dislocation with
the surface, since the dislocation core is quickly too deep
below the surface to be detectable. In some cases, however,
the surface is also deformed at very large distances (up to
4 ym) from the intersection point as outlined by the two
lower arrows in Fig. 1. The upper-rightmost arrow marks
even a strain field induced by a subsurface dislocation, which
appears to never reach and penetrate the surface.

In the following, we concentrate on the dislocation
marked by the dashed rectangle in Fig. 1(a). Figure 2(a)
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shows an enlarged view of this dislocation. The intersection
point is at the center of the dashed circle at the position
where the step terminates. Most of the deformation of the
surface is spatially localized in a rather narrow region
extending from the intersection point toward the lower right
corner of the STM image (defined as —x direction). Figure
2(b) shows circular height profiles of the surface topography
surrounding the intersection point of the dislocation at the
surface. The height change is visibly not distributed evenly
over the whole range of angles w, as expected for
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FIG. 2. (a) Enlarged constant current STM image of the dislocation in the
dashed rectangular in Fig. 1(a). The intersection point of the dislocation and
the surface is at the center of the dashed circle where the one monolayer
high surface step terminates. The surface plane is deformed toward the lower
right (—x) direction due to the displacement field induced by the subsurface
dislocation core. Hence, the surface projected line direction of the disloca-
tion follows the —x direction starting at the origin of the chosen coordinate
system. The topographic height difference is 2 ML. (b) Circular height pro-
filed around the dislocation intersection point measured at different radii
around the dislocation is shown in (a). The angle w is set to zero in +x direc-
tion. The height changes only in a very small angular region around
o = 180°. The step induces a height change of 1 ML (=2.76 A) at
o =~ 140°.
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dislocations with a line direction and Burgers vector perpen-
dicular to the surface (i.e., screw dislocations).ss’56 Instead,
most of the height change occurs in a narrow angular range
close to @ = 180°. This shape of the displacement field indi-
cates that the dislocation line is penetrating the surface to-
ward the lower right corner with a shallow angle. The
highest displacement changes in the profiles (also visible as
dark line in the derivative of the height in Fig. 1(b)) traces
the projection of the subsurface dislocation line onto the sur-
face, which is defined as —x direction in the following.

The strain field can be visualized further by analyzing
height profiles along the y direction on the lower right side
of intersection point at the positions labeled as (a)—(e) in Fig.
2(a). Figure 3 illustrates these five selected profiles using the
same colors as the dashed lines marking their positions in
Fig. 2(a). Each height profile consists of the average of 8
neighboring height profiles (corresponding to a spatial aver-
age over approximately 50nm along x direction). The line
profiles exhibit clearly a displacement of the plane from the
left to the right side. For line profiles close to the intersection
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FIG. 3. Selection of analyzed height profiles measured parallel to the y axis
(symbols). The spatial position and length of the height profiles are indicated
by the colored dotted lines in Fig. 2(a). Each height profile consists of the
average of 8 neighboring height profiles corresponding to a spatial width of
approximately 50 nm. The solid lines represent the fits of Eq. (1) to the ex-
perimental data. The height profiles have been offset by 0.3 nm for clarity.
The distance of the selected profiles to the intersection point of the disloca-
tion is given at their respective left end. The total out-of-plane displacement
of the surface plane on the left and right side is labelled as 4. Close to the
intersection point, the out-of-plane displacement equals the vertical compo-
nent of the Burgers vector b.. Far away the out-of-plane displacement decays
to~1b..
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point of the dislocation [Fig. 3 profile (a), 22 nm distance],
the total out-of-plane displacement is 1 monolayer, becom-
ing smaller with increasing distance [profile (e), 514 nm
distance].

