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ABSTRACT

The distribution and bending of dislocations in GaN/stepgraded (Al,Ga)N/AlN buﬀer layers grown on Si(111) are
investigated by cross-sectional scanning tunnelling
microscopy (STM) and scanning transmission electron
microscopy (STEM). We observe dislocations with
(a/3)〈1120〉-type Burgers vector intersecting the m-plane
cleavage surface and having line directions bent oﬀ the
[0001] growth direction toward non-polar directions. The
spatial distribution of dislocations intersecting the m-plane
cleavage surface indicates consecutive bending of
dislocations due to strain at interfaces between subsequent
lattice mismatched buﬀer layers and at doping junctions,
reducing the density of threading dislocations at the (0001)
growth front. No interface misﬁt dislocations, v-shaped
defects, or loss of crystalline quality are observed,
demonstrating the high performance of the step-graded (Al,
Ga)N/AlN buﬀer layers on Si for relaxing the lattice constant
without creating large defect concentrations.
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1. Introduction
Group III-nitride semiconductors became the material system of choice for next
generation optoelectronics and high-power semiconductor devices [1–3].
However, besides GaN and very small AlN (pseudo)substrates, the growth of
ternary III-nitride layers suﬀers from the lack of suitable lattice-matched substrates. Moreover, GaN and AlN substrates are extraordinarily expensive and
Si as an inexpensive substrate with large size and good thermal conductivity
would be preferable, also in view of combining nitride based optoelectronics
with the Si technology [4,5]. Unfortunately, GaN cannot be grown directly on
Si, due to back etching eﬀects leading to polycrystalline GaN layers [6–8]. Furthermore, the large lattice and thermal mismatch results in high dislocation
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densities, strain, and cracking, inhibiting successful device fabrication [9]. In
order to circumvent these problems, AlN/(Al,Ga)N buﬀer layers on Si substrates
have emerged, allowing a successful strain management as well as reducing the
threading dislocation density by bending, annihilation, and immobilisation of
dislocations [10–12]. Thus far the spatial evolution and properties of dislocations associated with AlN/(Al,Ga)N buﬀer layers has been investigated microscopically by transmission electron microscopy (TEM) only [13–18]. However,
cross-sectional scanning tunnelling microscopy (STM) and spectroscopy (STS)
provides a complimentary insight by probing the type, line direction, charge, and
spatial distribution of bent dislocations on (1010) m-plane GaN cross-sectional
cleavage surfaces [19–21]. Since the cross-sectional geometry provides access to
bent dislocations only, these can be separated from threading dislocations which
do not intersect the cleavage plane. Hence, cross-sectional STM provides an
insight in the dislocation bending during growth of AlN/(Al,Ga)N buﬀer
layers. These advantages enable us to better understand the dislocation structure
of AlN/(Al,Ga)N buﬀer layers ultimately improving the crystal quality of group
III-nitride epitaxial layers on Si and hence the device performance.
Therefore, we investigate the dislocation distribution and bending in GaN/
(Al,Ga)N/AlN buﬀer layers grown on Si using cross-sectional STM. We identify
a progressive bending of dislocations with (a/3)〈1120〉-type Burgers vectors due
to strain at the interfaces between consecutive lattice mismatched layers, giving
rise to peaks in the spatial distribution of bent dislocations intersecting the mplane cleavage surface. The lack of interface misﬁt dislocations, v-shaped
defects, or loss of crystalline quality conﬁrm the high potential of (Al,Ga)N/
AlN buﬀer layers for relaxing the lattice constant toward that of GaN while reducing the density of threading dislocations on the (0001) growth front.
2. Experiment
For our STM and STS investigations, we cleaved GaN/step-graded (Al,Ga)N/AlN
buﬀer layers grown on Si (111) substrates in ultrahigh vacuum (p ≈ 1 × 10− 8 Pa)
to expose a clean cross-sectional (1010) m-plane surface. The GaN/step-graded
(Al,Ga)N/AlN buﬀer layers were grown by metal organic chemical vapour
phase deposition. For improving cleavage, samples cut from full wafers were
thinned down mechanically with sandpaper from the Si substrate side to ∼ 100
μm and contacted by sputtered Au layers. Directly after cleavage, the fresh cleavage surfaces were investigated by cross-sectional STM and STS without interruption of the vacuum. For the STM and STS measurement, we used electrochemically etched tungsten tips. Note, no dislocations are created in the nitride
semiconductor layers during thinning and cleavage in accordance with previous
experiments on GaAs [22,23].
The detailed layer sequence, compositions, and thicknesses of the buﬀer
structure have been characterised by energy dispersive x-ray (EDX)
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spectroscopy in scanning transmission electron microscopy (STEM) [24]. In
addition, a complementary transmission electron microscopy characterisation
[25] of the dislocations present in the buﬀer layers was performed for comparison with the STM measurements. For (S)TEM measurements a thin lamella was
cut in cross-sectional m-plane geometry by focussed ion beam.

