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Electronic structures of GaN edge dislocations
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We investigate atomic and electronic structures of the threading edge dislocations of GaN using self-
consistent-charge density-functional tight-binding approaches. Full-core, open-core, Ga-vacancy, and
N-vacancy edge dislocations are fully relaxed in our total-energy scheme. The Ga-vacancy dislocation is the
most stable in a wide range of Ga chemical potentials, whereas full-core and open-core dislocations are more
stable than others in the Ga-rich region. Partial dehybridization takes place during the lattice relaxation near the
dislocation in all cases. The dangling bonds at Ga atoms mostly contribute to the deep-gap states, whereas
those at N atoms contribute to the valence-band tails. All the edge dislocations can act as deep trap centers,
except the Ga-vacancy dislocation, which may act as an origin of yellow luminescence.
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I. INTRODUCTION

Gallium nitride has been suggested as the most promi
material for optoelectronic devices. The wide band gap
GaN ~3.4 eV! opens applications for a light-emitting diod
covering from green to ultraviolet regions,1 and a blue laser
diode.2 However, a broad luminescence centered at 2.2–
eV, the so-called yellow luminescence~YL !, has been ob-
served under most experimental growth conditions.3–6 The
origin of YL and even the positions of transitions are s
being debated. It has been controversial whether YL is du
native defects5–7 or to impurities.8–10 It has been observe
that the intensity of YL increases with the concentration
the Ga vacancy, particularly inn-type GaN,11 and further-
more the Ga vacancy is energetically the most favorable c
figuration inn-type GaN.12 However, the Ga vacancy itself i
a shallow accepter,12 and hence the Ga-vacancy/impuri
complex has been suggested to be one of the source
YL.3,10 Transitions between a shallow donor and a de
acceptor13 or a deep donor and a shallow acceptor14 could be
responsible for YL. Although the origin of YL from poin
defects is still unclear, we focus in this work on the pos
bility that the threading edge dislocation is a source of
YL.

The effect of dislocations on GaN optical properties
still not well understood. One puzzle among several other
that efficient optical devices such as blue-light-emitting
odes can be realized with GaN systems despite the pres
of a high density (;1010 cm22) of threading dislocations
while a dislocation density of 104 cm22 is usually sufficient
to prevent laser operation in GaAs-based opti
emitters.1,15–17On the other hand, there is experimental e
dence that dislocations act as nonradiative recombina
centers by cathodoluminescence,18–20and also act as electro
scattering centers.21,22It has been suggested that YL could
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Recent theoretical calculations24,25indicated that dislocations
may well be charged, giving rise to deep-gap states. H
ever, other investigations26 showed that threading edge di
locations and screw dislocations do not contribute to g
states, and hence do not act as nonradiative recombina
centers. It is still not clear whether pure dislocations, n
compounded with impurities, are responsible for YL. Add
tional systematic studies are required for pure dislocation

In this paper, we explore deep-gap states, via the e
tronic local density of states, related atomic geometries,
stabilities of various edge dislocations, using a se
consistent-charge density-functional-based tight-bind
~SCC-DFTB! approach.27,28 We will demonstrate that the
edge dislocations themselves can contribute to YL even
the absence of impurities in GaN. The formation energy c
culations of dislocations show that open- and full-core dis
cations are favored in Ga-rich conditions, whereas the
vacancy dislocation is the most stable configuration in a w
range of Ga chemical potentials. Pair-correlation functio
show that lattices are distorted locally up to the seco
nearest neighbor near dislocations. Dehybridization ta
place so as to enhancesp21p bondings, as seen in bond
angle distribution functions. The dangling bonds at Ga an
atoms mostly contribute to deep-gap states and valence-
tails, respectively. All the edge dislocations can act as de
trap centers except the Ga-vacancy dislocation, which m
act as an origin for YL. Full- and open-core dislocatio
show deep-gap states which are mostly contributed by the
dangling bonds located at the dislocation.

