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Electronic properties of dislocations in GaN investigated by scanning
tunneling microscopy
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We investigated the type, spatial distribution, line direction, and electronic properties of dislocations
in n-type GaN by scanning tunneling microscopy. We found uncharged perfect dislocations with
a / 3兵112̄0其 Burgers vectors and negatively charged Shockley partial dislocations with a / 3兵11̄00其
Burgers vectors interconnected by a negatively charged stacking fault. The charges are traced to
different charge transfer levels associated with the particular core structure. © 2009 American
Institute of Physics. 关DOI: 10.1063/1.3073741兴
Group-III nitrides developed rapidly toward the materials of choice for green to ultraviolet optoelectronics. However, GaN devices can only be produced successfully by epitaxial growth due to the high vapor pressure of nitrogen.
Unfortunately, no well suited lattice- and thermal-matched
substrates are available for GaN epitaxy, leading to strain and
huge dislocation densities.1 In order to reduce them, special
techniques, such as lateral overgrowth or the insertion of
strain reducing layers, are used to concentrate the dislocations in bunches. Despite these efforts, the dislocation density in commercial freestanding GaN wafers is still far above
that of zinc blende type III-V semiconductor substrates.
The presence of high dislocation densities is detrimental
for optoelectronics because dislocations can act as recombination centers. Therefore, large efforts focused on understanding the electronic properties of the different types of
dislocations present in GaN. Unfortunately, thus far the experimental results are inconclusive: dislocations in n-type
GaN were found to be either all charged,2,3 partially charged
depending on the specific type,4–6 or uncharged.7 In addition,
strongly varying charge densities were reported for the same
type of edge dislocation.2,8 In analogy to the experimental
inconsistency, the charges of dislocations are attributed to the
reconstruction of the dislocation cores,9–12 impurities and
point defects,6,7,13,14 or the introduction of strain-induced gap
states.15 One particular problem limiting the insight is that
many experiments lack atomic resolution and/or are done on
surfaces with surface states in the band gap. Therefore, we
investigated dislocations in GaN by charge sensitive atomically resolved scanning tunneling microscopy 共STM兲 using
clean cleavage surfaces free of intrinsic surface states in the
band gap.16 This approach enables us to probe simultaneously the charge state and structure of the dislocations.
Thereby we identified two types of dislocations: uncharged
perfect and negatively charged dissociated dislocations.
For our experiments we cleaved samples cut from
300 m thick n-type GaN共0001兲 freestanding wafers in ultrahigh vacuum 共⬍10−8 Pa兲 along 共11̄00兲 planes. The GaN
wafers were grown by hydride vapor-phase epitaxy and had
a resistivity of about 共0.8– 1兲 ⫻ 10−2 ⍀ cm. The specified
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threading dislocation density of the samples was 共1 – 2兲
⫻ 107 cm−2. For the scanning tunneling microscopy measurements we used Pt0.8Ir0.2 tips and acquired the data using
a RHK SPM control unit.
Figure 1 shows an overview of the GaN共11̄00兲 cleavage
surface. The surface consists of atomically flat terraces separated by monoatomic steps. Most of the steps cross the whole
image. However, four steps terminate suddenly at dislocations 共see arrows兲. The density of these dislocations was not
homogeneous across the whole sample. In most areas no
dislocations were found. Only in a localized spot of about
5 m diameter the dislocation density reached values of
1.2⫻ 108 cm−2. The spatial localization of dislocations and
their very high density indicate that the dislocations form
bunches, while the remaining material is free of dislocations.
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FIG. 1. Empty-state STM image of an area with four dislocations 共see
arrows兲 measured at +4.8 V and 82 pA. The vertical displacement fields of
each dislocation are indicated by v-shaped dashed lines. Inset: horizontal
gradient illustrating the vertical displacement field of the dislocation in the
upper right corner.
