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ABSTRACT

Dislocations have been proposed to affect the performance and reliability of GaN power semiconductors by being conductive pathways for
leakage current. However, no direct evidence of a link between their electrical behavior and physical nature in carbon-doped semi-insulating
GaN buffer layers has been obtained. Therefore, we investigate the electrical activity of dislocations by conductive atomic force microscopy
and electron beam induced current to distinguish electrically active dislocations from non-active ones. We investigated six electrically active
dislocations and discovered distinct carbon enrichment in the vicinity of all six dislocations, based on cross-sectional scanning transmission
electron microscopy using electron energy loss spectrometry. Electrically non-active dislocations, which are the vast majority, sometimes
also showed carbon enrichment, however, in only two out of seven cases. Consequently, carbon segregation seems to be a requirement for
electrical activity, but a carbon surplus is not sufficient for electrical activity. We also performed first-principles total-energy calculations for
mixed type threading dislocations, which validates carbon accumulation in the dislocation vicinity. The electrical and physical characteriza-
tion results, complemented by density functional theory simulations, support the previously hypothesized existence of a carbon defect band
and add new details.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0213275

I. INTRODUCTION

A. Dislocations in GaN-on-Si HEMTs

Electrical energy and efficient power conversion are in high
demand globally; therefore, research on gallium nitride (GaN)
strives to harness GaN’s unique material properties in order to
meet these modern technological needs. Remarkably, lateral
GaN-on-Si high electron mobility transistors (HEMTs) comprise
only a few micrometers of GaN grown on hundreds of micrometers
of silicon. Resulting GaN-based devices deliver higher switching
frequencies, higher carrier mobilities, and, as a result, more efficient
power conversion compared to their silicon-based counterparts.

GaN HEMTs are lateral devices in which the current is con-
strained to the two-dimensional electron gas (2DEG) a few tens of

nanometers below the semiconductor surface. Compared to GaN,
the silicon substrate is relatively conductive and, consequently, has
to be electrically isolated from vertical leakage currents between the
2DEG and the substrate to prevent performance losses in OFF state
and charge trapping. Most commonly, this is achieved by doping
the GaN buffer with carbon (GaN:C), which forms deep acceptors
and pins the Fermi level deep in the bandgap.1

However, these deep carbon acceptors can trap charges for
extended periods of time.2–4 It has been demonstrated that the
times for trapping as well as detrapping are ultimately limited by
the conduction through GaN:C instead of the actual trapping and
detrapping event.3 As a result, not only the leakage current itself
but also the trapping dynamics are determined by the leakage
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current. Both charge trapping and leakage current can be detrimen-
tal to the performance and reliability of GaN HEMTs.1–8

Due to the lattice mismatch of the heteroepitaxy of GaN, espe-
cially on foreign substrates such as Si, dislocations are inherently
present. For GaN-on-Si, dislocation densities are in the range of
109 cm−2. Dislocations are extended defects in the crystal lattice
and are considered to have a major impact on the leakage
current3,8–22 and, hence, should also affect the trapping dynamics.
One promising candidate that could explain this phenomenon is
the carbon defect band model postulated by Koller et al.23

According to this model, charges propagate within GaN:C in a
defect band within the bandgap and not via the valence nor con-
duction band. The conductivity within this defect band correlates
with the carbon concentration,3 indicating that charges move
directly between carbon defects. Koller et al. speculated that the
average carbon concentration is not sufficient to have a homoge-
neous conduction mechanism in the entire matrix.9,24 Instead,
carbon has been hypothesized to accumulate in larger densities in
the vicinity of certain dislocations and that conduction in these
regions is enhanced. However, this hypothesis has never been veri-
fied by physical characterization.

Numerous studies have widely discussed possible root causes
regarding the electrical activity of a dislocation. Previously, thread-
ing dislocations with a pure screw component, also referred to as
threading screw dislocations (TSDs), were believed to be the culprit
of localized conductivity.13,18,19,21 In addition to dislocation types,
other determining factors of electrically active dislocations may
include their imposed strain fields,16,18,25–27 the absolute magnitude
of the Burgers vector,12,16,28 the angular orientation of the disloca-
tion vector lines,11 and the difference in growth stoichiometry at
the dislocation relating to local chemical and structural, as well as
electronic property changes.10,15,17,18,20,29,30

Other research groups have suggested that not the strain field
itself but the segregation of impurities due to the
dislocation-induced strain fields could be a cause of enhanced
leakage current.16,26,28,29,31 In addition to a report of excess Mg
impurities at the core of dislocations,14 several publications have
reported oxygen impurities,20,29,31,32 excess gallium accumula-
tion,18,19 or a lack of nitrogen atoms27 as other contributors to
leakage current in GaN.