3. Results
3.1. Transmission electron microscopy

In order to obtain a ﬁrst overview of the GaN/step-graded (Al,Ga)N/AlN buﬀer
system we performed an EDX elemental mapping by STEM. For identifying and
separating the diﬀerent chemical species, which contributed to the measured
EDX spectra, we applied spectral unmixing (SU). We chose a non-negative
matrix factorisation (NMF) algorithm for SU, since the resulting non-negative
components are correlated with the diﬀerent chemical species or compounds
[26]. Figure 1 illustrates the spatial distribution of the diﬀerent materials
extracted with this decomposition technique. The ﬁrst three components with
largest eigenvalues can be identiﬁed on basis of the decomposed EDX spectra
shown as insets in the respective two-dimensional maps. They can be attributed
to GaN, AlN, and Si, respectively. No further component has eigenvalues
exceeding noise. One can clearly recognise ﬁve diﬀerent layers from pure Si to
the left, through pure AlN, two layers with diﬀerent AlN/GaN mixtures and
pure GaN to the right. From these data, we extract compositions of the two
(Al,Ga)N layers which are in good agreement with the nominally grown ones
of Al0.35 Ga0.65 N and Al0.17 Ga0.83 N. In addition, we obtain layer thicknesses of
300, 320 and 370 nm for the AlN, Al0.35 Ga0.65 N, and Al0.17 Ga0.83 N buﬀer
layers. In the following, these thicknesses will be used to mark the layer positions
in TEM and STM images. Note, the diﬀerent Si doping within the pure GaN
cannot be distinguished with this method. In fact, the GaN consist of 400 nm
undoped GaN followed by Si-doped GaN.
Figure 1 also indicates that the interfaces are mostly smooth. Only the interface between the Al0.35 Ga0.65 N and Al0.17 Ga0.83 N buﬀer layers was found in
TEM images to exhibit a considerable roughness reaching 50 nm (see dashed
lines in Figure 1 (a)). The total (Al,Ga)N buﬀer layer thickness (320+370 nm)
remains, however, constant, as the interface to GaN is smooth again.
Furthermore, we investigated the dislocation structure in the GaN/stepgraded (Al,Ga)N/AlN buﬀer system by using bright-ﬁeld (BF) and weak-beam
dark-ﬁeld (WDBF) imaging technique under a &
g − 3&
g (with &
g being a reciprocal lattice vector) [27]. Figure 2 shows WBDF and BF images (left and right,
respectively) for &
g = 0002 (top) and &
g = 1120 (bottom). According to the
&
&
&
g · b = 0 criterion, with b being the Burgers vector, the upper and lower
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Figure 1. Cross-sectional energy dispersive x-ray spectroscopy by scanning transmission electron
microscopy of the GaN/step-graded (Al,Ga)N/AlN buﬀer system grown on Si. (a), (b), and (c) show
the spatial distribution and the corresponding decomposed EDX spectra of GaN, AlN and Si,
respectively, extracted using a non-negative matrix factorisation algorithm for spectral
decomposition. (d) Composition proﬁles along the c growth direction.
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Figure 2. Weak-beam dark-ﬁeld (a,c) and bright-ﬁeld (b,d) images of the dislocation structure in
the GaN/step-graded (Al,Ga)N/AlN buﬀer system grown on Si. (a,b) show dislocations with c-type
and (c,d) with a-type Burgers vectors.

