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Intrinsic electronic structure of threading dislocations in GaN
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In this paper we use multiple-scattering simulations in conjunction with experimé&iahtrast images and
electron-energy-loss spectra to obtain a detailed analysis of the effect of the intrinsic structure of edge, screw,
and mixed dislocations on the local density of unoccupied states in GaN. In particular, we show that the
multiple scattering method is especially useful for examining dislocation cores where the bonding is signifi-
cantly different at each atomic site in the structure. Furthermore, the analysis of the nikogdge from
intrinsic dislocations in GaN, i.e., stoichiometric cores with no dopants or vacancies, shows that the changes in
the local electronic structure can be attributed to a change in the symmetry of the structure that does not result
in readily identifiable states in the band gap. As such, the electrical activity at dislocations that limits the
lifetime and performance of GaN devices appears to be related to the segregation of dopants, impurities or
vacancies.
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[. INTRODUCTION the band gap should be form&iHowever, the majority of
discrepancies in the predicted properties, both structurally

Dislocations are known to exhibit a wide variety of effects and electronically, are due to the difficulty in distinguishing
that can have a significant impact on the mechanical, electrithe intrinsic properties of the dislocation core from the ef-
cal, and optical properties of many materiafsOne family ~ fects of impurities and point defects.
of materials in which the properties of dislocations are par- In an attempt to avoid some of the confusion surrounding
ticularly intriguing is gallium nitride(GaN) and its alloys*®  dislocations in GaN, here we use multiple-scattering
High-performance light-emitting diodes(LED’s) and simulationg?~? to investigate the intrinsic electronic struc-
lasers~" have been fabricated using GaN despite a density ofure of edge, screw, and mixed dislocations. By addressing
dislocations that is high enough to destroy such properties ithe intrinsic structure, i.e., using stoichiometric cores with no
other I11-V material€ However, while these devices func- segregated dopants, impurities, or vacancies, our aim is to
tion, their lifetime and efficiency are limited by the presenceunderstand how the creation of a dislocation core changes
of these dislocations. It is not immediately clear how dislo-the local electronic structure. While intrinsic cores may be a
cations can have both a benign and detrimental effect, andhrity in real device materials, an analysis of the underlying
this has led to an intensive research effort to understand thegiore structure is an essential first step in developing a full
properties for both practical applications and from a basiaunderstanding of how dislocation cores do or do not affect
materials science standpoint. the overall device properties.

As a result of this widespread effort, there have been The structures of the cores used in this analysisd
many conflicting views on the role of the threading disloca-therefore the clusters used for the multiple-scattering simu-
tions in GaN, which to a great extent appears to depend olations are obtained from a variety of methods, including
the fabrication method, doping level, and the history of theexperimental atomic resolutiGicontrast image$’, ab initio
sample. For example, several cathodoluminescence expegalculations;®®and a combination of linear elasticitynd
ments showed that dislocations are responsible for yellovbond-valenc&—*° analysis. TheZ-contrast technique pro-
luminescencé;'®indicating localized states in the band gap. vides a direct imagg=?of the atomic structure and compo-
However, Dassonnevillet al!! asserted that while disloca- sition of the cores, and allows a verification of the theoretical
tions act as nonradiative recombination centers, they are nstructures to be obtained. Furthermore, as the contrast is sen-
responsible for the yellow band. Furthermore, photoluminessitive to the composition of the sample, the structures are
cence studies by Izungt al!? indicated that threading dis- known to contain at most 10% impurities or vacancies, i.e.,
locations do not limit the efficiency of devices significantly, they are intrinsic structures.
and that the devices are in fact failing due to other, different Having defined the structures of the intrinsic dislocation
types of nonradiative recombination centers in the materialcores, self-consistent multiple scattering simulations using
Other experiments currently being conducted, including phothe FEFFs code$? are performed for the bulk and all three
toelectrochemical  etchinf, transport studies and dislocations: an edgéa type) dislocation, a screwc type)
modeling’**® and scanning capacitance microscfgy  dislocation, and a mixeta+ c type) dislocation. The result-
have similar apparent contradictions in their findings. Therdng spectra were verified by comparison with experimental
are also notable inconsistencies in the theoretical simulationatomic resolution electron-energy-loss spettta (EELS)
from dislocation cores in GaNAb initio calculations by from GaN dislocations with an edge componéator a+c
Elsner and co-workers did not predict states in the bandype). The simulations of the nitrogeK-edge spectra re-
gap®® while similar calculations by Wrighet al. con-  vealed that there are distinctive changes in the electronic
cluded that under the majority of growth conditions, states irstructure for each core, related to the structural distortions
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FIG. 1. Z-contrast images of a dislocation with) an edge com- é’ 3000 |
ponent to its Burgers vectda) and a screw dislocatiofb). The 4 -
edge component dislocation has an eight-atom ring structure, pro“§
ducing distortions in theab plane. The screw dislocation has the 3 2000 L
hexagonal bulk symmetry in thab plane, and distortions in the = -
direction, seen from the surrounding strain fiéRef. 33. z
. o ) 1000 F
occurring within theab plane and/or along the axis. Fur- i
thermore, consistent with the experimental spectra, no obvi-
ous localized states are found in the band gap for any of the 0 ! R