B. Novel approach to study dislocations in GaN

Until now, the electrical behavior of dislocations has been
investigated in various GaN layers such as the AlGaN barrier,
p-doped, n-doped, and unintentionally doped GaN (GaN:uid), but
never in carbon-doped GaN. However, due to the role of GaN:C as
an insulating layer, the electrical behavior within this layer is of
considerable importance. To date, no studies have compared the
leakage current at dislocations in GaN:C nor have any investigated
their chemical composition.

One major reason is that in standard HEMT stacks, the
GaN:C layer is buried deep below the surface.28,33 This (1) does not
allow for electrical characterization with a lateral resolution that is
required in order to study individual dislocations and (2) does not
allow for top-down view dislocation localization with techniques
such as atomic force microscopy (AFM), electron channeling

contrast imaging (ECCI), as well as all other electron beam based
techniques. Although subsequent cross-sectional analysis could
address the second point, it would require considerably more
effort. The first point, however, poses an unsolvable obstacle in
HEMT structures and requires special test structures.

To overcome this obstacle, some of the co-authors have intro-
duced test structures featuring a GaN:C/nGaN bilayer with nGaN
being silicon doped n-type GaN. These structures allow for the
electrical characterization of single GaN:C layers.1 In a recently
published study,33 it was demonstrated that these structures can be
utilized for electron beam induced current (EBIC) measurements,
enabling the identification of electrically active regions. Following
this, ECCI analysis allows for the correlation of active regions with
dislocations, which can then be encapsulated in a transmission
electron microscopy (TEM) lamella for further TEM-based
analyses.

While previous electron energy loss spectrometry (EELS)
studies34,35 have identified oxygen segregation in dislocations,29,32

no research has yet correlated their measured electrical behavior
with TEM studies on conductive dislocations, especially within
carbon-doped GaN.

C. Our research objective

The objective of our investigation is to study the connection
between the electrical activity of a dislocation and the elemental
composition of that specific dislocation and its surroundings in
carbon-doped GaN. On the basis of this approach, we demonstrate
that electrically active dislocations in the semi-insulating GaN:C
layer can be distinctly identified using two different electrical pre-
characterization techniques: conductive atomic force microscopy
(C-AFM) and EBIC. Subsequently, we analyzed their chemical
composition through EELS with a focus on carbon.

Section II describes the investigated GaN:C samples and the
analytical techniques that were used to characterize them.

In Sec. III, we examine the correspondence between electri-
cally active dislocations and their chemical composition in terms of
segregated carbon impurities. We compare these results with first-
principles total-energy calculations done within the density func-
tional theory (DFT) for carbon at threading a + c mixed type dislo-
cations in GaN, where a and c are the Burgers vector components
with a ¼ (1/3) 11�20h i and c = ⟨0001⟩. Finally, we discuss how an
enhanced carbon concentration in the vicinity of dislocations can
influence electronic properties such as the vertical leakage current.

II. EXPERIMENTAL DETAILS

A. Samples

Two GaN:C/nGaN bilayer test structures grown on a 6 in.
p-doped Si(111) substrate via metal organic chemical vapor deposi-
tion are investigated in this study, referred to as S50 and S80, as
seen in Fig. 1. S50 consists of a 40 nm thick GaN:C buffer layer and
a 10 nm thick GaN:uid layer, on top of a 1 μm layer of nGaN, tran-
sition layers, and the Si(111) substrate. S80 comprises an 80 nm
thick GaN:C buffer layer on top of a 1.7 μm thick nGaN layer, tran-
sition layers, and the Si(111) substrate. Both samples have an esti-
mated carbon concentration of approximately 1019 cm−3 in the
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GaN:C buffer layer with an active donor concentration Nd of
8.5 × 1016 cm−3 in the nGaN layer. Further details on electrical
characterization of these GaN:C/nGaN bilayers can be found in
Koller et al.1

The epitaxial structures and contacts utilized in this study
differ significantly from commercially available devices and are
employed exclusively for research.

