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Ab initio calculation of the stoichiometry and structure of the„0001… surfaces of GaN and AlN

Jürgen Fritsch, Otto F. Sankey, Kevin E. Schmidt, and John B. Page
Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287-1504

~Received 19 June 1997!

We have investigated the stoichiometry and the atomic and electronic structure of the anion- and cation-
terminated~0001! surfaces of wurtzite-phase GaN and AlN, usingab initio local-orbital calculations based on
the local-density approximation and the pseudopotential method. All stable surface configurations studied
differ in atomic composition and periodicity from the ideal bulklike termination. We compare the total energy
computed for variousp(232) geometries of GaN and AlN~0001!. Vacancy structures are found to be the most
stable configurations for the anion- and cation-terminated surfaces. For metal-rich growth conditions, our
calculations favor the adsorption of metal atoms on the cation-terminated surface. Anion- and cation-derived
dangling-bond states appear in the bulk band gap as a result of the formation of vacancies or the adsorption of
group-III atoms. Flat surfaces of both types are found to be stabilized by a3

4 ML adsorption of hydrogen.
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I. INTRODUCTION

Thin GaN and AlN films are typically grown on the hex
agonal surfaces of sapphire and 6H-SiC by means of
molecular-beam epitaxy~MBE! or metal-organic chemical
vapor deposition~MOCVD!.1–5 Two of the most striking
applications of heteroepitaxy on sapphire are the fabrica
of blue-light-emittingp-n junctions6 and the realization of
laser diodes7 using GaN. Recent developments aim to op
mize the growth of group-III nitrides with the help of se
lected energy epitaxy.8 Deposited on hexagonal substrate
the nitride films crystallize in the more stable wurtzite stru
ture. Possible growth faces are the cation-terminated~0001!
or the anion-terminated (0001)̄ surface.

Although many different experiments have been p
formed to monitor the epitaxial process and to characte
the resulting morphology of thin films, the growth front h
not yet been understood completely. By means of lo
energy electron diffraction~LEED! or reflection high-energy
electron diffraction, sharpp(131) patterns have been re
ported for well-ordered hexagonal surfaces of wurtzite-ph
GaN and AlN,1,9,10while some MBE-grown nitride films ex
hibit a p(232) reconstruction.5,11,12Other experiments give
indications of other higher-order reconstructions, such
p(231), p(233), or p(535).13 In a recent scanning
tunneling microscopy experiment, linear and oval defe
have been reported for GaN~0001!, and attributed to
vacancies.14

Total-energy calculations based on density-functio
theory~DFT! in the plane-wave pseudopotential approxim
tion have been performed to investigate the surface ato
structure of the~0001! surfaces of the group-III nitrides
Buongiorno Nardelli, Rapcewicz, and Bernholc studied
cation- and anion-terminated~0001! surfaces of GaN, re-
stricting their calculations top(232) geometries.15 For the
cation-terminated surface, the adsorption of one galli
atom on the atop (T4) site was found to be the most stab
configuration under metal-rich conditions. The adsorption
one nitrogen atom on the hollow (H3) site is more stable in
nitrogen-rich environments. For the anion-terminated (00)̄
surface, the formation of nitrogen vacancies is favorable,
570163-1829/98/57~24!/15360~12!/$15.00
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cording to Ref. 15. As pointed out in theab initio calculation
of Ref. 16, the polarity matching between the SiC~0001! sub-
strate and the deposited film is of fundamental importa
for the termination of the growing nitride film. By studyin
one and two bilayers of AlN deposited on Si-terminat
SiC~0001!, Di Felice, Northrup, and Neugebauer conclud
that the formation of Al-vacancy structures stabilizes th
AlN films with respect to island formation.17 Nitrogen ada-
tom structures were found to be unfavorable in Ref. 17. C
culations based on a tight-binding approach indicate tha
silicon-terminated surface guarantees better lattice matc
for GaN grown on 6H-SiC.18 Beyond these investigations
further calculations for the structure of the~001! surfaces of
cubic group-III nitrides have been performed.19

The large variety of experimental observations reported
Refs. 1,5,9–12, and 13 can be explained only partially by
results obtained from theab initio calculations of Refs. 15–
17. Previous theoretical investigations have not examined
influence of hydrogen on the growth phase, as observed
experiment.1

Here we present a systematic analysis of a large variet
possible surface structures for the hexagonal surface
wurtzite-phase GaN and AlN. We perform molecula
dynamics simulations using a fastab initio multicenter local-
orbital formalism.20–23 This method has been successfu
applied to the structural, electronic, and vibrational studies
many systems including fullerenes as well as free a
adsorbate-covered surfaces.23–26Although the method is less
computationally intensive compared to otherab initio
schemes, we obtain good agreement with available exp
mental data and with self-consistent pseudopotential calc
tions, for lattice parameters,27 phonon frequencies,28,29 and
the structure of the nonpolar surfaces of GaN and AlN.30,31