intrinsic core structures. These results indicate that, consis
tent with defect systems in oxidésthe observed effects at
dislocations are most likely related to extrinsic effects, such

as the segregation of vacancies, impurities, and dopants. FIG. 2. Electron-energy-loss spectBELS) from the bulk and

edge-component dislocation core. The core shows an increase of the

unoccupied density of states above the conduction band onset with

Il iﬁ%ﬁmgygé:ﬁgiiﬁxAgoNNs respect to the bulk. The core spectrum does not show a shift in the
a edge onset, implying that it is not intrinsically electrically active

The multiple-scattering simulations shown here are basetRef- 34. These spectra, as with all other figures in this paper, are
on experimental results acquired on two scanning transmisshifted vertically for clarify.

sion electron microscope{§_‘l’EM).34 The Z-contrast images  proximately unchangedwithin ~10% accuracy and the
shown in Fig. 1 were acquired from a VG HB603 dedicatedcore can be considered intrinsic. Unlike the edge dislocation,
STEM (Ref. 36 (an accelerating potential of 300 kV and a the screw dislocation has a bulk hexagonal structure in the
probe size~0.13 nm), and the(EELS) shown in Fig. 2 were  x-y plane and distortions solely in thedirection, as seen
acquired from a JEOL 2010-F STEKRef. 37 (an acceler- from the strain field in the image. The third type of disloca-
ating potential of 200 kV and a probe size ©0.13 nm.  tion is a mixed dislocation, which is a linear combination of
Z-contrast images are formed in the STEM by collecting thethe edge and screw cores. It has an eight-atom ring structure
transmitted high-angle scattering on an annular detector as the x-y plane, but also has a screw component in zhe
the electron probe is scanned over the surface of thdirection. It should be noted that inZ&contrast image, the
specimer?! This high-angle, or Rutherford scattering, is ap- only differentiating factor between pure edge and mixed dis-
proximately proportional to the square of the atomic numbetocations is the strain field, which is often very difficult to
(hence the nam&-contrast imaging The key advantage in distinguish during the experiment. This factor will be dis-
the Z-contrast image for the analysis performed here is thagussed further in the following sections in relation to the
coherent effects between the neighboring atomic columns af@ectronic structures of mixed and edge dislocations.

