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Investigating the Optical Properties of Dislocations by Scanning

Transmission Electron Microscopy
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Summary: The scanning transmission electron
microscope (STEM) allows collection of a number
of simultaneous signals, such as cathodolumines-
cence (CL), transmitted electron intensity and
spectroscopic information from individual localized
defects. This review traces the development of CL
and atomic resolution imaging from their early in-
ception through to the possibilities that exist today
for achieving a true atomic-scale understanding of
the optical properties of individual dislocations
cores. This review is dedicated to Professor David
Holt, a pioneer in this field. SCANNING 30:
287;298, 2008. Published 2008 by Wiley Periodicals,
Inc.
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Introduction

Professor David Holt is widely recognized as one
of the early pioneers in the development of the
cathodoluminescence (CL) and electron beam-
induced current (EBIC) modes of the scanning
electron microscope (SEM) (Chase and Holt 1973;
Datta et al. 1977; Davidson et al. 1975; Davidson
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and Rasul 1977; Dimitriadis et al. 1978; Holt and
Chase 1973; Holt et al. 1973, 1974; Holt and Culpan
1970; Steyn et al. 1976; Williams and Yoffe 1968;
Yacobi et al. 1977; Yacobi and Holt 1986, 1990).
This work was an inspiration for the development of
these modes for the scanning transmission electron
microscope (STEM), especially for the present au-
thor during his thesis work (Pennycook 1978; Petr-
off and Lang 1977). This review covers the author’s
involvement in the early development of CL in the
STEM, and in the subsequent ability to directly
image dislocation core structures at atomic resolu-
tion through the Z-contrast or high-angle annular
dark field (HAADF) mode of imaging. Today,
with aberration-corrected microscopes, there exists
an unprecedented potential to understand the op-
tical emission and absorption properties of
individual dislocation cores through CL and
electron energy loss spectroscopy (EELS). Their
optical properties could be correlated with their
atomic structure, impurity content and electronic
structure as determined from the combination of
Z-contrast imaging and EELS at atomic resolution.
Wide band gap optical materials such as the group
III nitrides are currently under intense investigation
for solid-state lighting and display applications,
and dislocations are known to be nonradiative
recombination centers in these materials (for an
excellent review, see Humphreys 2008). Hence, the
techniques pioneered by Professor Holt, coupled
with theoretical investigations, could today be used
to unravel the competing recombination mechan-
isms at dislocations, which could lead to new
methods to enhance the radiative pathway and
contribute to the enormous savings in energy use
and greenhouse gas emissions expected with efficient
solid-state lighting.

CL Studies of Dislocations

One of the key advantages of a scanning micro-
scope is that any signal generated by the electron
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beam can, in principle, be collected and used to
form an image. CL emitted by the specimen can be
used to provide a map of optical emission intensity.
Either the total emission can be used or, alter-
natively, with use of a spectrometer, particular
spectral bands can be used for imaging. Such images
give direct information on the spatial variation of
optical properties. Most published work has
involved semiconductor materials that emit light in
the visible range, such as the III/V compound
semiconductors and, more recently, particularly the
nitride semiconductors. In this case, when viewed
with band edge or near band edge emission, dis-
locations are seen dark if they act as nonradiative
recombination centers or emit at wavelengths out-
side the range of detection. However, as has long
been known, dislocations can also emit visible light
at energies below the band gap (Datta et al. 1979;
Kiflawi and Lang 1976; Myhajlenko et al. 1984;
Piqueras et al. 1981). A particularly striking ex-
ample of this effect is shown in Figure 1, where a
line of hardness indents have been introduced into a
MgO crystal, which was then cleaved so as to reveal
the deformed region on two perpendicular surfaces