The efficiency of the method allows us to compute t
relaxation and total energy of systems with a large numbe
atoms and for many different atomic arrangements. Bes
the geometries discussed in Ref. 15 for GaN~0001!, in our
calculations we include additional configurations, such a
nitrogen-vacancy complex which is found to be more sta
compared to the simple nitrogen vacancy. We also perfo
calculations for the adsorption of hydrogen, which stabiliz
15 360 © 1998 The American Physical Society
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the anion- and cation-terminated surfaces. In addition,
discuss the dispersion of the electronic surface states d
mined for the most stable surface reconstructions. In the
sence of hydrogen, we find thep(232) nitrogen-vacancy
complex to be the most stable structure for the ani
terminated surfaces of GaN and AlN. For the catio
terminated surface, the cationp(232) vacancy is the
lowest-energy structure. Under metal-rich growth conditio
the adsorption of a metal atom in the atop (T4) position is
slightly more favorable. For all reconstructions, characte
tic anion-derived dangling-bond states are found above
near the bulk valence band maximum, while cation-deriv
dangling-bond states appear in the upper half of the b
band gap.

The paper is organized as follows: In Sec. II, we give
brief outline of the theoretical basis of our calculations. S
tion III illustrates the degree of accuracy of our computatio
by summarizing the results obtained for the bulk lattice
rameters and phonon frequencies. In Sec. IV, we disc
various surface geometries considered for the anion-
cation-terminated~0001! surfaces of GaN and AlN. We com
pare the total energies of the most stable structures, and
lyze atomic relaxations in detail. Surface electronic state
low-energy surface configurations are examined in Sec
Section VI summarizes our results and conclusions.

II. THEORETICAL METHOD

Our total-energy calculations are carried out by means
an ab initio multicenter tight-binding-like model which is
based on the density-functional theory in the local-den
approximation.32–35 We employ norm-conserving
pseudopotentials36 to describe the electron-ion interactio
The electronic wave functions and charge density are re
sented by a superposition of pseudoatomic orbitals~PAO’s!
f i(r2Ri) using the valence electrons andp orbitals for N,
Al, and Ga, and the 1s orbital for H. In particular, the tota
valence charge density is approximated by

nin~r !5(
i

ni uf i~r2Ri !u2, ~1!

which is used as the input charge density for the Harris fu
tional approach37 employed to compute the total energy.20

The determination of the lattice constant, the bulk mod
lus, and the optical-phonon frequencies of GaN and A
shows that it is necessary to treat the group-III nitrid
within the generalized scheme introduced in Ref. 22, wh
includes charge transfer between the ions in a self-consis
fashion. This is done by using variable occupation numb
ni for the representation of the charge density@Eq. ~1!#. The
Kohn-Sham equations are solved iteratively, until conv
gency~in the sense of Ref. 22! is achieved for the occupatio
numbersni . For rapid convergence of the iterative proc
dure, we use the mixing scheme suggested in Ref. 38.

The PAO’s are constructed using the boundary condit
that they vanish beyond a specified cutoff radiusr c . This
restricts the short-range interaction contributions to a sm
number of neighboring atoms. Due to the confinement,
PAO’s are slightly excited, yielding slightly contracte
atomic charge densities. Confined atomic orbitals sign
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cantly improve the accuracy of the Harris functional, sin
they simulate the contraction of the atomic charge den
observed in solid-state systems.39 The choice of the confine
ment radii r c has to guarantee that the energy differenc
between the atomic levels of the free atoms (r c→`) is es-
sentially the same as that of the contracted atoms. In
calculations, we user c55.4 ~in atomic units! for gallium,
r c55.4 for aluminum,r c53.8 for nitrogen, andr c53.7 for
hydrogen to compute all interaction terms and overlap in
grals. The only deviation from these values is that we e
ploy less confined PAO’s for gallium (r c

coul55.7), aluminum
(r c

coul56.0), and nitrogen (r c
coul53.95) to compute the Cou

lomb integrals in the electron double-counting correcti
Uee ~see Ref. 20!. This slightly increases the interatom
repulsion, and consequently the lattice constants determ
for AlN and GaN.

Our surface calculations are carried out for systems
periodically repeated thin crystal films spanning five atom
double layers. We restrict our investigations to surface
constructions withp(232) symmetry. The top layer of the
slab supercell comprises only nitrogen atoms, while the b
tom layer of the thin crystal film is composed of cations.
the case of ideal surfaces, the slab supercell contains 20
trogen atoms and 20 group-III atoms~gallium or aluminum!,
with one dangling bond for each top- and bottom-layer ato
Convergence tests performed for crystal films spanning n
atomic double layers show that five bilayers are sufficien
decouple the two individual surfaces of the slabs. The thi
ness of the vacuum region between neighboring crystal fi
is about 13 Å, which gives a negligible interaction betwe
neighboring slabs. The dimensions of the slab supercells
chosen in accordance with the lattice constantsa andc and
the internal parameteru, all determined from the bulk phas
of the wurtzite compounds. For thek-point sampling we use
eight special points according to a two-dimensional 838
Monkhorst-Pack grid40 in the surface Brillouin zone of the
p(232) unit cell.