effectively averaged out, resulting in an incoherént di- Figure 2 shows nitrogef-edge spectra obtained from
rech image of the structurd-32The atomic columns in the bulk GaN and a dislocation core with edge character. Each

core can therefore be identified directly from the image. FurSPectrum is the sum of ten different spectra taken from three

thermore, the intensity in the columns is proportional to theg:ffSe rseg;iﬂggm?f:ézlgéﬁg? t(i:r?1r§ss ;\;::jh rizlggﬁeufcl)trlgg \t/:/rgree
g:)e@[igstl)téogé?elgév&ng the presence of impurities and vacaised to avoid any possibility of beam-damage, induced arti-

. S . _facts in the spectra. Of particular interest is an increase in the
The Images in Fig. 1 show two of thg three' type; of dIS'unoccupied density of states at the conduction-band onset.
locations in thin-film GaN: an edger a dislocation with an 5 ever, it should be noted that there is no shift in the edge
edge componeptdislocation and a screw dislocation. The jnset energy within the-1-eV experimental energy resolu-
edge component of the dislocation has an eight-atom ringon. Therefore, the experiment does not show any obvious
structure, showing distortions in they plane(as seen in the  states in the band gap, implying that there is no intrinsic
Z-contrast imagk but no distortions in thedirection. Inthis  electrical activity at these cores. It should also be noted that
image, the similarity in intensity between the core and thethe changes in the spectral fine structure are extremely local
surrounding columns indicates that the composition is apto the dislocation core, with the bulk spectrum
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FIG. 3. Schematic of the
multiple-scattering methodology.
(@) The excited electron, in the
form of a spherical wave, interacts
with the surrounding atoms to
form an interference patterrib)
The interference effects modify

B J i the hydrogenic absorption edge

Intensity (a.u.)

expected for an isolated atom.

" whoc b e b e
500 550 600 65

Energy (eV)

Scattefing atoms

occurring only one unit cell away from the core. Before starting the MS analysis of defects, there are sev-
eral key parameters that need to be determined for the spe-

Il. DEEINING THE SIMULATION PARAMETERS cific material in question. The first and most important pa-
rameter is the radius for the self-consistent-figICPH

To understand the origin of the changes in the electronigy|cylations. The self-consistent-field approach in thers
structure occurring at dislocation coré§g. 2), we perform . qes js similar to otheab initio electronic structure calcu-

. . . . . 2
multiple scatteringMS) simulations using theerFscodes: lations, in that it assumes that each electron moves indepen-

FEFF8IS @ set of programs |mplemented in ah initio code_ dently in the average field of all the other electrons and the
that is based on a self-consistent real-space multiple-

scattering (RSMS theory for x-ray-absorption near-edge nuclei; this is calculated by density-functional thedtyrhe

structure (XANES) calculations of periodic and aperiodic foundnadtlo: of :‘htﬁ se:f-ctc;nilzte:ci)t/ prr?tglhem 'St t:t? In m'inﬁaiL
systems. The calculations make use of the single-particlgepe ence of the electron density on the potential, ¢