0.1 mm

(Pennycook 1978). In the secondary electron image
only the indent itself is visible, but in the CL image
the surrounding region is seen to emit strong lumi-
nescence. The three-dimensional structure of the slip
bands induced by the indentation is apparent from
the CL image, bands on the {100) and <{110)
planes being clearly seen. Notice, however, that the
center of the indent does not emit strongly. High-
voltage transmission electron microscopy (TEM)
showed that such regions contained high densities of
dislocations (Velednitskaya et al. 1975) and it was
speculated that the luminescence in this region may
be quenched. Evidence that this was the case came
from the observation that the central region did emit
strongly after thermal annealing which would re-
duce the defect density (Pennycook and Brown
1979). Later work showed that quenching occurred
at levels of strain greater than around 5% (Brown
et al. 1988).

Another example of luminescence emission from
dislocations in a wide band gap material is the case
of natural-type IIb diamond (Hanley et al. 1977,
Kiflawi et al. 1976). In the SEM they show a net-
work structure in CL as shown in Figure 2.

Fig 1. Comparison of (a) secondary electron and (b) CL images of an array of hardness indents in an MgO crystal, obtained in a
Stereoscan S4-10 SEM. The crystal has been cleaved to reveal slip bands at 45° and 90° to the surface, which show bright optical

emission. Reproduced from Pennycook (1978).

Fig 2. (a) Secondary electron and (b) CL images of a type IIb natural diamond showing a mosaic pattern of dislocations. Images
obtained in a Stereoscan S4-10 SEM, reproduced from Pennycook (1978).



S.J. Pennycook: Optical properties of dislocations by STEM 289

Individual dislocations within the cell walls are not
resolved due to limited spatial resolution. CL in the
STEM allows the potential for substantially
enhanced spatial resolution, because the carrier
diffusion length typically becomes limited to the
order of the sample thickness since the surface of
a thin sample is usually a strong nonradiative
recombination pathway. The shorter diffusion
length means higher spatial resolution is possible
but at the expense of a reduction in total CL emis-
sion (Pennycook 1981), see Yuan et al. (1989) for a
detailed discussion of the thickness dependence of
CL emission. In addition, the most obvious benefit
of STEM-CL is that the transmitted electron image
is available for identification of the nature of the

defects responsible (Petroff er al. 1980a,b, 1981).
STEM-CL observations of dislocations in the type
IIb diamond are shown in Figure 3, where
individual dislocations are seen to be luminescent,
but others are not, and no correlation was found
with the dislocation Burgers’ vector (Pennycook
et al. 1980), see also Yamamoto et al. (1984).

A more recent example of STEM-CL is shown in
Figure 4, showing a Eu-activated Y,03 phosphor
material grown by laser ablation (Gao et al. 2000).
The structure is quite porous and a direct correla-
tion was found between the size of the pores and
luminescent efficiency. The pore size reduced both
with slower deposition rate and with increased
deposition temperature, resulting in increased

500 nm

Fig 3. (a) Annular dark field and (b) CL images of dislocations in a type IIb natural diamond obtained in a VG Microscopes
HBS scanning transmission electron microscope. Dislocations 1 and 6 are luminescent, whereas dislocation 3 is not. Reproduced

from Pennycook et al. (1980) with permission.

0 40 80 120
A B

0
A

Fig 4. Correlation between (a) the ADF image and (b) the CL image of a porous Eu-activated Y,Os3 phosphor. The
corresponding line traces (c,d) show the existence of a dead layer around each pore, reproduced from Gao et al. (2000).



290 SCANNING VOL. 30, 4 (2008)
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Fig 5. (a) Annular dark field and (b) CL images of ZnO nanorods recorded in a VG Microscopes HB501UX STEM, showing not

all nanorods to be efficient light emitters, courtesy A. R. Lupini.

luminescence efficiency. The CL image clearly
showed the origin of this effect to be due to the
existence of a dead layer surrounding each pore, as
seen in Figure 4. The ADF image shows a pore size
of 10 nm, which is effectively doubled in the CL
image because of the dead layer. Taking account of
this increased volume of nonradiative material ac-
counted for the decreased luminescence efficiency in
the porous materials.