&
frames show the dislocation lines of dislocations with c-type (ie b c = c[0001])
&
and a-type (ie b a = (a/3)[1120]) Burgers vector, respectively. The TEM images
also reveal that the dominating dislocations are those with a-type Burgers vector.
They initially start in the AlN layer parallel to the [0001] growth direction (horizontal direction in the TEM image) as pure edge dislocations. Close to every
interface a bending of dislocations toward non-polar directions is observed, in
addition to dislocations which keep their [0001] line direction. However, no
interface misﬁt dislocation network is found. Note, the layer markings on top
illustrate only the approximate interface positions. For a more detailed understanding, the bending of dislocation is investigated in the following by scanning
tunnelling microscopy on cross-sectionally cleaved m-plane surfaces. This geometry is particularly attractive, since only bent dislocations intersect the cleaved
m-plane surfaces. All other dislocations remain in subsurface layers and do not
interfere with the analysis of bent dislocations.
3.2. Scanning tunnelling microscopy and spectroscopy

Figure 3 shows a composition of cross-sectional STM overview images of the
GaN/step-graded (Al,Ga)N/AlN buﬀer system grown on Si. The surface
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morphology visible in Figure 3(a) is governed by atomically ﬂat terraces, separated by steps. The Si substrate (not shown here) was identiﬁed by its typical 2×1
dimer row reconstructed Si(111) terraces. At ﬁrst view, there is very little hint
which layers are visible within the group III-nitride buﬀer system, except in
the upper left corner, where an interface line can be discerned with pronounced
instabilities on the left side of the interface. For the identiﬁcation of the diﬀerent
nitride layers, we acquired so-called current imaging tunnelling spectroscopy
maps from a raster of tunnelling spectra. These show a signiﬁcantly lower,
almost vanishing tunnel current at positive voltages within the AlN layer (see
current proﬁle in Figure 3 (c)), due to the larger band gap and diﬀerent
energy position of the surface states [28,29]. The lack of tunnel current at positive voltages in the AlN layer leads to instabilities in the constant-current image.
Hence, this allows the identiﬁcation of the AlN layer in the upper left corner. The