II. THEORETICAL DETAILS

Studying atomic and electronic structures of dislocatio
requires a large-sized supercell, and they are computation
16 033 ©2000 The American Physical Society
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FIG. 1. The fully relaxed ge-
ometries of~a! full-core, ~b! open-
core, ~c! Ga-vacancy, and~d!
N-vacancy edge dislocations. Th
bright large ball and the dark
small ball represent Ga and N a
oms, respectively. The box in~a!
shows the size of supercell used
this study. The heavily distorted
atoms are identified asA–E.
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expensive and often inaccessible with first-principles cal
lations. In this study, we adopt an efficient SCC-DFTB a
proach for total-energy calculations. The SCC-DFTB meth
uses a basis of numerically describeds, p, and d atomic
orbitals. Hamiltonian and overlap matrix elements we
evaluated by a two-center approach. Charge transfer is ta
into account through the incorporation of a self-consiste
scheme for Mulliken charges based on a second-order ex
sion of the Kohn-Sham energy in terms of charge-den
fluctuations. The diagonal elements of the Hamiltonian m
trix employed are then modified by charge-dependent con
butions in order to describe the change in the atomic po
tials due to the charge transfer. The off-diagonal eleme
have additional charge-dependent terms due to the Coul
potential of the ions. They decay as 1/r , and thus account fo
the Madelung energy of the system. We emphasize tha
accurate description of charge transfer is particularly nec
sary for systems with a strong ionic bonding character. T
method was applied to many different systems
GaN.26,29–32Further details of the SCC-DFTB method we
published elsewhere.28

We first chose a supercell of 224 atoms (2A3a37a
32c) for ideal wurtzite GaN. The calculated lattice param
eters area53.178 Å andc55.214 Å, in good agreemen
within errors values of less than 1 (a53.189 Å,c
55.185 Å). The calculated bulk modulus is 189 GPa, co
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parable to 195 GPa of the measured value.33 A considerable
amount of electron charge (0.56e) is transferred from Ga to
N, resulting in an ionic bonding nature. N loses somes elec-
trons and gains morep electrons, whereas Ga loses morep
electrons thans electrons. The calculated band gap is 6.
eV,34 overestimated by 3.1 eV compared with the observ
value of 3.42 eV.

III. RESULTS AND DISCUSSION

We construct a supercell with two edge dislocations
slightly displacing two sets of supercells with each oth
Dangling bonds are located in edge dislocations along
line of the @0001# direction. Figure 1~a! shows the fully re-
laxed geometry of a full-core edge dislocation. The sm
dark balls represent N atoms, while the large bright ba
represent Ga atoms. An open-core dislocation is created
removing a column of Ga and N atoms at theA site from Fig.
1~a!, as shown in Fig. 1~b!. Nonstoichiometric Ga and
N-vacancy dislocations are also constructed by removin
column of Ga and N atoms at theA site, respectively, as
shown in Figs. 1~c! and 1~d!. Note that the supercell contain
two edge dislocations of opposite signs in order to maint
a periodicity perpendicular to the@0001# direction of the dis-
location line. The energies of each configuration are m
mized using the steepest-descent method, until the maxim
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forces on each atom are less than 0.001 a.u.
We first calculate the formation energies of each confi

ration in order to test the relative stability. The formatio
energy can be calculated by

Ef orm5Etotal2nGamGa2nNmN

5Etotal2mGaN(bulk)nN2mGa~nGa2nN!, ~1!

whereEtotal is the total energy of each geometry,mGaN(bulk)
is the chemical potential of the bulk GaN, and nGa and nN
represent the number of Ga and N atoms in a supercell
spectively.mGa and mN are dependent quantities in a Ga
system, through the relationshipmGaN5mGa1mN . The sec-
ond equation is extracted using this equation.mGa , the
chemical potential of Ga, is under the restrictionmGa(bulk)
2DH f<mGa<mGa(bulk) . We used21.14 eV forDH f , the
heat of formation of GaN. The chemical potential of bu
GaN was2294.26 eV, which was obtained by dividing th
total energy of bulk GaN by the number of GaN pairs. W
used an orthorhombic bulk Ga~Ref. 35! for mGa
(2224.15 eV) as a reference for the Ga-rich condition. T
means thatmGa cannot exceed the value of an orthorhomb
bulk system. The formation energies as a function ofmGa are
shown in Fig. 2. It is clear that the Ga-vacancy dislocation
the most favorable among others in a wide range of N-r
conditions: 21.14<mGa2mGa(bulk)<0.21. This is consis-
tent with previous calculation.24 Open- as well as full-core
dislocations become more favorable near the Ga-rich reg
In an extreme case of a Ga-rich condition, the N-vaca
dislocation is also an energetically favorable configurati

FIG. 2. The formations energies of four dislocations depend
on the Ga chemical potentialmGa . The formations energies are i
units of eV per unitc-axis length 5.214 Å.
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as suggested in previous calculations.24 The growth occurs
under Ga-rich conditions because of the very high nitrog
equilibrium pressure at a given growth temperature.7