Green’s function, which is common to both XANES and turn depends on the elgctron density through the electrostatic
electronic structure calculations. An advantage of thiand eXChange-_correIat_mn_parts_ of the t(_)tal energy_and may
method for the analysis of dislocations is that calculations foPNly be determined using iteration techniques. The iterations
large clusters may be attained in a relatively short time pefor self-consistency are contained within therrs codes,
riod because it uses full MS calculations to obtain the conWith only the radius of the calculations to be determined by
tribution to the Green’s function from a small cluster of lessthe user. We have found that the SCF radius must be at least
than 100 atoms, and a high-order MS expansion for importhe same as that of the cluster to ensure that the self-
tant paths that extend outside the cluster. consistent energy calculations take all atoms into account.
Another advantage of the MS approach is in its use oWhile the first few shells may have the largest impact on the
real-space clusters, and its ease in the interpretation of tH8CF calculations, inclusion of all of the atoms yields a more
resulting spectrum. In very basic terms, it is assumed that aaccurate, though more time-consuming, calculation. This ad-
excited photoelectron is emitted from the central atom in thelition of self-consistency to theerrs codes(which FEFF7
cluster of interest as a spherical wave. This spherical wave idid not have greatly reduces the inaccuracies and number of
reflected during interaction with the surrounding atoms, anditting parameters available to the user, that without care can
interferes with the outgoing wave, with the subsequent interlead to an unphysical or unrealistic match with the experi-
ference pattern mapping out the local density of unoccupiedhental datg>°
states(Fig. 3). This modeling technique has been applied in  The next key parameter to be identified for a series of
the past to x-ray absorption, and its application to electrorsimulations is the radius of convergence. This is done for all
absorption is exactly analogous; only the method of excitaspectra presented here by increasing the cluster size for bulk
tion has changet??® For an analysis of defect structures, GaN until there is no visible difference in the fine structure.
the real-space clusters allow the dimensions and compositiofihis can also be done iFEFF8 by increasing or decreasing
of the cluster to be constructed one atom at a fifiehere-  the full multiple scattering radius while keeping the number
fore, the known lack of symmetry does not seriously affectof shells constant. For GaN, and for most structures, conver-
the calculation, unlike more complex density-functionalgence is achieved between six and seven shellsich
calculations’® Furthermore, the effects of vacancies and dop-means the clusters contain 50—120 atoms within a radius of
ant atoms may be simply investigated by the removal or~4.5—-6 A).2? The simulations for shells 4—7 are shown in
addition of the desired atoms. Hence the MS simulationg-ig. 4 to demonstrate the level convergence attained for bulk
allow the spectral changdgse., changes in the local elec- GaN. As the spectrum for seven shells is similar to that for
tronic structurg to be interpreted directly in terms of the six shells, it is assumed that convergence is reached at six
structural changes occurring at defects. shells and all subsequent simulations in this paper are per-
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FIG. 5. Experimental acquisition conditions are taken into ac-
count when running the MS simulations to achieve a more accurate
fit with the experimental spectrum. The parallel and perpendicular
(to thec axis) components of the momentum transfer are dependent
an the aperture size.

0 L L
400 410 420 430 440
Energy (eV)

FIG. 4. Convergence for bulk GaN is found by simulating in-
creasingly large clusters and observing when there are no furth

changes in fine structure. The spectrum for six shells is almost ti der t f ¢ vsis of th .
identical to that of seven shells; therefore, convergence is reached Bpnenl In oraer o_per oLm an accura ?ba”.a ysiS orthe ﬁXpe“_
six shells and all further simulations are run using clusters of thignental spectra. Since the exact contribution from each com-

size. ponent is dependent on the predetermined specimen
orientation, probe convergence angle, and collection angle,
formed for clusters of this size. the ratio of these transitions may be controlled and calcu-

The final main user-defined functions in the simulationslated. Previous studies of this effect show that the ratio of the
take into account the core hole and a broadening of the spetransitions are calculated using this energy-loss funttiti
tral featureqwhich is set to 1 eV to match the experimental
results shown aboyelt is well known that the experimental
energy-loss spectra do not precisely match the unoccupied
density of states. This is because the ejection o aléctron ] i ) o
in the transition to the unoccupied states leaves behind a colé€re fc is the collection anglef is the characteristic
hole which distorts the band structure. It is therefore impor—"""‘g|é1 for a given energy loséfg=AE/2E, whereE is the
tant to include core hole effects in the simulati$hef ex-  beam energy andE is the energy logsande; ande; are
perimental energy-loss spectra, which is achieveddrrs  the perpendicular and parallel components of the imaginary
(and is included in all the calculations shown hetrmough ~ Parts of the dielectric function. For the experimental condi-
the Z+1 approximatiorf>3* tions in the JEOL 2010-F, this ratio was calculated to be 43%