Figure 3. Scanning tunnelling microscopy overview of the GaN/step-graded (Al,Ga)N/AlN buﬀer
system grown on Si. (a) Mosaic of constant-current STM images acquired at a tunnelling voltage
of +4.5 V and a current of 70 pA. (b) Derivative STM image showing the amplitude of the gradient to highlight the steps on the cleavage surface. Some monoatomic high steps terminate at
intersection points of dislocations. The dislocations exhibit a Burgers vector of the type
(a/3)〈1120〉 and their intersection points, identiﬁed in highly magniﬁed STM images, are
marked by white dotted circles (for a higher magniﬁcation of dislocations intersection points
see Figure 4). In addition, we observed step bunching areas marked by larger green dotted
circles. They do not contain any terminating step. We attribute these to dislocations with
+c[0001] Burgers vectors intersecting the cleavage surface. (c) Identiﬁcation of the diﬀerent
group III-nitride semiconductor layers using current proﬁles in [0001] growth direction at
diﬀerent voltages extracted from a grid of tunnelling spectra. At negative voltages, no diﬀerences appear between the layers. In contrast, the current proﬁles at positive voltages show
no current within the AlN layer, but a clear current in the following (Al,Ga)N and GaN layers.
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contrast between the other layers is much weaker and hardly discernable.
However, using the growth sequence, the previously discussed EDX-STEM
analysis, and the identiﬁcation by tunnelling spectroscopy of the AlN/(Al,
Ga)N interface as a reference, the approximate positions of all interfaces can
be indicated on this basis.
The most pronounced characteristic of the morphology of the cross-sectional
cleavage surface of the buﬀer layers are steps separating atomically ﬂat terraces.
In order to highlight the steps, Figure 3(b) presents the derivative images (magnitude of gradient, |∇z(x,y)|) of the constant-current STM images. Steps appear
as brighter lines. A rather low density of multi monolayer (ML) high steps start
at the AlN/Si interface (not visible in Figure 3) and are oriented along the [0001]
direction. These high [0001] oriented steps cross the heterointerface between
AlN and the Al0.35 Ga0.65 N layer without changing direction. Further on, the
high steps slowly bend in the following layers and fan out exposing individual
one ML high steps. This leads to a signiﬁcant increase of the step density in
the GaN layer. The large step concentration further to the right suggests an
increasingly compressively strained n-doped GaN layer [28,30]. This can be
attributed to further (Ga,In)N layers with large lattice mismatch grown on top
of the buﬀer system (outside of the scanning range of Figure 3).
A further interesting aspect is that the atomically ﬂat terraces of the (Al,Ga)N
and AlN layers exhibit exactly the same orientation, ie same normal vector
orientation (neglecting the initial nucleation layer). Hence, no inclination of
the (1010) cleavage plane between diﬀerent layers can be detected in the STM
images. This indicates that no misorientation, grain boundaries, or v-shaped
defects are present in the (Al,Ga)N/AlN buﬀer layers. Hence, the (Al,Ga)N/
AlN buﬀer layer possesses high crystalline quality.
At this stage, we address the presence of dislocations in the buﬀer layers. Dislocations intersecting the cleavage plane give rise to suddenly terminating single
monolayer high steps [19,31]. In Figure 3 these dislocation intersection points
are marked by white dotted circles. Since in the overview image details of dislocations are hard to see, Figure 4(a) shows a topographic constant-current STM
image of a nearby area at higher magniﬁcation. Again dislocations intersect the
cleavage plane at the locations marked by black and white dotted circles. At a
closer look, the contrasts around the intersection points of dislocations in
Figure 4(a) indicate that each dislocation distorts the surface and induces a displacement ﬁeld. The derivative of the STM image shown in Figure 4(b) can be
used to highlight and analyse the displacement ﬁelds of the dislocations [19–
21]. Starting at two termination points of steps, particularly extended and
highly directional displacement ﬁelds can be recognised (see blue arrows),
which shows up in the derivative image in Figure 4 (b), too. The extended directional displacement ﬁelds arise from shallow subsurface dislocation cores, whose
displacement ﬁelds relax toward the surface [19]. The extend and orientation

PHILOSOPHICAL MAGAZINE

3079

Figure 4. Zoom of a cross-sectional surface area in the vicinity of the undoped GaN/n-type GaN
interface measured by scanning tunnelling microscopy. (a) Topographic constant-current STM
image and (b) derivative image showing the amplitude of the gradient for highlighting the
steps and the displacement ﬁelds near dislocations on the cross-sectional (1010) cleavage
surface. In this area, ﬁve dislocations are found to intersect the cleavage surface (steps terminating suddenly). The strain ﬁelds introduced by the dislocations induce distortions of the surface
plane. In some cases, these distortions extend far away from the intersection point (arrows), indicating the presence of shallow subsurface dislocation cores over extended distances.

show that the dislocation line is running quite parallel to the surface with an
inclination toward the 〈1120〉 direction of 10–15◦ [21].
Furthermore, we extracted the local density of dislocations intersecting the
(1010) cleavage surface as a function of the distance to the Si substrate, ie
with progressing growth (Figure 5). For this, we identiﬁed the intersection
points of a total of 50 dislocations observed in various STM images and extracted
the distance to the AlN/Si interface. The spatial distribution of the dislocation
intersection points reveals several interesting characteristics of the GaN/step-