A topical example of the potential for CL in the
nanoscience era is the case of ZnO that can be
grown in the form of vertically aligned arrays of
nanorods, each with a quantum well structure
grown on their tip (Park er al. 2002, 2003).
Although the photoluminescence spectrum showed
clear quantum confinement effects, STEM-CL
imaging showed that, in fact, not all the nanorods
were efficient light emitters (Fig. 5). The source of
the quenched luminescence could possibly be due to
dislocations but that could not be confirmed in this
study.

In recent years most CL work has focused on the
nitrides, using bulk samples in the SEM, see, for
example, Chichibu et al. (2007), Choi et al. (2004),
Dassonneville et al. (2001), Gustafsson (2006),
Kwon et al. (2008), Pauc et al. (2006), Ponce et al.
(2003) and Zaldivar et al. (1998). Identification of
dislocations as sources of nonradiative recombina-
tion has been by comparison to transmitted electron
images taken in the TEM or STEM, (Albrecht et al.
2002; Cherns et al. 2001; Lakner et al. 1988; Ponce
et al. 1996, 2003; Strunk et al. 2006; Yamamoto
et al. 2003). Other methods also exist for local
mapping of luminescence, for example the scanning
near-field optical microscope or the scanning tun-
neling microscope, see Gustafsson et al. (1998) for a
review of these techniques.

In all these situations the dislocations are in-
troducing energy levels in the band gap that are

facilitating radiative or nonradiative recombination
of electron—hole pairs. The mechanism could
involve intrinsic electronic states due for example to
dangling bonds at the dislocation cores, or alter-
natively could be due to impurities segregated to the
highly strained region of the core. In principle, these
mid-gap levels could be seen in EELS, which
involves excitation of electrons from the valence
band into the (unoccupied) states in the band gap
(Gutierrez-Sosa et al. 2002; Pennycook 1981). Also,
in principle, the presence of impurities could be
determined from EELS, although the sensitivity in
these early studies was not sufficient. To understand
dislocation optical properties at the most funda-
mental level requires the atomic arrangements and
impurity sites at the core of the defect to be de-
termined, defect by defect. Then, through first
principles theoretical studies the optical transitions
could be calculated and the origin of the electronic
and optical properties would be revealed. Differ-
ences between benign defects (if any) and defects
showing strong carrier recombination would
indicate directions for process development toward
more efficient devices. With the benefit of hindsight
it is clear that this alluring possibility needed to wait
for the development of smaller electron probes.

Direct Imaging of Dislocation Core Structures

The imaging of dislocations in the TEM began
through diffraction contrast, tilting a sample close
to a Bragg reflection such that any local crystal
rotations (due for example to a dislocation strain
field) would change the diffracted intensity (Boll-
mann, 1956; Hirsch et al. 1956). In the very same
year, it was also demonstrated that two diffracted
beams could be passed simultaneously through
the microscope objective lens to form interference
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fringes, or lattice fringes, the first representative
image of a crystal lattice. Over the years the
resolution gradually improved and the contrast
mechanisms became well understood, for reviews of
these developments, see Smith (1997, 2008). Corre-
lating the image to atomic positions is not always
simple since the relative phases of the diffracted
beams depend on the thickness and microscope fo-
cus and aberrations, so the imaging of dislocation
core structures relied on extensive image simula-
tions, at least until the recent introduction of aber-
ration correctors (Kisielowski et al. 2000).

It was the STEM that produced the first images
of individual atoms, heavy atoms supported on a
thin carbon film (Crewe et al. 1970; Isaacson et al.
1977), also images of small U nanocrystals were
obtained (Wall et al. 1974). Owing to the strong
atomic number (Z) contrast in annular dark field
(ADF) images, single atoms of different Z could
even be distinguished just from their relative in-
tensities (Isaacson et al. 1979). The lack of phase
contrast effects in the image was consistent with the
image being incoherent in nature, like that of a
camera. Atoms always showed bright contrast,
never reversed contrast. These advantages were seen
also in image simulations (Engel et al. 1974), and in
addition the simulations confirmed the enhanced
resolution expected for an incoherent image com-
pared with a phase contrast image (Born and Wolf
1980). These advantages were subsequently
demonstrated for thin crystals by Cowley (1979).