B. Methods

C-AFM measurements were performed in a Park Systems
NX20 AFM system. Using a single-crystal diamond probe highly
doped with boron (Adama Apex Super Sharp AFM), it is possible
to achieve an effective probe radius <5 nm. The cantilever
AD-2.8-SS system uses a spring constant of 2.8 N/m.

The EBIC measurement setup utilized a Zeiss Supra 55 scan-
ning electron microscope (SEM), a Kleindiek Nanotechnik LT6620
stage with Zyvex dProber nanomanipulators, in addition to a
Keithley 2400 source measure unit meant to apply bias and
measure the electron beam induced current.

A TESCAN S9000G dual-beam focused ion beam (FIB) and
SEM was used to create markers via focused electron beam induced
deposition and to create the lamellae for scanning transmission
electron microscopy (STEM) EELS investigations. Additionally, a

Helios Hydra dual-beam FIB and SEM was used to manufacture
further samples for STEM EELS.

We performed all TEM analysis on an FEI Tecnai F20
(S)TEM capable of varying the electron beam energy from 60 to
200 keV and possessing a probe size of <2 nm in STEM mode.
EELS measurements were analyzed through a Gatan GIF Tridiem
energy filter. Core-loss EELS measurements include the ionization
edges of carbon at 284 eV, nitrogen at 401 eV, and oxygen at
532 eV. Measurements of the electron energy loss near edge struc-
ture (ELNES) are used to determine the differences in the elec-
tronic nature of carbon at the dislocation core compared to carbon
in the GaN:C matrix.36,37 We further performed statistical multi-
variate analysis such as principal component analysis (PCA) to
reduce statistical noise from the acquired EELS spectra.

To investigate the interaction between a + c mixed type dislo-
cations and C substitutionals in GaN, we employ DFT calculations
within the local density approximation (LDA) and the projector
augmented-wave (PAW) method.38,39 The Ga d electrons are
included as valence states, and a plane wave energy cutoff of
450 eV was used. To model undissociated a + c mixed type disloca-
tions, we used supercells with periodic boundary conditions. Each
supercell contains a nanowire (NW) of the hexagonal cross section
with its axis oriented along [0001] and bounded by m-plane facets
[as seen later in Fig. 7(a)]. The Ga and N dangling bonds at the
facets are passivated by partially charged pseudohydrogen that obey
the electron counting rule. The dislocation line coincides with the
axis of the nanowire, the atoms are displaced from their bulk-like
position according to elasticity theory.40 To decouple the NWs
from their periodic images, a vacuum with thickness of 15 Å is
used. Furthermore, the thicknesses of the supercell along the c-axis
are two lattice constants, i.e., four GaN monolayers, and the NW
diameter is ≈36 Å. The supercells consist of 1060 atoms. The Ga
and N atoms in an outershell of a double monolayer thickness were
kept fixed to the positions defined by elasticity theory. All other Ga
and N atoms are relaxed until the change in the total energy is less
than 10−5 eV.

To calculate the chemical potential of the charge neutral C
substitutionals, we substituted Ga and N atoms with C at selected
sites outside the core region in both the compressive and tensile
regions of the dislocations. As the reference for the C chemical
potential, we used the calculated chemical potential of the C substi-
tutional in a 5 × 3 × 3 orthogonal bulk cell consisting of 360 atoms.

III. RESULTS AND DISCUSSION

A. Revealing electrically active regions in GaN:C

1. Conductive atomic force microscopy (C-AFM)

We employ C-AFM to map areas with enhanced leakage
current, while simultaneous AFM measurements show the topogra-
phy including pits at dislocations. Therefore, as schematically illus-
trated on the left side of Fig. 1, the needle is grounded and the
chuck is set to a negative bias.

In general, the investigated structures behave similar to a
diode, whereby the dislocation-free bulk and non-active disloca-
tions show higher forward voltage (VF) than active dislocations. In
a first step, we evaluate the VF of the bulk and then stay with the

FIG. 1. Investigated GaN:C/nGaN bilayer test structures: S50 (left) and S80
(right). S50 has a 40 nm GaN:C buffer layer with 10 nm GaN:uid on top of 1 μm
of nGaN, transition layers, and the Si(111) substrate. S80 is made of an 80 nm
GaN:C buffer layer with 1.7 μm nGaN on top of transition layers and the Si(111)
substrate. Sample S50 is optimized for use in C-AFM, while S80 is optimized
for EBIC analysis.
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bias below this value so that in C-AFM, only the active dislocations
conduct current.