For comparison with energy-loss spectra obtained from 40r the parallel components and 57% for the perpendicular
microscope, the experimental acquisition conditions must h60mponent for an aperture size of 38 mrad with the specimen
included. In the electron microscope, circular apertures aré the (000]) orientation. In the MS analysis shown here, the
used to form the probe and collect the scattering in the sped@verall spectrum is obtained by running two simulations for
trometer(Fig_ 5. This means that the spectrum that is ob_eaCh cluster polarized in the and ab directions, and then
tained contains electronic transitions from a range of incidenfultiplying these simulations by the ratio given above.
and collection angles. In isotropic materials, the specimen
orientation has no effect on the relative weighting of these IV. MULTIPLE SCATTERING SIMULATIONS
electronic transitions. However, for anisotropic materials
such as GaN, the fine structure of the spectra may be heavily A. Bulk
dependent on the specimen orientation, since certain transi- The first step in the analysis of dislocations in GaN is to
tions may be preferentially selected in a given orientationsimulate the bulk structure to ensure that the few user-
(along thec axis or along theb plane. Defects are certainly defined parameters are realistic. Additionally, as the atom
anisotropic areas of the specimen, and as such, it is importapbsitions have already been accurately determined by x-ray
to determine the relative number of transitions for each comdiffraction, this simulation requires the least input data. This
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FIG. 6. The fully parallel and perpendicularly polarized compo- £ 7. The MS simulation of the bulk is in good agreement

nents of bulk GaN. with the experimental spectrum, demonstrating the accuracy of the
parameters used.

means that parameters that are determined for the bulk can
then be used for all of the dislocation core simulations. Folthe inaccuracies of the positions of the atoms caused by the
lowing the procedure discussed above, the perpendicular aricontrast techniqu® Although these errors are typically
parallel components of the bulk are simulated separatelpnly ~0.2 A, and are caused by the fact that the STEM is
(Fig. 6), and then added together with relative weighting forvery sensitive to electrical, thermal, and mechanical instabili-
each component. Figure 7 is a comparison of the simulatedes, they can affect the simulations.
bulk spectrum with the experimental spectrum. It shows that The DVLS analysis assumes that the formal valence-state
the fine structure is accurately reproduced, with only slighiof each atom is a sum of the contributions from all the near-
differences in intensity at higher-energy losses due to pluraést neighbors, and that these contributions should be shared
scattering effects in the experimental spetfreihese spectra equally between all the nearest neighbors. Using the atom
are also identical to those obtained from XANES stufifes, coordinates from the image, a simple minimization of the
supporting the accuracy of the parameters, potentials, angifferences from the expected valences and bond lengths can
cluster sizes used for these simulations. be performed using the relation

B. Dislocation cores S— ex;{rij _ro) @

With the simulation parameters in place, the more com- B
plex dislocation cores may now be investigated. The dislowherer;; is the bond length between atomandj, rg is the
cation with the least amount of distortions and most abunequilibrium bond length, anB is an empirically determined
dant in the GaN thin-film material used in this experimentalconstant(B=0.37).2"? This simple pair potential between
study is the edge dislocatid.From the definition of an two atoms is used to calculate the valences and bond lengths
edge dislocatichdistortions exist only in the-y plane, and in the structure to check if the positions of the atoms are
the atomic spacing is bulklike in the-direction. As reasonable. It will produce a high valence if the bond length
z-contrast imageg¢Fig. 1) are incoherent, coordinates for the between any two atoms is too short, or a low valence if the
atom locations may be taken directly from them. Assumingbond length is too long. By shifting the atonfes maximum
that the columns maintain their bulklike separation along theof ~0.2 A) to achieve the best valences, the program effec-
¢ axis, this permits clusters to be constructed for the MSively runs an energy minimization. While this minimization
simulations directly from the experimental data. However,cannot compare in accuracy to thatadf initio calculations,
before putting these clusters into the MS program, we caiit can verify that a physically reasonable structure exists
improve the accuracy of the simulations by using distancefwithin 10% erroy in a minimal amount of timé&® The
valence least squaréBVLS) analysis’’*°DVLS analysis DVLS (also called bond-valengeanalysis for the edge,
is an important first step, as it helps to reduce the errors iiscrew, and mixed dislocations in this paper was performed
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6a F v T T T o are remarkably similar, suggesting that the atomic coordi-
I ] nates derived from th&-contrast image are essentially the
- same as those calculated from first principles.
56 I~
Screw dislocation