Figure 3 shows pair-correlation functions~PCF’s! of four
dislocation geometries. The solid lines indicate partial PC
near the dislocations, from the atoms at theA site to theE
site only, and the dotted lines indicate those from to
atomic configurations. It is clearly shown that the peaks
come broader in the first- and second-nearest-neighbors
sitions due to the dislocations. The numbers in figures in
cate the peak positions from the distorted atoms. Bo
lengths with atoms at theA site become shorter, compared
the ideal bond length of 1.95 Å, while those with atoms
the B site are enlarged in all cases, resulting in outward
laxations. The bond lengths nearA and C sites become
shorter, whereas those nearB andD sites are extended. Th
detailed information is summarized in Table I. The bo
lengths are relatively widely distributed near theD site in
full-core dislocations, and even more widely distributed ne
D andE sites in open-core dislocations. In Ga-vacancy d
locations, theB site as well as theE site show a wide distri-
bution of bond lengths, whereasB and D sites show wide
bond length distributions in N-vacancy dislocations. T
N-vacancy dislocation induces the most severe lattice dis
tions among others, particularly atB and D sites, as also
shown in Fig. 1~d!. It could be suggested that the electro
charges of Ga atoms at theA site are lacking due to the

g FIG. 3. The PCF’s of~a! full-core, ~b! open-core,~c! Ga-
vacancy, and~d! N-vacancy dislocations. The dotted lines indica
PCF’s from all atoms in each geometry, while the solid lines in
cate those from the atoms ofA–E sites to the first-nearest-neighbo
atoms of them. The numbers indicate the PCF peak positions o
nated from the dislocations.
isloca-
TABLE I. The average bond lengths with standard deviations in Å around each site at the edge d
tion.

Type A site B site C site D site E site

full core 1.8460.0 2.1760.05 1.8860.04 2.0360.09 1.9460.05
open core 2.0760.02 1.8260.03 2.0360.32 2.0360.16
Ga vacancy 1.8460.0 2.0860.25 1.8560.04 2.0460.06 1.9960.11
N vacancy 1.8860.04 2.2660.23 1.8960.03 2.1360.21 1.9860.08
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stronger electronegativity of nitrogen atoms, resulting
stronger ionic repulsive forces between Ga atoms at the
location sites and thus inducing symmetry breaking. We
pect severe lattice distortions to induce several deep-
states, as will be discussed in the next paragraph.

The bond angle distribution functions~BADF’s! are
shown in Fig. 4. The broad peaks near 90° and 120°, or
nated from atoms at mostlyB, D, andE sites in all disloca-
tions, exist in addition to the main peak at 109.5° from bu
structure. The bond angles near 90° and 120° showp3- and
sp2-like characteristics, respectively. Thus the total energ
minimized by dehybridizing the unpaired electrons of und
coordinated atoms and the electrons of the severely disto
atoms near the dislocation sites. The energy minimization
dehybridization usually occurs in covalent bonding mater
with undercoordinated atoms.36,37The degree of dehybridiza
tion determines the position of gap states, which will be d
cussed in a later paragraph. The bond angles for each d
cation site are listed in Table II.

The density of states~DOS! is calculated to investigate
the electronic structure of dislocations. The local DO
~LDOS! is calculated by projecting the density of states
specific orbitals of a given atom. Figure 5~a! shows the
LDOS of the full-core configuration. The solid line in Fig
5~a!~i! indicates the LDOS of atoms atA–E sites in the
full-core dislocation, and the dotted line indicates the DO
of wurtzite GaN for comparison. It is clearly shown th
several states exist in the gap due to the dislocations. Fig
5~a!~i! and 5~a!~ii ! show the LDOS of each orbital of Ga an

FIG. 4. The BADF’s of ~a! full-core, ~b! open-core,~c! Ga-
vacancy, and~d! N-vacancy dislocations. The solid lines indica
BADF’s from all atoms in each geometry, while the dotted lin
indicate those centered atA–E sites.
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N atoms only, respectively. The subscripts represent
specified orbitals in each figure. Thes orbitals of Ga atoms
mostly contribute to the relatively deep unoccupied sta
whereas thep orbitals of Ga atoms contribute both th
valance-band tails and gap states. Thed orbitals do not con-
tribute to the gap states. Figure 5~a!~iii ! also shows that thes
orbitals of N atoms contribute mostly to the unoccupied de
states, whereas thep orbitals mostly contribute to the valenc
band tails.