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FIG. 2. 共Color online兲 Empty-state STM image of a perfect dislocation with
a Burgers vector of type a / 3兵112̄0其 measured at +4.2 V and 86 pA. The
vertical displacement field is indicated by the v-shaped dashed lines. The
solid lines and points show that the Burgers vector has no component along
the 关0001兴 direction.

During growth of GaN layers on nonlattice matched substrates, dislocations form near the substrate-GaN interface.
Their line directions, initially primarily following the 关0001兴
growth direction,17,18 may bend with progressing growth toward the side facets as shown, e.g., in Ref. 17. Thereby the
dislocation lines may cross the 共11̄00兲 cleavage surface.
Since we observed dislocations on our cleavage surface, their
lines must have indeed bent away from the 关0001兴 direction.
In fact, the component of the dislocation line direction projected on the surface can be extracted from the STM images.
Each dislocation induces a displacement field, which is largest close to the dislocation core and decays with increasing
distance. If a dislocation line crosses the cleavage surface
nonperpendicularly, the displacement field at the surface is
largest where the subsurface dislocation core is closest to the
surface. The horizontal gradient 共inset in Fig. 1兲 illustrates
the resulting v-shaped vertical displacement field of one dislocation. The largest displacements occur along the dotted
line. Thus, the dislocation line has a projected component
along the same direction. The diagonal contrast lines arise
from steps and are not of interest. Analyzing each dislocation
in this manner yields that every dislocation has a different
line direction 共see v-shaped dashed lines in Fig. 1兲. This
indicates that the dislocations form bunches of entangled
nonparallel dislocation lines.
We observed two different types of dislocations, perfect
nondissociated and dissociated ones. Figure 2 exemplifies a
perfect dislocation. The STM image shows the empty dangling bonds above the Ga atoms.16 The dislocation core is
located at the end of the surface step 共arrow兲. Note that the
step makes a sharp turn toward the 关112̄0兴 direction 5 nm
before the dislocation core. The displacement field 共v-shaped
dashed lines兲 suggests that the dislocation line is lying in a
共0001兲 plane. We determined the three components of the
Burgers vector as follows. First, the dislocation induces a

FIG. 3. 共Color online兲 共a兲 Empty-state STM image of a dislocation with an
overall Burgers vector of type a / 3兵112̄0其 dissociated into Shockley partial
dislocations P1 and P2 共measured at +4.0 V and 94 pA兲. 共b兲 Height profile
measured along the dashed line L1-L2 in 共a兲. The stacking fault between the
two partial dislocations gives rise to a 1/3 ML step. The solid lines and
points illustrate that the Burgers vectors has no component along the 关0001兴
direction. Inset: schematic of an intrinsic type 2 stacking fault. Black and
white circles represent Ga and N atoms, respectively.

step with a height of 1 ML. Thus, the Burgers vector has a
component of a / 2关11̄00兴 perpendicular to the surface. Second, the separation of the atomic rows in the 关112̄0兴 direction
共marked by white lines兲 equals 28 c on both sides of the
dislocation core. Thus, the Burgers vector has no component
in the 关0001兴 direction. Finally, the step induces not only a
component perpendicular to the surface, but also parallel to
the atomic rows within the surface plane, because two neighboring 共11̄00兲 planes in the wurtzite structure are offset by
a / 6关112̄0兴. This yields a total Burgers vector of the type
a / 3兵112̄0其, tilted 30° with respect to the surface normal. This
is indeed the only possible Burgers vector without any component along the 关0001兴 direction in wurtzite crystals.19
Figure 3共a兲 shows the second type of dislocation, which
is dissociated into two partial dislocations marked P1 and P2.
The first partial dislocation core 共P1兲 is located at the point,
where the monoatomic step 共1 ML⬇ 2.75 Å兲 sharply turns
and transforms into a 1/3 ML high step 共height⬃ 0.9 Å兲.
The second partial dislocation is positioned at the end of the
1/3 ML step 共P2兲. Between both partial dislocations a stacking fault in the 共0001兲 plane is present, which results in the
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1/3 ML height shift visible in the height profile shown in Fig.