Significant questions still remained, however,
over the degree of incoherence of ADF images (Ade
1977; Cowley 1975, 1976), particularly for atoms
having the same projected position in the transverse
plane but different heights along the beam direction
(e.g., columns of atoms). It was clear that the in-
tensity in this case did not rise linearly with the
number of atoms as it should if all atoms con-
tributed equally. Furthermore, it was felt that the
apparent incoherent characteristics could apply only
for extremely thin crystals and would not hold for
the typical thicknesses used for materials research in
which strong dynamical diffraction effects would
certainly be present. Dynamical diffraction causes
contrast reversals in phase contrast imaging. It was
the introduction of the high-angle detector that
enabled the widespread adoption of incoherent
Z-contrast imaging. Suggested by Treacy et al.
(1978) as a possible means to suppress diffraction
contrast effects in the imaging of catalyst clusters,
and to improve their contrast, it was subsequently
shown to be highly effective (Treacy 1981, 1982;
Treacy et al. 1980). Later, a high-angle detector was
used to image dopant profiles in semiconductors
(Pennycook et al. 1986; Pennycook and Narayan
1984) and the prediction was made that for a probe

of atomic dimensions the high-angle detector would
give a direct, incoherent image of materials. To
quote from Pennycook ez al. (1986) “In thin samples
of crystalline materials, atomic resolution Z-
contrast imaging seems entirely feasible and entirely
complementary to conventional high resolution
structure imaging.”” With the introduction of a
commercially available STEM with a (theoretical)
probe size of 2.2 A at 100kV (not including any
source contribution) this prediction proved correct
(Pennycook and Boatner 1988) and led to the sur-
prising discovery that the HAADF image did not in
fact show dynamical oscillations with increasing
specimen thickness (Pennycook 1989). It behaved
like a true incoherent image at all thicknesses,
although the intensity was indeed not linear with
thickness, rising rapidly initially and then saturating
and gaining an increasing background intensity.
The explanation proposed for this effect was that
the high angle scattering is generated close to the
atomic nuclei, i.e. it is essentially Rutherford scat-
tering, hence the strong Z-contrast. Owing to ther-
mal vibrations it is generated incoherently from
each atom site in proportion to the electron intensity
in the vicinity of each nucleus. This explained the
absence of dynamical oscillations. The electron
intensity in this region of the unit cell is dominated
by Is-type Bloch states (Pennycook and Jesson
1990, 1991, 1992); the 2s Bloch states that cause the
thickness oscillations in phase contrast images have
only a small amplitude. Hence, tuning the detector
angle effectively stops the interference between the
two dominant Bloch states excited around each
atomic column. Therefore, the tendency of the beam
to focus onto the atomic columns and channel along
them until scattered to high angles explained the
thickness dependence of the image intensity. Fur-
ther investigation revealed that the wide angular
range of the HAADF detector effectively produced
an incoherent image just by averaging over the dif-
fraction pattern (Jesson and Pennycook 1993), so
that even with coherent scattering the image would
show incoherent characteristics in the transverse
plane, free from contrast reversals and with
enhanced resolution just like the early Z-contrast
results. The incoherent characteristics would even
remain with thick crystals under dynamical condi-
tions (Nellist and Pennycook 1999). The role of the
thermal vibrations was to break the coherence in the
beam direction (Jesson and Pennycook 1995), con-
verting an oscillatory thickness dependence for pure
coherent scattering into the monotonically
increasing intensity seen experimentally. For more
analysis of HAADF image formation, see Allen
et al. (2003), Amali and Rez (1997), Dwyer and
Etheridge (2003), Findlay et al. (2003), Hillyard
et al. (1993), Hillyard and Silcox (1993, 1995),
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Ishizuka (2001), Kirkland (1998), Mobus and Nufer
(2003), Nellist and Pennycook (2000), Peng et al.
(2004), Pennycook and Nellist (1999) and Rafferty
et al. (2001).