IV. DETERMINATION OF THE DEPTH OF THE
DISLOCATION CORE

In order to determine the depth of the dislocation core,
we have to address the Burgers vector of the dislocation first.
GaN may contain different types of dislocations with a, ¢, or
(a + ¢)-type Burgers vectors. Pure c-type dislocations with a
Burgers vector in ¢ direction do not induce a step on a non-
polar surface plane and hence cannot be observed in Fig. 1
without atomic resolution. The dislocations observed here
were found to have all an out-of-plane component (vertical
to the surface) of the Burgers vector of one monolayer step
height (i.e., ‘5’[1010]). The step also points to an in-plane
component of the Burgers vector (parallel to the atomic rows
within the surface plane), because two neighboring (1120)
planes in the wurtzite structure are offset by ¢ [11?0]. This
morphology is consistent with a perfect dislocation with a
Burgers vector of 4 (1120), tilted 30° with respect to the sur-
face normal.'” This type of dislocation is the one primarily
observed at the cleavage surfaces.'” And the only possible
one without any component of the Burgers vector along the
[0001] direction in wurtzite crystals.57

For the further analysis, we assume that the in-plane and
out-of-plane displacement fields can be treated separately.
This assumption is valid for isotropic media and sufficiently
far away from the dislocation core, where the distortions can
be treated elastically and linearly.”® Since at our resolution
we only detect the out-of-plane distortions perpendicular to
the surface plane in z-direction, we focus in the following on
the component of the Burgers vector perpendicular to the
surface. The resulting displacements can be described as
those of a subsurface edge dislocation with line direction
along the x direction and a Burgers vector perpendicular to
the surface plane (z direction). The insertion of an atomic
plane at the core of the edge dislocation (at the depth posi-
tion z) locally disrupts the symmetry of the crystal lattice
and hence exerts strain onto the crystal.’® The local displace-
ments were derived analytically on basis of the Airy stress
function.>>**=%* The out-of-plane displacement d, in z direc-
tion, which is relevant for the displacements probed in the
STM images, is given by the following equation:*®°!

A y 1 zZ-y
d =2 (arctan(2) + . L 1
°2n (arc an(z) +2(1 —v) 22—|-y2>7 M

with v being the Poisson’s ratio. A is the total amount the ma-
terial is displaced (1 = d.(y = 00) — d.(y = —o0)) by the z
component of the Burgers vector b,. This equation can be
used to calculate the local displacements induced by an edge
dislocation in an infinitely extended bulk crystal. In this
case, the total displacement A equals * %bz for the half
spaces z > 0 and z < 0, respectively, since—due to symmetry
reasons—one can assume an equal relaxation of the strain in
+z and —z directions.

J. Appl. Phys. 118, 035302 (2015)

For a dislocation close to a surface, the assumption of
equal relaxation of the strain field in 4z and —z directions is,
however, not necessarily applicable. Directly at the intersec-
tion point, the displacement introduced by the Burgers vector
will fully relax only to the surface side. This is corroborated
by the observed step heights, which correspond directly to
the complete out-of-plane component of the Burgers vector.
With increasing depth, the strain field is increasingly sym-
metrically distributed toward the +z and —z directions,
changing the total displacement observed at the surface from
b, to %bz. Since we do not know from which depth on a sym-
metrical relaxation occurs, the displacement observed at the
surface is one relevant physical parameter to be determined.

In the absence of a more elaborate displacement model,
we assume that the functional form of the displacement at
the surface can be approximated by Eq. (1). Since the dislo-
cation core may have a varying depth along the dislocation
line, we fit this equation to the height profiles measured in
STM images at different x positions along the surface pro-
jected dislocation line, using the total displacement A and the
depth z as fitting parameters.