3共b兲. The Burgers vectors are determined as above. The
atomic rows in the 关112̄0兴 direction on both sides of the
dissociated dislocation marked by white lines are separated
everywhere by 48 c. Thus, the total and partial Burgers vectors have no component in the 关0001兴 direction. The monoatomic step yields again a Burgers vector of the type
a / 3兵112̄0其. Dislocations with such Burgers vectors can dissociate into two Shockley partials with Burgers vectors of
the type a / 3兵11̄00其.20 With this in mind, the reduction in the
step height from 1 to 1/3 ML at the partial dislocation P1
corresponds to a Burgers vector of a / 3关11̄00兴 oriented parallel to the surface normal. The partial dislocation P2, where
the 1/3 ML height shift disappears, has the same type
of Burgers vector, but rotated 60° away from the surface
normal.
This identification agrees with the structure of the stacking fault. The height profile in Fig. 3共b兲 shows not only the
height offset of 1/3 ML, but also the absence of any shift
along the 关0001兴 direction of the 关112̄0兴 oriented atomic
rows, because the positions of the maxima on both sides of
the stacking fault exactly match the dotted lines. This structure corresponds to a double fault with a stacking sequence
…ABABCACA… 共so-called type 2 intrinsic stacking fault兲,
as shown in the inset in Fig. 3共b兲. Such a stacking fault is
connected with Shockley partials,20 supporting the above
identification of the Burgers vectors and dislocation types.
A close look at the height profile of the stacking fault
shows an apparent height depression close to the stacking
fault, as indicated by the blue dashed lines in Fig. 3共b兲. Similar depression zones were observed previously around
charged point defects and steps,21 where the depression
arises from an upward band bending induced by localized
negative charges. The band bending reduces the density of
empty states in the conduction band available for tunneling
at positive voltages.21 Therefore, the tip is moved closer to
the sample in order to keep the tunnel current constant. This
leads to the observed depression zone. Thus, the stacking
fault is negatively charged. Similarly, around the partial dislocation cores dark zones are found, suggesting a negative
charge of the partial dislocations. In contrast, no dark zones
were found at perfect dislocations. In Fig. 2 the surface exhibits a number of charged point defects surrounded by a
dark contrast, but at the dislocation core no dark contrast is
visible. Thus, perfect dislocations are uncharged on n-type
GaN. These observations indicate that the charge transfer
level 共0/⫺兲 is lower in energy for the partial than for the
perfect dislocation.
The charges of the partial dislocations are unlikely to be
induced by charged impurities/defects attracted in the strain
field or strain-induced deep electronic states, because the
strain field is reduced for partial dislocations by dissociation
as compared to perfect dislocations. Thus, the different
charge states are rather originating in the specific core structure of the different dislocations. Indeed, Shockley partial
dislocations were predicted to have deep levels in n-type
GaN.22 The charge of the stacking fault itself might arise
from additional surface dangling bonds at the edge of the 1/3
ML height shift. However, the stacking fault is a local inser-

tion of cubic GaN into the wurtzite structure. Since cubic
GaN has a smaller band gap than wurtzite GaN, the stacking
fault will introduce localized gap states. A charging of
Shockley partial dislocations and the corresponding stacking
fault was also observed in n-type GaAs by STM.23
In conclusion, we investigated the type, the spatial distribution, the projected line direction, and the electronic
properties of dislocations in n-type freestanding GaN wafers
by STM. The dislocations were found to form localized
bunches of entangled nonparallel dislocation lines. Within
these bunches perfect dislocations with a / 3兵112̄0其 Burgers
vectors were uncharged, while Shockley partials with
a / 3兵11̄00其 Burgers vector and the related intrinsic type 2
stacking fault were negatively charged. The observations
suggest that the dissociation of dislocations may be responsible for the insertion of detrimental gap states in n-type
GaN.
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