These incoherent characteristics were of great
value in imaging atomic arrangements at interfaces
and dislocation cores, largely avoiding the need to
simulate images using trial structures. Even in
highly strained regions the atomic positions could
generally be determined directly from the image,
with sufficient precision to allow theoretical mod-
eling of the structure. In many cases new and
unpredicted structures were found, for some early
examples, see Browning et al. (2001), Chisholm et al.
(1994a,b, 1998), Chisholm and Pennycook (1997),
Dickey et al. (1997, 1998), James et al. (1998), Jes-
son et al. (1991, 1993, 1995), Lakner et al. (1996)
Muller et al. (1998), Pennycook et al. (1996) and
Yan et al. (1998).

It was also soon realized that similar advantages
should apply with EELS, which can be performed
simultaneously with the HAADF image using an
axial spectrometer to energy filter electrons passing
through the hole in the annular detector (Crewe and
Wall, 1970). Atomic resolution EELS was demon-
strated in 1993 using a CoSi,/Si interface (Browning
et al., 1993), and it was observed that the Co core
loss intensity drop abruptly between the last plane
of the silicide and the first plane of the silicon. In
these experiments the beam was scanned parallel to
the interface during acquisition of the EELS data to
avoid beam damage. The scanning also allowed the
beam to be accurately located over the selected
plane by monitoring the HAADF detector intensity
throughout spectrum acquisition. In later work,
with more damage-resistant materials, true column-
by-column EELS was possible. Figure 6(a) shows an
image of a SrTiO; grain boundary taken in a 300 kV
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STEM (theoretical probe size 1.3 A) in which the
boundary is seen to comprise a repeating array of
structural units (Duscher et al. 1998). The surprising
result found in this system was that dislocation core
structures were more complex than previously sup-
posed, comprising two (or three) like ion atomic
columns in a pentagonal framework of the other
cation (McGibbon ef al. 1994). In the case of the
36°C001) tilt grain boundary of Figure 6, Sr and
Ti centered cores alternate along the boundary
plane. The identical structure was seen in all regions
of the bicrystal grain boundary. Investigation of
other misorientations showed that the structural
unit sequence closely followed the predictions of the
structural unit model (Sutton 1988; Sutton and Vi-
tek 1983), provided the more complex structure was
taken into account (Browning et al. 1995; McGib-
bon et al. 1996).

Figure 6(b) shows EELS data (collected on the
100 kV STEM) from different columns. It is seen
that not only is the intensity of the various edges
different from column to column, but also the fine
structure on the edge changes indicating a different
local electronic structure. In this particular example
the presence of Mn dopant is seen in the EELS, and
clearly is preferentially segregated to the dislocation
core containing Ti atoms (site 2), at a concentration
higher than in the nearby “bulk” column 1, whereas
the Mn concentration in the Sr core 3 is lower
(or may actually be absent). Furthermore, insight
into the impurity valence state can be obtained by
examining the ratio of the Mn L3 and L2 peaks, and
comparing with standard samples (Kurata and
Colliex 1993). The Mn is found to be closer to a+3
valence than the +4 valence expected in a fully
stoichiometric boundary structure.