In the screw dislocation, the distortions are all in the

] direction with the bulk hexagonal structure being observed in
4 the x-y plane(Fig. 1). Thus the method described to build the

] edge dislocation cannot be applied to this particular defect
(there is no change in the bulk structure observed in the
image. To overcome this problem, linear elasticity thelfy
was used to calculate the positions of the atoms within the
constraint of the hexagonal structure observed in the image.
For this theory to be used, the stresses and strains that arise
from the displacement of atoms from their bulk lattice sites
must be very small. We see this must be the case for our
analysis, as the periodicity of the columns in g plane is

still present in theZ-contrast imagdif the distortions were

too large, they would shift the atoms out of the columns
While it is thought that linear elasticity breaks down at dis-
tances close to dislocation cores, this is not a major problem
for the analysis here since the DVLS minimization corrects
Energy (V) any inaccuracies in the atom positions. For the screw dislo-
cation, the atom positions in and around the core can there-
fore be calculated from the simple relation

40

32 Z-contrast coordinates

Ab-initio coordinates

Number of Counts (arbitrary units})

400 410 420 430 440

FIG. 8. MS simulations for the edge dislocation using the
Z-contrast method and usirap initio calculated coordinates. The

spectra are almost identical suggesting that the atomic coordinates b
derived from theZ-contrast image are essentially the same as those D=— (_ arctar(z 3
calculated from first principles. 2w X

whereD is the displacement in thedirection,b is the Bur-
using cell sizes of 2—3 unit cells around the core and 2—%ers vecto(b=[000c]=5.19 A for GaN, andx andy refer
unit cells thick(the smaller cells are used for the edge dis-tg the x-y coordinates. By arbitrarily choosing a starting
location whereas the larger ones are used for the mixed anghint on a geometrically created hexagonal structimehe
screw dislocations including approximately 130-380 at- y.y plang, this equation can be used to calculate the distor-
oms. In all cases the structures resulted in atoms with Vagons in thec direction column by column. After constructing
lences close to the expected formal valence states3for  the core in this manner and minimizing the atom positions
Ga and N. Having verified that the core structures were Congsjng the DVLS calculations, clusters were constructed for
sistent with the chemistry of the elements involved, the clusy six distinct sites around the screw dislocation. The MS

ters were constructed for MS analysis. simulation obtained after the summation of all of these sites
is shown in Fig. 9. As it is not possible to image the distor-
Edge dislocation tions in thec direction in the screw dislocatiorab initio

As dislocations break the symmetry of the bulk strucfure, calculated coord!ngté%l‘:’ were used to verify the results
all sites of the core must be taken as distinct sites and sim(jfom linear elasticity. Figure 9 also shows the simulation
lated separately. An assumption of symmetry in any directiofrom the gb initio coordlnates,_|Ilustrat|ng the similarities in _
at a dislocation core does not yield an accurate result on thoth the intensities and energies of the fine structure peaks in
atomic scale, because a difference of even a small fraction ¢f€ SPectrum.
an A will result in a different and incorrect interference pat-
tern from the MS calculations. However, although the spatial
resolution of the experimental spectrum is potentially 0.13 As with the screw dislocation, it is not possible to obtain
nm (i.e., the probe si2ewhich allows individual sites to be a direct image of the atom positions in the mixed core. How-
observed, instabilities tend to broaden the information that igver, as the mixed dislocation contains a combination of the
obtained to the core as a whole. As such, a comparison of thecrew and edge components of the Burgers vector, clusters
simulations to the experimental spectrum must contain théor multiple-scattering simulations can be calculated from
sum of all the individual sites. The resulting simulation for the previous analyses. In this regasah initio coordinates
the edge dislocation, including all eight distinct sites at thewere used for the edge component, and linear elasticity was
core and taking into account the collection conditions, isused to add the screw component, with a bond-valence
shown in Fig. 8. Also shown in Fig. 8 is the MS simulation analysis used to minimize the atom positions in the structure
performed in the same way, but building the clusters from(given the results from the edge and screw simulations, this
theab initio calculated coordinatéd:'® The two calculations approach seems justifiedrigure 10 shows the results of the