Figure 2 compares the AFM surface topography in (a) with its
C-AFM vertical leakage current mapping in (b). Note that the iso-
lated spots of vertical leakage current coincide one-to-one with par-
ticular dislocations. We specifically did not choose ambiguous
spots, which could potentially correlate with multiple dislocations.
The highlighted box in Fig. 2 schematically shows part of the after-
ward extracted TEM lamella. D1 indicates the electrically active dis-
location that corresponds with the isolated leakage current spot in
the C-AFM current map.

2. Electron beam induced current (EBIC)

For EBIC analyses, 20 nm thick, 100 μm diameter sized semi-
transparent ohmic Ti/Au top contacts are deposited. This electrode
is contacted via a nanoprobe needle biased to −10 V and the chuck
is set to ground. Leakage current is confined within the GaN:C
layer beneath the metal contact, whereas it laterally distributes in
nGaN over the entire sample, rendering the impedance of the
bottom layers under nGaN negligible. As schematically illustrated
on the right side of Fig. 1, for EBIC analysis an electron beam pen-
etrates through the semi-transparent contact into the reverse biased
GaN:C/nGaN bilayer. Using an electron beam voltage of 5 kV, elec-
trons propagate approximately 200 nm into the sample and gener-
ate electron–hole pairs within this volume. Internal electric fields
separate electrons and holes, and let them propagate to the anode
and cathode, respectively. This is measured as current, giving this
technique its commonly used name “electron beam induced
current.” In previous publications,24,33 we described in more detail
how local variations in resistivity as well as the trapping behavior,
e.g., due to higher defect densities, can alter the measured current
and result in locally enhanced currents. In the following, we refer
to these regions with enhanced current as “EBIC spots” or “electri-
cally active regions.”

Figure 3 depicts an ECCI map on the left and an EBIC
current map with EBIC spots of the same region on the right. All

black-white points in ECCI originate from dislocations.41,42 Direct
comparison of EBIC and ECCI reveals a one-to-one correspon-
dence of the EBIC spots with single dislocations in ECCI.
Analogous to the cantilever-based techniques where only a few dis-
locations caused enhanced current in C-AFM, also only a few dislo-
cations observed in ECCI lead to EBIC spots. Similar to C-AFM/
AFM, we only chose EBIC spots that could unambiguously be cor-
related with a single dislocation.

B. Carbon segregation at dislocations

In order to determine the chemical composition of disloca-
tions, we employ EELS. With our setup, a detection limit of
approximately 1% can be achieved, although quantitative values
could not be extracted due to the lack of a proper reference.

Figures 4(a) and 4(b) show the cross correlation of disloca-
tions in top-down view measured by AFM surface topography with
dislocations in the cross-sectional view imaged by STEM. The high-
lighted box in Fig. 2 indicates the position of the cross-sectional
TEM lamella in Fig. 4(b). We obtain a one-to-one correspondence
confirming that the dislocation of interest has been encapsulated
and extracted in the TEM lamella. We measured 32 different posi-
tions across samples S50 and S80; however, due to the challenges of
sample preparations, six electrically active dislocations could be
encapsulated in 70–180 nm thick lamellae for TEM analysis. In this
study, we focus in particular on two electrically active dislocations:
one determined by C-AFM in sample S50 and one determined by
EBIC in sample S80.

Besides EELS, we employed TEM two beam diffraction condi-
tions. While the main image [Fig. 4(b)] shows a STEM high angle
annular dark-field (HAADF) image, in the two insets on the right,
certain diffraction conditions were applied that make dislocations
with Burgers vector with a ¼ (1/3) 11�20h i and c = ⟨0001⟩ compo-
nent invisible [see Figs. 4(c) and 4(d), respectively]. The electrically
active dislocation, marked with D1, is identified as a threading
mixed type dislocation (TMD) as it is visible in both conditions. In
contrast, the electrically inactive dislocation next to it, marked with
D2, is only visible in the bottom inset and, therefore, identified as a
threading edge type dislocation (TED).

FIG. 2. (a) AFM surface topography and (b) simultaneously recorded C-AFM
vertical leakage current mapping using a bias of 2.8 V.

FIG. 3. Comparison of an ECCI surface topography map with an EBIC map of
the same region. We see one-to-one correlation between EBIC spots and
dislocations.
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While the six investigated electrically active dislocations
were TMDs, the majority of TMDs do not lead to electrically
active regions. Therefore, the Burgers vector by itself is not a
sufficient indicator of whether a dislocation is electrically active
or inactive.