Figure 5. Spatial distribution of intersection points of bent dislocations at the (1010) cleavage
surfaces of the GaN/step-graded (Al,Ga)N/AlN buﬀer system grown on Si(111) as a function of
the distance of the intersection points of dislocations from the AlN/Si interface as measured
in STM images.
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graded (Al,Ga)N/AlN buﬀer system: (i) We observed no dislocation in the AlN
layer beyond the initial nucleation layer. (ii) A dislocation density between
1 × 108 and ) 8 × 108 cm−2 is found in the (Al,Ga)N, undoped GaN, and the
ﬁrst 500 to 600 nm of n-doped GaN layer. (iii) We observed no speciﬁc localisation of dislocations directly at the heterointerfaces. However, directly after
every interface the dislocation density peaks (Figure 5). Note, the high dislocation density just before the Al0.17 Ga0.83 N/Al0.35 Ga0.65 N interface is likely
resulting from the large interface roughness observed only for this interface in
TEM images. This roughness eﬀect is not present for the other smooth interfaces, and hence the dislocation density clearly peaks after the interface in the
growth direction.
4. Discussion
Group III-nitride semiconductors in the wurtzite structure typically contain
three types of dislocations, which are classiﬁed according to their Burgers
&
vector b and assuming a line direction in [0001]: (i) a pure edge dislocation
&
&
with b a = (a/3)〈1120〉, (ii) a pure screw dislocation with b c = c〈0001〉, and
&
&
&
(iii) a mixed-type dislocation with b c+a = b a + b c [32]. In the TEM
images, the dominating type of dislocations has an a-type Burgers vector. ctype Burgers vectors occur with a signiﬁcantly lower concentration. We also
observed a few a and c-type mixed-type Burgers vectors. On this basis, we
turn to the dislocations detected in the STM images.
All dislocations observed in the STM images induce a one monolayer high
step on the (1010) surface, corresponding to a Burgers vector of the type
+ , (a/3)[1120] or +(a/3)[2110] , each tilted by 30◦ with respect to the
surface normal [19]. In principle, the formation of a 1 ML high step would
also be compatible with mixed-type dislocations, but their concentration is signiﬁcantly lower [33–35] due to the higher energy related to the longer Burgers
vector [36]. Dislocations with Burgers vectors along the c direction, ie lying fully
within the surface plane, cannot be observed in large-scale images without lateral
atomic resolution. Hence, all dislocations, which we observed in STM images
have Burgers vectors of the type (a/3)〈1120〉 . Note, even if a dislocation with
c-type Burgers vector intersects the cleavage surface, we cannot detect it in
STM images without lateral atomic resolution [19].
Dislocations with Burgers vectors of the type (a/3)〈1120〉 are initially formed
at the AlN/Si interface (or other heterointerfaces) as pure edge dislocations with
[0001] line direction. If these dislocations remain unchanged during progressing
growth, ie no bending of the dislocation line occurs, they would never intersect
the m-plane cleavage surface. Hence, observing dislocations intersecting the
cleavage surface demonstrates that a bending of the dislocation line away
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from the [0001] direction toward non-polar directions occurred. The shallow
subsurface dislocation lines observed in Figure 4 indicate that a bending of
minimum 10 to 15◦ incurred. Other dislocations have very localised displacement ﬁelds and are thus intersecting the cleavage surface almost perpendicularly,
ie are bent by almost 90◦ . Note, the bent dislocations lose the pure edge character
and become mixed screw and edge dislocations.
The spatial distribution of the dislocation intersections with the cleavage
surface in Figure 5 provides some insight where the dislocation bending
occurs. First, no dislocations can be observed within the AlN layer, indicating
that no bending occurs in this layer. This agrees also well with the [0001] line
direction observed in the TEM images in Figure 2. Second, the density of bent
dislocation is found to peak shortly after every following interface. For
example, dislocations start to intersect the m-plane cleavage surface in the