Mixed dislocation
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FIG. 9. MS simulation of the screw dislocation using the linear FIG. 10. MS simulation of the mixed dislocation and the experi_
elasticity method and usinab initio calculated coordinates. Once mental edge character dislocation. Not obvious fromztwntrast
again, we see strong similarities in the energies and intensities gfage of Fig. 1, the dislocation is in fact of mixed type rather than
the spectra, suggesting that the atomic coordinates are similar usifiire edge, seen from the similarities of the electronic structures
both methods. shown here. Small changes in fine structure are attributed to experi-

. . . . o ) ) mental discrepancies.
MS simulation(with the eight distinct sites includedor the ) o
constructed core. As fullb initio calculations have not been 9). It should be noted that the linear elasticity plus DVLS
performed for the mixed dislocation core, there is no inde-Simulations of the screw dislocation overestimate the inten-

pendent verification of the result possible. For comparisorsity Of this peak(Fig. 8), and this is carried through to the

purposes, the experimental result from the dislocation core i§imulation from the mixed dislocation. - _
also plotted in Fig. 10. The lack of this feature at 415 eV in the experimental

spectrum suggests that the contributions to the experimental
spectrum might be two thirds from a mixed dislocation and
V. DISCUSSION one third from an edge dislocation, or vice vefsace the
As can be seen from Fig. 7, the self-consistent MS simu€XPeriment was performed from three separate goksw-
lation accurately reproduces the experimental nitrogerfV€l upon further analysis, it was found that adding the

K-edge spectrum for bulk GaN. This good agreement peMixed dislocation to the edge dislocation in these propor-
tween the simulation and experiment provides confidence i ons doeshot yield the experimental spectrufthe statistics

the ability of these routines to simulate the electronic struc-.Of the individual spectra also preclude an analysis of the

ture at the dislocation cores. However, the MS simulation O#ndmdual acquisitions An alternative explanation for the

: S : slight differences between the experimental spectrum and the
the edge dislocatiofFig. 8 does not match the experimental MS spectrum for the mixed dislocation core is experimental

spectrum of the dislocation with an edge compor&d. 2  gr1ors. These discrepancies could arise from errors in the
at all, suggesting that the dislocation analyzed experimensiomic positions due to instability in the microscope or by
tally may have been of mixed natuféor which the only it of the specimen during acquisition of the spectrum. Of
difference in the image is the intensity variations caused byhese, the second reason seems most ikes found dur-

the strain field. This hypothesis is supprted by the fact thatjng the experiment, movement of only a single unit cell away
the spectra obtained using atom positions fromahenitio  from the dislocation core resulted in a spectrum that was
calculations and thg-contrast images are virtually identifcal more bulklike. This means that any small shift or drift in the
for the edge and screw dislocations. The electronic structurexperiment could cause an increase in one of the peaks. Un-
of the mixed dislocation shown in Fig. 10 is in fact very less the probe is placed directly on top of the central atomic
similar to that of the experimental spectrum from the dislo-site in the dislocation, which is again hard to maintain be-
cation with the edge component. The first two peaks areause of drift, small variations in the fine structure between
almost identical, with an increase in intensity in the thirdthe experiment and the simulation are entirely possible due
peak(at 415 eV of the mixed dislocation simulation being to the nature of the experimental limitations.