Figure 5 examines the elemental analysis of electrically active
and inactive dislocations, utilizing 200 keV STEM core-loss EELS
measurements. Figures 5(a) and 5(b) are STEM HAADF images
from the two case studies, where Fig. 5(a) displays the extracted
C-AFM active dislocation, and Fig. 5(b) shows the extracted EBIC
active dislocation. Figure 5(a) comes from the region indicated by
the golden dashed box in Fig. 4(b). Figures 5(c) and 5(d) are the
elemental maps of carbon using the carbon K-shell ionization edge
(C-K edge) at 284 eV. Line scans (in orange) at the positions of the
two different electrically active dislocations, D1 and E1, reveal for
both significantly enhanced carbon in a region of approximately
20 nm around the core as seen in Figs. 5(e) and 5(f ) in blue. An
additional line scan of the electrically inactive dislocation from
C-AFM marked as D2 is denoted with a green dotted line in
Fig. 5(e) and also shows enhanced carbon concentration.

While all six active dislocations showed enhanced carbon con-
sistently, out of the seven studied inactive dislocations, only two

showed enhanced carbon. In Table I, this finding is summarized and
interpreted as a Bernoulli process43 (a series of Bernoulli trials, exper-
iments with exactly two mutually exclusive outcomes, analogous to a
coin-toss), with the observed absence (rather than presence) of excess
carbon being used as random variable X: in n statistically indepen-
dent trials on active and inactive dislocations, there are x cases of
observed absence of carbon, where the probability of observing that
outcome is given by the binomial distribution as

P(X ¼ x; n, θ) ¼ n
x

� �
θx(1� θ)n�x: (1)

The most likely median and upper/lower confidence estimates
for the corresponding probability θ of excess carbon being absent
from a dislocation follow standard approaches: the maximum likeli-
hood estimator is θ̂ML ¼ x

n, whereas median and upper/lower
single-sided 90% confidence estimates are the Clopper–Pearson
values with P(X � x; θ̂med) ¼ 0:5, P(X � x; θ̂UCL) ¼ 0:1,
P(X � x; θ̂LCL) ¼ 0:1, respectively.44,45

Even by our admittedly low statistics of 0/6 carbon-free active
dislocations and 5/7 carbon-free inactive dislocations, we can infer
from the median estimate that C-absence in active dislocations is

FIG. 4. Cross correlation of dislocations in (a) top-down view measured by AFM surface topography with (b) a cross-sectional view imaged by STEM. (c) and (d) show
transmission electron microscopy (TEM) images in two beam diffraction conditions g = [0002] and g¼ [11�20] for dislocation type determination, indicating that the C-AFM
electrically active dislocation D1 is mixed type and the electrically inactive dislocation D2 is edge type.
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seven times less probable than in inactive dislocations. Conversely,
electrically active dislocations typically are seven times more likely
to contain segregated carbon than electrically non-active disloca-
tions. The nonoverlapping 90% confidence bounds for active and
inactive dislocations suggest that carbon segregation and electrical
activity are, indeed, correlated. In addition, assuming irrelevance of
carbon segregation regarding electrical activity by simply summing
up all observations independent of electrical property in the last
line of Table I would estimate 38% of dislocations to be carbon-
free. Inserting this value of θ ¼ 0:384 into (1) yields a probability
of only 5.5% for the 0/6 observation on active dislocations. Finally,

the data can also be summarized in the form of a contingency table
(Table II), where Fisher’s exact test44—appropriate for small sample
sizes—can be used to compute a probability for this observation to
be obtained accidentally with the underlying hypothesis of carbon
segregation being irrelevant to electrical activity. The value of p ¼
0:0163 discards the null hypothesis and proves the correlation to be
>98% significant. Therefore, the authors dare formulating that
carbon segregation is, indeed, a necessary (but clearly not suffi-
cient) condition for the electrical activity of dislocations. A physical
explanation for this statement shall be given in Sec. III D.