The solid lines in Fig. 3 show the best fits of Eq. (1) to
the selected height profiles. The fits reproduce well the slope
and the width over which the displacement changes as well
as the total displacements. Figure 3 shows that the width
increases with increasing distance from the intersection
point. This translates qualitatively into an increasing depth
of the dislocation core. Figure 4 illustrates the quantitative
depth values determined for different distances to the inter-
section point from fits such as those selected in Fig. 3. The
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FIG. 4. Depth of the dislocation core below the surface as a function of the
distance from the intersection point of the dislocation on the surface. The
depth is obtained from the fits of Eq. (1) to the height profiles in Figure 3.
The error bar on each depth mainly depends on the noise of the image as
well as on the number of averaged line profiles. In order to highlight the ap-
proximate subsurface path of the dislocation core, an exponential decay
(z(x) = a- e M/’ 1 z5) was fitted to the depth values (red solid line). The
initial penetration angle close to the intersection point is about 20°, decreas-
ing with increasing separation.
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error of each depth value is primarily determined by the
noise in the STM image and the number of averaged line
profiles entering each height profile. Furthermore, the values
are sensitive to an additional slope induced by the sample-
scanner tube misalignment and the non linearity of the scan-
ner tube. Therefore, we corrected all STM images for the
scanning distortions using the technique outlined in Ref. 64
and removed any additional slope assuming that the large
terraces are atomically flat at sufficiently large distances
from dislocation cores. Such determined depth values versus
distance trace the subsurface position of the dislocation line
in —x direction.

The depth of the dislocation line in Fig. 4 increases
roughly linearly up to a distance to the intersection point of
200 nm. Beyond 400 nm distance, the depth reaches a con-
stant value. Note, the very large depth value with very large
error bar (and the corresponding large displacement value,
see Fig. 5) at about 420 nm distance is due to a very noisy
height profile at this distance. It should be considered with
care only. The fit to the data, with weighting using the error
bars, (solid line in Fig. 4) shows that this depth profile can be
described tentatively by an exponential decay z(x)=
a-e MP 4z with a=563+45nm, b= 151.1%:36nm,
and zg = —59.7=5nm. This fit illustrates that the penetra-
tion angle decreases from 20.4+4.5° close to the intersection
point down to 1° at 400-500 nm distance. Hence, the dislo-
cation line is almost parallel to the surface plane at large dis-
tances and bends toward the surface plane when approaching
the intersection point. This suggests a predominantly edge
type character of the dislocation in the bulk, becoming more
screw like at the surface. This general behavior is also found
for dislocations initially oriented along the [0001] growth
direction if inclined facets appear during growth of GaN epi-
taxial layers. The dislocations then bend toward the inclined
facet,'?21-232%-266% in order to minimize the line energy by
shortening its length. Note, the dislocations in the cleaved
samples likely do not reach their equilibrium line directions
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FIG. 5. Total displacement A in units of the vertical component of the
Burgers vector b, as a function of the distance from the intersection point.
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after cleavage at room temperature. The line direction is pre-
dominantly a frozen-in configuration, despite it is known,
that the STM tip can excite the slip of dislocations.*

Figure 5 illustrates the total displacement /A in units of
the out-of-plane component of the Burgers vector b, versus
the distance from the intersection point. 4 is obtained from
the fits of Eq. (1) to the height profiles. Close to the intersec-
tion point, i.e., where the dislocation is directly at the sur-
face, the total displacement equals b, =2.76 A. With
increasing distance from the intersection point—and hence
increasing depth—A decreases to %bz. This trend can be
understood as the effect the surface has on the relaxation of
strain and the distribution of displacements. Deep in the
bulk, the relaxation is symmetrical and the displacement is
divided equally in both half spaces. For a subsurface disloca-
tion close to the surface, the limited number of atomic layers
to the surface side effectively weakens the material, favoring
a relaxation of the atoms toward the surface side. The data
suggest that for GaN (1010) surfaces this surface relaxation
effect is relevant up to approximately 60 nm depth.

V. SUMMARY

In summary, a methodology is presented to determine
the depth of subsurface dislocations on basis of their dis-
placement field at the surface measured by scanning tunnel-
ing microscopy. This allows to track the subsurface path of
dislocations. The methodology is illustrated for dislocations
intersecting GaN (1010) surfaces. The line of the particular
dislocation discussed is found to bend toward the surface
when approaching the intersection point with the surface.
The displacement fields visible at the surface suggest that
this bending is a typical behavior of subsurface dislocations.
Finally, the strain field of subsurface dislocations in GaN
(1010) does not relax symmetrically, but rather favors the
relaxation of atoms toward the surface side up to a depth of
about 60nm. This suggests that the presence of the surface
weakens the near surface material.
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