With the successful correction of lens aberrations
(Haider et al. 1998; Batson et al. 2002) the sensitivity

0L 1 " L i L
550 a0 650
Energy Loss (eV)

Fig 6. (a) Z-contrast image from a Mn-doped 36° SrTiO;3 grain boundary recorded on a 300 kV STEM. (b) EELS spectra
recorded in a 100kV STEM by stopping the probe on the corresponding atomic columns, revealing differences in Mn
concentration and valence at different sites. Reproduced from Duscher ez al. (1998).
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of EELS has been greatly increased, more of the
incident probe being focused on the column of in-
terest and less illuminating neighboring columns.
This has allowed the first spectroscopic identifica-
tion of an individual impurity atom in a single
atomic column (Varela et al. 2004), and the first true
two-dimensional EELS maps showing atomic re-
solution (Bosman et al. 2007).

Correlating Atomic Structure to Properties
Through Theory

Here we show a few case studies of grain bound-
aries where the local atomic and electronic structure
indicated by STEM has been linked to macroscopic
properties though density-functional theory. For a
more extended review on dislocations, see Chisholm
and Pennycook (2006). As grain boundaries are
nothing more than arrays of dislocation cores, the
same approach could in future be fruitfully applied to
understand optical properties of individual disloca-
tion cores or grain boundaries in materials.

The combination of the image with the spectro-
scopy shown in Figure 6 provides a wealth of data,
but not an explanation of the properties of the
boundaries, which can be electrically active, finding
use in varistors and capacitors. Phenomenologically,
such grain boundaries are assumed to be charged,
but there was no microscopic explanation for the
origin of such a charge (Taylor et al. 1952; Vollman
and Waser 1994). Therefore, to explain the proper-
ties, first principles density-functional calculations
were carried out, both to refine and validate the
models suggested from the images by determining the
lowest energy arrangements that were consistent with
the images, and also to explain the origin of the
band-bending and electrical activity (Kim et al.
2001). In both types of core, nonstoichiometry was
found to be energetically favorable; in the Sr-centered
core, two half-columns of Sr were favored, whereas
in the Ti-centered cores, full Ti columns were fa-
vored, and in both cases O vacancy segregation en-
ergies were of several electron volts, implying that the
boundaries would be O deficient. This would be
consistent with the EELS indications of a reduced
Mn oxidation state in the boundary.

O deficiency also provides a microscopic
explanation for the electrical activity, often de-
scribed as double Schottky barriers. The Ti or Mn
cations that are in a+3 oxidation state compared
with bulk will have one excess electron. In the the-
oretical calculation this electron sits in the conduc-
tion band, spatially located around the cation, as
shown in Figure 7, and the Fermi level is also in the
conduction band. In the real material, however, the
unpaired electron will migrate from the boundary to

(a) Excrss Ti

(c)

Grain
boundary
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- . . O . O S O . . . e . .

p-type bulk

Fig 7. (a) Schematic structure of one unit cell of a 53° grain
boundary in SrTiO3, with one column in the Ti-centered core
containing excess Ti. (b) A plot of the charge density in the
conduction band showing an accumulation over the non-
stoichiometric Ti column. (c) Schematic of the band bending
established with the grain boudary embedded in p-type bulk
material. Adapted from Kim ez al. (2001).

acceptor impurity states that are present in the ac-
tual p-type bulk SrTiO; but not included in the
theoretical calculation. In the p-type bulk the Fermi
level lies within the acceptor band, close to the va-
lence band. When the electron leaves the grain
boundary, which saves an energy per electron close
to the band gap energy, it sets up a space charge
around the grain boundary and the bands will bend
in order to keep the Fermi level flat, as shown in the
schematic (Kim ez al. 2001). This is the microscopic
origin of the double Schottky barrier.