The elemental maps in Fig. 5 reveal that the change in the
elemental composition in the vicinity of the dislocations is not
just limited to the GaN:C layer. We notice that in the nGaN layer,
even up to 200 nm below the GaN:C layer, the carbon enhance-
ment exceeds the concentration of the GaN:C bulk. Furthermore,
we observed that the EELS intensity of gallium remained
unchanged; however, we noticed that in the vicinity of some dis-
locations, a dearth of nitrogen as well as an increase in the
oxygen concentration was present. In the six electrically active
dislocations and seven inactive dislocations, this was not consis-
tent across all of them and no unambiguous correlation of oxygen
and nitrogen with electrical activity of dislocations was found.
Therefore, for the samples investigated within this study, we do
not consider gallium, oxygen, and nitrogen as the determining
factors for electrical activity.

In order to get more insights into the nature of the carbon
atoms that accumulate at the electrically active dislocations, the
electron energy loss near edge structure (ELNES) has been investi-
gated. This technique reveals the density of unoccupied states above
the Fermi level vs energy. ELNES, therefore, not only shows the

FIG. 5. (a) shows the STEM image of the region, marked by a golden dashed
box in Fig. 4(b) encapsulating a dislocation (D1) that has been electrically active
in C-AFM and one that has been electrically inactive (D2). (b) shows a STEM
image of a dislocation that has been electrically active in EBIC. (c) and (d)
show the corresponding carbon EELS maps. Line scans in (e) and (f ) reveal
that all three dislocations showed enhanced carbon concentrations in the vicinity
of the dislocations. (c) and (d) show carbon enhancement even in the nGaN
layer under GaN:C.

TABLE I. Summary of the investigation of 13 dislocations, classified by their electri-
cal activity. The observed absence of excess carbon in their vicinity is the random
variable of a Bernoulli process of n trials and x successes, with the underlying bino-
mial distribution being parametrized by probability θ for excess carbon being absent
from active or inactive dislocations. θ is estimated at maximum likelihood θ̂ML, and
by Clopper–Pearson values for upper and lower confidence estimates θ̂UCL and
θ̂LCL and also for a median estimate θ̂med.

n x θ̂ML θ̂med θ̂UCL θ̂LCL

Active 6 0 0 0.11 0.32 …
Inactive 7 5 0.71 0.77 0.92 0.40
All/irrelevant 13 5 0.38 0.43 0.59 0.20

TABLE II. Investigations summarized in a contingency table, where Fisher’s exact
test may be used to assess the significance of the association between the classes
of “carbon yes/no” and “active/inactive.” Here, a p-value of 0.0163 indicates high
statistical significance.

Excess carbon
found

No excess
carbon found

Total dislocations
investigated

Active 6 0 6
Inactive 2 5 7
All 8 5 13
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elemental atoms present but also gives insights into their binding
configurations. For example, a carbon atom at a nitrogen site would
have a different fingerprint than a carbon atom at a gallium site.

Figure 6 shows an EELS measurement of the fine structure of
the ionization edges at around 284 eV, the C-K edge. The purple
line represents the ELNES at an electrically active dislocation deter-
mined by C-AFM. The green line corresponds to the ELNES of the

bulk GaN matrix adjacent to the dislocation. Distinct differences in
the fine structure require different binding configurations of the
carbon atoms in the GaN:C matrix and in the electrically active dis-
location. More insights could be gathered by ELNES analyses of
electrically inactive dislocations and comparison with density func-
tional theory calculations. However, this was beyond the scope of
this investigation.

C. Density functional theory (DFT) simulations

Figure 7(a) shows a schematic representation of the simulated
supercell indicating the atomic positions for which chemical poten-
tials are calculated. In Fig. 7(b), we plot the chemical potential Δ μC
of CGa and CN at six different positions in the compressive and
tensile strain fields of an a + c mixed type dislocation. Δ μC is calcu-
lated as

ΔμC ¼ μC � μC Bulk,

where μC and μC Bulk are the chemical potentials of C in the neighbor-
hood of the dislocation and in the bulk-like material, respectively.

Both the tensile and compressive regions of the dislocation are
attractive for CN (C substituting for N). Moreover, our calculations
indicate that besides a lattice site adjacent to the dislocation core,
the compressive region is repulsive for CGa (C substituting for Ga).
Nevertheless, the tensile region is strongly attractive. Previous DFT
calculations have also revealed that the strain field of a c-type under
the screw dislocation is attractive for MgGa substitutionals.

15

FIG. 6. EELS measurement of the fine structure of the carbon K-shell ionization
edge (C-K edge) at around 284 eV of an electrically active dislocation compared
to the bulk GaN matrix in the direct vicinity.