We further calculate the LDOS of each specific atom o
by one, to identify the origin of gap states, as shown F
5~b!. The dotted lines indicate the width of band gap
wurtzite GaN, and the solid lines indicate the peak positio
of gap states. Our calculated band gap is 6.52 eV, overe
mated by 3.1 eV, compared with that of the experimen
value for wurtzite GaN. In all theoretical approaches inclu
ing density-functional theories with local-density approxim
tions, the unoccupied states are poorly described, giving
to either an overestimation or underestimation of the ene
gap. More elaborate approaches with GW approximati
will give more accurate descriptions of the band gap.38 The
overestimation of the band gap may be corrected by sev
approximations. The simplest one, which is usually adop
in most wide-band-gap materials, is the scissors operat
which simply shifts the unoccupied states to fit to the expe
mental values. However, it is not so simple in a case wh

FIG. 5. The LDOS of the full core projected to the heavi
distorted atoms atA–E sites.~a! ~i! total LDOS~solid line! and that
of pure wurtzite GaN~dotted line!, ~ii ! LDOS of s ~solid line!, p
~dotted!, andd orbitals~dashed line! of Ga atoms, and~iii ! LDOS of
s ~solid!, andp orbitals ~dotted! of N atoms.~b! LDOS’s of A–E
sites,A, B, C, D, andE sites from the bottom. The dashed line
show the band gap of pure wurtzite GaN. The thin solid lines alo
LDOS axis represent relatively strong gap states.
e edge
TABLE II. The average bond angles with standard deviations in degree centered at each site of th
dislocation.

Type A site B site C site D site E site

full core 108.560.6 110.468.6 105.464.1 110.8615.9 107.0617.6
open core 110.268.0 114.760.2 109.1612.0 106.9613.3
Ga vacancy 101.760.1 101.766.8 107.066.5 109.6613.0 107.2612.5
N vacancy 99.462 110.8611.6 106.164.9 109.4611.5 108.8611.9
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gap states are involved. In our approach, we adopt a lin
scaling method, similar to what was done in previo
studies.39 All energy levels in the gap are projected to t
valence and conduction bands of bulk GaN. The energy
els are then presumably shifted downwards by the fractio
the band-gap correction. The values after the scaling
listed in Table III.

Figure 5~b! clearly shows that the deep-gap~unoccupied!
states centered at EVB12.1 eV originate from thes and p
orbitals of Ga atoms atA and B sites, where EVB is the
energy level of the top valence band. A more prominent p
nearEVB12.9 eV also appears in the full-core dislocatio
originating mostly from thes orbitals of the Ga andp orbitals
of N atoms atB, D, andE sites. The valence-band tails a
mostly contributed from the N atoms at theA site. This situ-
ation is similar to the previous calculations, where valen
band states are mostly localized on threefold N sites in am
phous GaN.40

For the open-core dislocation, deep-gap~unoccupied!
states exist around EVB11.4 eV, as shown in Fig. 6, mostl
originating from thes andp orbitals of Ga atoms and thep
orbitals of N atoms. The valence-band tails are mostly c
tributed from thep orbitals of Ga and N atoms, while th
conduction-band tails are mostly contributed from thes or-
bitals of Ga and N atoms. The deep-gap states atVB

TABLE III. The position of gap states from the valence-ba
top in eV localized at each site of the edge dislocation. The va
are obtained by the linear scaling method.

Type A site B site C site D site E site

full core 2.0 2.1 2.0 2.1 3.0
2.7 3.0 2.9

open core 3.0 1.4 1.4
Ga vacancy 0.2 3.1 3.2

3.2
N vacancy 1.4 0.6 1.3 0.6 2.8

2.2 1.9 2.2 2.6
3.1 2.9 3.0

FIG. 6. The LDOS of the heavily distorted atoms atA to E
sites for open-core, Ga-vacancy, and N-vacancy dislocations.
DOS for wurtzite GaN is also shown for comparison. The das
lines show the band gap of pure wurtzite GaN.
ar
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11.4 eV is attributed mostly to thes and p orbitals of Ga
atoms at theC site, and slightly from the Ga atoms at theE
site. This may act as a trap center for radiative transitio
~for instance, for YL! from the conduction bands. This wil
be discussed more in detail in a later paragraph. Thes orbit-
als of Ga atoms at theB site contribute to the shoulde
around the conduction-band tails at EVB13.0 eV.