The high-temperature superconductor, YBa,
Cu307_, (YBCO), has a structure closely related to
the perovskite structure, and grain boundaries show
structural units and sequences exactly as predicted
by analogy with SrTiO; where the Sr column is
replaced with a mixed Y/Ba column and Ti by
Cu. These materials are hole doped for optimum
O content (x near zero). Very soon after these
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materials were discovered it was found that grain
boundaries caused an enormous decrease in critical
current. Studies using bicrystals showed an ex-
ponential reduction in grain boundary critical cur-
rent with misorientation (Chaudhari et al. 1988;
Dimos et al. 1988 1990). By analogy with the situa-
tion in SrTiO; assuming the grain boundary to be O
deficient would make the dislocation cores charged.
The resultant band bending would create a hole
depletion zone and its width could be predicted
quantitatively from the structural unit model. The
expected width of the depletion zone was found to
increase linearly with grain boundary misorienta-
tion. As the supercurrent is forced to tunnel through
this non-superconducting zone at the grain bound-
ary this result naturally explained the exponential
reduction in critical current (Browning et al. 1998
1999). More recently with aberration-corrected
STEM imaging and column-by-column EELS have
shown the differences between Ca-doped and un-
doped grain boundaries and in conjunction with
theory have explained how Ca doping improves the
grain boundary critical current (Klie ez al. 2005). The
results again show how complex such effects can be.
It was previously assumed that Ca would segregate
for Y at the grain boundary as it is known to do in
the bulk which since Ca is +2 and Y is +3 was
thought would donate holes to the grain boundary
and compensate the intrinsic hole depletion. How-
ever in the highly strained region of the dislocation
core new effects were found. Ca substituted for Ba in
regions of compression and for Cu in regions of
tension because in those sites the local stresses could
be reduced. By reducing the stresses the driving force
for the O depletion was reduced and indeed O con-
centrations were seen to increase to bulk values at
most of the sites. Theory also predicted that O va-
cancy formation energies would be restored to near
bulk values. Hence the picture emerged of a co-

operative doping phenomenon driven by the large
strain fields of the dislocation core.

Future Directions

A significant body of work in STEM EELS and
theory already exists in the nitride semiconductors.
Atomic arrangements at dislocation cores have been
imaged as shown in Figure 8 where an eightfold
arrangement of atomic columns is seen at the core of
a dislocation representing the termination of two
additional planes present above the core (Xin et al.
1998). Such dislocations have edge character and the
atomic coordinates can be accurately extracted by
maximum entropy processing. The eight-fold ar-
rangement was consistent with prior theoretical
predictions in this case (Elsner et al. 1997). Later
work showed such images to be characteristic of
perfect edge dislocations mixed dislocations show-
ing a blurring of the columns near the core (Xin
et al. 2000b). Pure screw dislocation cores can also
be located because of the strain field they generate
where they intersect the sample surface which for
moderate inner detector angles gives contrast in the
ADF image as shown in Figure 9. EELS has also
shown changes in the electronic structure at dis-
locations cores (Arslan and Browning 2002; Xin
et al. 2000a) and the segregation of O to the core
region in amounts depending on the nature of the
core (Arslan and Browning 2003; Brockt and
Lakner 2000).

There have also been many CL studies directly
implicating dislocation cores as nonradiative
recombination centers (Albrecht et al. 2002; Cherns
et al. 2001; Ponce et al. 1996 2003; Strunk et al.
2006; Yamamoto et al. 2003). However it seems that
many fundamental questions remain. Do all defects
of the same type behave the same? Or does radiative

Fig 8. (a) Z-contrast image of a pure edge dislocation core in GaN and (b) a maximum entropy reconstruction showing the eight-
fold arrangement of atomic columns at the core, reproduced from Xin et al. (1998).
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Fig 9. (a) Low magnification ADF image of threading
dislocations in GaN visible via strain contrast. (b) Atomic-
resolution image of the core of a pure screw dislocation.
Images reproduced from Xin et al. (1998).

or nonradiative efficiency depend on local impurity
content such as O concentration? An atomic-level
understanding of the optical properties of disloca-
tions remains to be achieved and it would seem that
the incorporation of a CL or EBIC
detection system into an aberration-corrected
STEM could provide a significant advance toward
achieving such understanding which surely would
represent the ultimate development of the techni-
ques pioneered by Prof. David Holt.
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