FIG. 7. (a) Schematic representation of an undissociated a + c mixed type dislocation in GaN in top view. Large/green balls and small/blue balls indicate Ga and N atoms,
respectively. Small/red balls are pseudohydrogens passivating the dangling bonds at the m-plane facets. The red and blue circles indicate the positions of C substitutionals
in the tensile and compressive regions of the dislocation, respectively. (b) Calculated chemical potential of CN (open circles) and CGa (filled disks) substitutionals. Blue and
red symbols indicate the substitutionals in the compressive and tensile regions, respectively. The dashed line are guides to the eye. Position 1 is ≈6 Å away from the dislo-
cation line. The distance between the other positions equals the lattice constant of GaN, i.e., it is equal to 3.15 Å.
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The actual C content around a mixed type dislocation, under
conditions of thermodynamic equilibrium, is governed by both
the C chemical potential and the electrochemical potential,
i.e., the position of the Fermi level. The value of the latter
depends on the value of the former as well. To account for the
relationship between the formation energy of carbon defects and
the Fermi level, one must consider charged carbon defects within
the strain field of the dislocation. However, this exceeds the scope
of the present paper. Nevertheless, our calculations reveal a
strong driving force for C substitutionals’ segregation at mixed
type dislocations in GaN. Moreover, the actual strain field is a
superposition of the strain fields of nearby dislocations as well.
This may alter the magnitude of the strain field, which, in turn,
will affect the value of the chemical potential of charge neutral
carbon substitutionals.

D. The role of carbon in electrically active dislocations

Previous studies3 on GaN layers with carbon concentrations
as low as 1018 cm−3 showed that charges propagated mainly via the
valence band. When the carbon concentration exceeded 1019 cm−3,
the Fermi level effectively pinned at approximately 0.9 eV above the
valence band maximum. The large distance to the valence band in
contrast leads to insulating behavior in the higher carbon-doped
layers. However, it was speculated that due to the high density of
carbon defects, they form a resistive defect band within the
bandgap.23

Koller et al.24 proposed that most involved defects are carbon
atoms at a nitrogen site, CN, energetically approximately 0.9 eV
above the valence band maximum, and that these defects accumu-
late preferentially at dislocations, as illustrated schematically in
Fig. 8. They also speculate that only a few dislocations show signifi-
cantly enhanced conductivity, while the majority do not. The con-
ductivity of the defect bands has been observed to correlate with
the overall carbon concentration.3

EELS analysis within this study confirms the speculated
enhanced carbon concentration at dislocations. However, inactive
dislocations also revealed enhanced carbon concentrations, suggest-
ing that high concentration is not sufficient to cause dislocations to

become electrically active. In the following, we propose possible
mechanisms about the underlying reasons:

• Carbon could be irrelevant: While all electrically active disloca-
tions showed enhanced carbon concentrations, it could be that
the carbon content is not the underlying reason for electrical
activity. Instead, both enhanced carbon concentration and elec-
trical activity could originate from a different root cause.

• Enhanced carbon concentration in nGaN: In EBIC, the GaN:C/
nGaN bilayer is reverse biased and especially after electron
beam exposure, a significant part of the potential drops in
nGaN. In pGaN/nGaN junctions, the diffusion of Mg from the
pGaN region into the nGaN region leads to altered leakage
current in these structures.10 Similar to the idea of Mg diffusion
through dislocation cores, we hypothesize that carbon could
also diffuse along efficient paths via dislocation cores deep into
nGaN. However, we would expect that (1) a large increase in
the carbon concentration would make nGaN semi-insulating,
while (2) a smaller increase in the carbon concentration would
reduce the effective n-doping concentration and, consequently,
reduce the electric fields in nGaN as well as in GaN:C. Both
cases should result in a reduction in the current. Furthermore,
for C-AFM, the GaN:C/nGaN bilayer is forward biased.
Consequently, the main part of the potential drops in GaN:C,
while the nGaN layer is not expected to play a significant role.
All these aspects strongly suggest that the enhanced carbon
concentration in nGaN is not the root cause for the observed
higher currents at the electrically active dislocations. However,
for other epitaxial stacks, this effect could be relevant, whereby
it depends on the structure and whether it increases or
decreases currents.