No deep gap states are found in the Ga-vacancy dislo
tion, as shown in Fig. 6. This is similar to the point defect
the Ga-vacancy dislocation in GaN, where the gallium v
cancy is a shallow acceptor.12,41 The conduction-band tails
are contributed from thes orbitals of Ga and N atoms. Thep
orbitals of N atoms mostly contribute to the valence-ba
tails. It is worth noting that the Ga-vacancy dislocation co
tribute the most shallow levels among the dislocations. Sh
low levels exist at 0.2 eV from the bottom of the conducti
bands and the top of the valence band, respectively. We
that only N atoms are located at theA site in this case. N
atoms will have more excessive charges due to the stro
electronegativity. All these electrons contribute to t
valence-band tails as occupied states, consistent with th
from amorphous GaN.40 The lattice relaxations induced b
these excessive electrons will occur so as to maximize
dehybridization, pushing the deep-gap states toward the b
tails. This can be confirmed from the BADF shown in Fi
4~c!. Shallow unoccupied gap states at EVB13.2 eV or
ECB20.2 eV originate from thes orbital of the Ga atom atB
andD sites.

The N vacancy induces several gap states at the disl
tions which are spread over the wide range of energy
from both Ga and N atoms, as shown in Fig. 6. The peak
EVB10.6 eV is contributed fromB andD sites as occupied
states. In this geometry, we have Ga atoms only at theA site.
Since the excessive charges of Ga atoms at theA site are
depleted to the adjacent N atoms due to the smaller e
tronegativity, screening effects are diminished. Increased
pulsive forces between Ga ions will result in severe latt
distortions, as shown in Fig. 1~d!. However, the dehybridiza
tion of electrons at the Ga atoms occurs less severely, s
that several deep-gap states are spread about. Less prom
peaks at similar positions are also shown in other sites.
tailed values are listed in Table III.

So far we have discussed the positions of gap state
each configuration. Figure 7 shows a schematic diagram
show the energy levels in the gap for each configurati
Full- and open-core dislocations have deep-gap state
EVB12.0 eV and EVB11.4 eV, respectively, which may ac
as deep acceptors and play as YL centers. Full-core disl
tions will have YL for a transition from a level around 2.
eV to the valence band. This level may be identified by ph
toluminescence excitation measurements. It will also pla
role for nonradiative recombination centers which invol
transitions from conduction-band-edge states to levels ab
2.0 eV. Open-core dislocations will also play a role for t
YL center, involving a transition from the conduction-ban
edge to the level at EVB11.4 eV. The Ga-vacancy disloca
tion has shallow levels within 0.2 eV from the band edg
Several gap states are widely spread over the entire en
gap in case of N-vacancy dislocations. In Ga-rich conditio
all configurations except Ga-vacancy dislocations are e
getically favorable, as shown in Fig. 2. We therefore belie
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that full-core, open-core, and N-vacancy dislocations sho
exist in Ga-rich conditions, which is an experimentally f
vorable situation.7 It is very likely that these configuration
will play roles for the YL centers. Since the N-vacancy d
location has several gap states over the entire range of en
gaps, this involves not only the YL center but also nonra
ative recombination centers. We conclude that pure dislo
tions can contribute to the YL center as well as to nonra

FIG. 7. The schematic diagram of energy levels in the band
for each edge dislocation. Filled circles indicate occupied state
o
h

.

,
p

K
a

,
,

S

M
y

ld
-

-
rgy
i-
a-
i-

ative recombination centers. A possibility for th
dislocations to be associated with impurities such as oxyg
or silicons cannot be excluded, as discussed in the prev
calculations.29

IV. SUMMARY

In summary, we performed SCC-DFTB calculations
elucidate the electronic structure of edge dislocations
wurtzite GaN. We find that full-core, open-core, an
N-vacancy dislocations are favorable in Ga-rich conditio
whereas the Ga-vacancy dislocation is the most favorabl
a wide range of N-rich conditions. Several unoccupied g
states exist in all cases. Thes and p orbitals of Ga atoms
mostly contribute to the gap states, while N atoms contrib
to the valence-band tail in most cases. We conclude that e
dislocations can act as trap centers for electrons and con
ute to the YL center, except the Ga-vacancy dislocation
the core of the edge dislocation.
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