attributed to the contribution of the screw componéfg. A comparison of the simulations from all three disloca-
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FIG. 11. Bulk GaN is plotted with the three dislocation cores of
GaN. The edge dislocation is almost bulklike, due to its small dis- FIG. 12. Simulation from an edge dislocation containing Ga
tortions and bulklike nearest neighbors. The distortions indhe vacancies, plotted with the intrinsic edge dislocation and the experi-
direction present in both the screw and mixed dislocations producenental bulk. The dotted line at398 eV shows the same peaks
a strong first peak above the conduction-band onset. The edge corappearing in the bulk and intrinsic edge dislocation, while the line
ponent of the mixed dislocation acts to broaden some of its featuresit ~396 eV shows a peak at1.9 eV below the edge onset for the
but the ratios of the peaks intensitites are still maintained. edge dislocation with Ga vacancies, suggesting the possible cre-
ation of a state in the band gap.

tions and the bulk is shown in Fig. 11. The spectrum from L . )

the edge dislocation appears to be almost bulklike. Examinacates that the lack of intrinsic activity observed in the cores

tion of the clusters suggests that this should be expectedf a r_eal effect. L . . . .

since the nearest neighbors for most of the core atom pOSB This lack of activity is consistent with studies of grain
0

tions are very close to bulklike nearest neighb@msd there undaries in omde%?, where it was founq that th? d};loca—
. o ) . tion core structure in the boundary did not significantly
is only a small strain field in the-b plang. The major

. . . . change the band gap or lead to localized states in the band
changes in the fine structure of the dislocation cores appea g gap

, p. However, in this case the structure of the boundary did
to arise from the presence of the screw component to th

X ) reate a segregation energy for vacancies in the structure that
Burgers vector. As can be seen from the simulation of thggq tg |ocal activity at the boundary plane.

mixed dislocation core, the addition of the screw component - gimjlar conclusions for dislocations in GaN are supported
increases the intensity in the peak just above the edge onsly preliminary simulations for an edge dislocation contain-
This peak is further enhanced in the simulation from theing Ga vacancie$Fig. 12. Here all of the Ga atoms were
screw dislocation. Furthermore, the presence of the screwemoved from the central column in the dislocation core,
component also leads to a peak at 415 eV that is not presedbnsistent with previous theoretical mod&lghe structures
in either the bulk or edge dislocation. were subsequently allowed to relax through the DVLS analy-
Despite these changes in the fine structure, all of the dissis and the clusters constructed as with the previous analysis.
location cores are consistent in not showing the presence @s can be seen from Fig. 12, the presence of Ga vacancies in
localized states in the band gap. The edge onsets from all dfie dislocation core leads to the formation of a pedk9 eV
the simulations are within~1 eV of each other, and are below the edge onset, i.e., localized states are formed in the
consistent with the experimental eddesshift of ~1 eV was  band gap. Future work will examine the effect of Ga vacan-
required. If the intrinsic dislocation cores were electrically cies at the other dislocations, as well as the effect of N va-
active, changes in the position of the onset would be excancies on the local density of unoccupied states.
pected to be more significant. It should be noted that the
accuracy in the positioning of the edge onset is only ex-
pected to be-1 eV. This means that changes in activity may
be difficult to observe in the simulations. However, the fact Self-consistent multiple-scattering simulations of the ni-
that the simulations are consistent with the experiment inditrogen K-edge spectra from the bulk, edge, screw, and

VI. CONCLUSIONS
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mixed dislocations in GaN have been performed. The simuthe effects of vacancies and impurities at dislocations in
lation of the bulk spectrum shows excellent agreement withGaN.

the experiment and indicates the ability of #&FFgcodes to

generate accurate results. The simulations of the nitrégen
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