ﬁrst part of the Al0.35 Ga0.65 N buﬀer. This points to a start of the dislocation
bending at the Al0.35 Ga0.65 N/AlN interface. Note, the STM and TEM images
point to the absence of misﬁt dislocations at all interfaces studied here, in contrast to InN/GaN interfaces, where the start of many single ML high steps reveal
the presence of an interface misﬁt dislocation network [37]. Considering the
absence of interface misﬁt dislocations, the bending of the threading edge dislocations can be related to the strain ﬁeld in the interface region: Due to the lattice
mismatch at the Al0.35 Ga0.65 N/AlN interface, the stress changes from tensile to
compressive at the interface. Since dislocations have a tensile and a compressive
side due to the insertion of a half plane, the tensile side of the dislocation will be
attracted by the compressive Al0.35 Ga0.65 N side of the interface. This interaction
will gradually increase the inclination angles of threading dislocations with
respect to the [0001] growth direction balanced by the additional line length,
hence inducing dislocation bending during progressing growth [16, 38–40].
Analogous eﬀects can be expected to occur at the Al0.17 Ga0.83 N/Al0.35 Ga0.65 N
and GaN/Al0.17 Ga0.83 N interfaces, since no interface misﬁt dislocations were
found at these interfaces either. Indeed, the density of dislocations intersecting
the m-plane cleavage surface peaks slightly after these interfaces, suggesting
an additional bending of dislocation lines at these interfaces.
Furthermore, the density of bent dislocations also peaks after the undoped to
Si-doped GaN interface in Figure 5. This can be related to the fact that the interface between undoped and Si-doped GaN(0001) is also strained, although somewhat less than the previous interfaces [41]. GaN(0001) layers with diﬀerent Si
doping concentrations exhibit slightly diﬀerent lattice constants, giving rise to
compressive strain in a direction on the Si-doped GaN side of the interface
[42,43]. This is supported by in-situ curvature measurements showing an
increase of compressive strain upon Si doping at growth temperature [44],
where dislocations form and propagate during progressive growth. Hence, dislocations can again interact with the strain ﬁeld at the interface between
undoped and Si-doped GaN, leading to a bending of the dislocation lines and
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thus to the peak of the dislocation density after the interface in the lower part of
the n-doped GaN layer. This demonstrates that modulation doped group III-N
layers contribute to the reduction of the threading dislocation density by dislocation line bending, too.
Finally, the STM images show bunching of steps in the n-doped GaN layer,
but without termination of steps. These bunching sites are marked by green
dashed circles on the right side of Figure 3 (b). They occur in concentration
of about 1 × 108 cm−2. This can be correlated with intersection points of dislocations with c-type Burgers vector on basis of the density of these dislocations in
the TEM images and considering that the c-type Burgers vector does not induce
steps on the m-plane cleavage surfaces and thus is only visible with atomic resolution. However, the cleavage steps interact with the strain ﬁeld of the dislocations, leading to the pronounced step bunching sites, thereby providing a
hint of the presence of such dislocations.
5. Conclusions
In summary, our cross-sectional STM and STEM investigation demonstrates
successive dislocation bending of initially pure edge dislocations with a
(a/3)〈1120〉-type Burgers vector during progressing growth at every heterointerface and doping junction. The bending is initiated by strained heterointerfaces
and doping junctions with in-plane tensile to compressive transitions. No misorientation, small angle grain boundaries, or v-shaped defects occur in signiﬁcant concentrations. Successive dislocation bending leads to a signiﬁcant
reduction of the threading dislocation density on the (0001) growth plane,
while the lattice constants are adjusted to that of GaN through the diﬀerent
buﬀer layers without losing the high crystalline quality.
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