• Shift of the CN energy: A previous DFT study on Mg doped
GaN15 revealed that the energy level of Mg dopants shifts at dis-
locations toward the conduction band. It has been speculated
that while Mg doped GaN is usually p-type, it could switch at
dislocations to n-type behavior. A similar effect could take place
in GaN:C. The change in the energy level should strongly
depend on the strain field, which is mainly determined by the
Burgers vector. However, our study shows that dislocations with
different Burgers vectors can be electrically active, and not all
dislocations with the same Burgers vector are active. Hence, we
consider that the Burgers vector is not the sole determining
aspect for the electrical activity of a dislocation.

• Interruption of the defect band: Possibly, electrically active dislo-
cations have a continuous, uninterrupted high carbon concentra-
tion throughout the entire GaN:C layer. In contrast, electrically
inactive dislocations with high carbon concentrations could still
have regions with low carbon concentrations that interrupt the
conduction path.

• Changes in the local donor-to-acceptor ratio (DAR): In general,
the conductivity in the defect bands not only depends on the
total carbon concentration but also depends on the DAR.
Previous studies46,47 estimated DARs in GaN:C in the range of
0.5–0.7. We speculate that this ratio might be varying in the
vicinity of dislocations. Changes in the DAR can have three
major effects:

FIG. 8. Hypothetical carbon defect band model.
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1. Shift of the Fermi level: For DARs close to 1 or even higher
than 1, the Fermi level does not pin to the carbon acceptor at
approximately 0.9 eV above the valence band maximum
but shifts toward the conduction band, which can make
GaN:C n-type. For semi-insulating behavior, DAR < 1 is criti-
cal, especially when the structure is biased.46

2. Change in the defect band conductivity: Conduction in the
defect band is the highest for DAR = 0.5, while any deviations
result in a decrease in the conductivity.47

3. Change in CN density: The defect band conductivity is sup-
posed to correlate with the density of CN acceptors. However,
carbon can also form carbon interstitials (Ci) and substitute
gallium atoms (CGa), which are both donors. This could lead
to a decrease in the CN density and, therefore, to a less con-
ductive defect band, even if the total carbon density is higher.

A change in the DAR affects the conductivity for the three
aspects in different ways. For the first aspect—the shift of the Fermi
level, a significant increase in the DAR can increase the conductiv-
ity. For the second aspect—the change in the defect band conduc-
tivity, the further the DAR deviates from 0.5, the lower the
conductivity becomes. Dependent on the value of the unaltered
DAR, a change in the DAR can lead to an increase or decrease in
the conductivity. For the third aspect—the change in the CN

density, any increase in the DAR leads to a conductivity decrease.
A general statement in which way the DAR changes the con-

ductivity cannot be made. It depends on various factors such as the
electric field, temperature, adjacent layers, as well as the exact
growth conditions. The growth conditions influence whether
carbon forms acceptors or donors and, therefore, the unaltered
DAR of the GaN matrix.46 In addition, the densities of other
defects such as oxygen, silicon, and hydrogen impurities as well as
nitrogen vacancies affect the DAR. The observed enhanced oxygen
concentration at dislocations as well as the lack of nitrogen can also
influence the DAR and could explain the different electrical behav-
ior of dislocations with enhanced carbon concentrations.
Furthermore, the different ELNES fingerprints at the dislocation
compared to the bulk suggest that carbon at electrically active dislo-
cations forms different defects than carbon in the bulk.

IV. CONCLUSION

In this work, we could for the first time prove that electrically
active dislocations in the insulating GaN:C layer are, indeed,
carbon enriched. Electrical activity, i.e., locally enhanced electrical
conductivity of dislocations, was identified by two physically differ-
ent techniques: the needle-based C-AFM and the electron beam
based EBIC technique. In both cases, carbon enrichment could be
seen in STEM EELS, which strongly corroborates the generality of
the statement that carbon enrichment at a dislocation line is a nec-
essary prerequisite to its electrical activity. This finding aligns with
the proposed conduction mechanism in GaN:C layers by Koller
et al., namely, the enrichment of carbon defects in the vicinity of
dislocation lines. Moreover, in line with the experimental findings,
DFT calculations reveal that the strain field of mixed type disloca-
tions is attractive for CN and CGa defects, although for CGa, this is
relevant only for the tensile region of the strain field.

Even in electrically inactive dislocations, carbon enrichment
was sometimes found (two out of seven cases, vs six out of six for
electrically active dislocations). This means that carbon segregation
alone is not a sufficient reason for a dislocation to become electri-
cally active. The observed particularity of the C-K edge in the
ELNES signal documented suggests that the type of defect carbon
forms might be crucial for the electrical activity.
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