In order to find the atomic positions of minimal energy f
a given configuration, we perform molecular-dynamics sim
lations by determining the Hellmann-Feynman forces, a
move the atoms according to the classical equations of
tion. The atomic masses of the central bilayer are increa
to essentially infinity, leading to frozen atomic positions
the central part of the slab supercell. All other atoms in
crystal films are allowed to move. The atomic positions
minimal energy are determined by systematically reduc
the kinetic energy of the system~‘‘power’’ quenching!. In
this scheme, the velocity componentv ia of the i th particle is
set to zero wheneverv iaFia,0, whereFia is the Hellmann-
Feynman force acting on the particle in the directiona. For
power quenching, we use a time step of 2.5 fs. For all c
figurations, the minimization converged satisfactorily af
100 time steps with an uncertainty in the computed atom
positions of less than 0.02 Å.

III. BULK PROPERTIES

An important prerequisite for the investigation of th
~0001! surfaces is to calculate the bulk properties of GaN a
AlN, especially for the wurtzite phase, with sufficient acc
racy. This is essential since the lattice parameters obta
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TABLE I. Structural parametersa, c, andu, bulk modulusB0, andG-point frequency~in cm21) of the
optical modes of GaN and AlN in the wurtzite structure. Columns 4 and 7: results of the mixed
calculation of Miwa and Fukumoto~Ref. 29!.

Wurtzite GaN Wurtzite AlN
Present Experiment DFT Present Experiment DFT
work Miwa and Fukumoto work Miwa and Fukumoto

a ~Å! 3.088 3.190a 3.146 3.070 3.110a 3.144
c ~Å! 5.041 5.189a 5.125 4.937 4.980a 5.046
u 0.376 0.377a 0.377 0.381 0.382a 0.381
B0 ~MBar! 2.09 2 1.95 2.56 2.02b 1.95

E2
1 190 144c 146 330 241c 228

B1
1 329 2 335 540 2 534

A1-TO 538 537d 534 626 614e 601
E2

2 566 571d 568 642 660e 655
E1-TO 563 556d 556 665 673e 650
B1

2 715 2 697 746 2 703

aReference 41.
bReference 42.
cReference 43.
dReference 44.
eReference 45.
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for the bulk define the dimensions of the slab supercells u
in the computation of the surface properties. Wurtzite-ph
compound semiconductors are characterized by three i
pendent structural parameters, namely, the in-plane la
constanta, the lattice constantc along the hexagonal axis
and the internal parameteru5d/c, which reflects the length
d of the anion-cation bond along thec axis.

The total-energy calculations for wurtzite-compound G
and AlN have been carried out using 12 special points in
three-dimensional Brillouin zone of the bulk, using a
83838 Monkhorst-Pack grid40 for the k-point sampling.
For a given pair ofa andc, the atomic positions of the fou
atoms in the bulk unit cell are relaxed along thec axis with
respect to the Hellmann-Feynman forces. For each
(a,c), we obtain an optimized value for the internal para
eter uopt(a,c) which minimizes the total energ
Etot@a,c;uopt(a,c)#. The optimization ofu is repeated on a
grid of 36 pairs (a,c) defined by the combination of si
different values ofa andc chosen in a narrow interval abou
the experimentally measured data. By fitting the 36 ene
values Etot@a,c;uopt(a,c)# to a cubic equation in the ce
volumeV and the ratioc/a in analogy to Ref. 27, we find the
equilibrium values for the lattice parametersa, c, andu.

Our results obtained for wurtzite-phase GaN and AlN
summarized in Table I, together with the bulk modulusB0
and the optical zone-center phonon frequencies. The c
parison with the experimental data of Refs. 41–45 and theab
initio calculation of Miwa and Fukumoto29 shows an overall
good agreement, with a small underestimation of the lat
constants by about 3% for GaN and 1% for AlN. Simil
agreement is achieved for theG-point phonon frequencies
which we have determined by means of the frozen-pho
approach. However, the frequency of theE2

1 mode, which
consists of an out-of-phase vibration of neighboring bilay
ed
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polarized in the hexagonal plane~see Fig. 1 of Ref. 28!, is
significantly overestimated by our calculation.

For zinc-blende GaN, we obtain a value of 4.382 Å f
the lattice constant, which is about 3% smaller than the
perimental result of 4.519 Å.3 The frequency computed fo
the TO-phonon mode amounts to 541 cm21, which is close
to the value 555 cm21 measured by Raman spectroscopy44

The corresponding lattice constant and TO-phonon
quency calculated for AlN are 4.342 Å and 643 cm21. Be-
cause of the lack of experimental data for zinc-blende-ph
AlN, we compare our results to the mixed-basis approach
Ref. 29, which yields 4.421 Å and 648 cm21, respectively.

Since the Ga 3d state is not included in the minimal-bas
local-orbital formalism, we obtain a slight underestimati
of the structural parameters calculated for GaN. The diff
ences from the experimental data are only marginal for A
Hence our results agree with measured values about as
as those obtained from the highly converged pseudopote
calculations of Refs. 27–29. In addition, we also achie
good agreement with the findings of otherab initio calcula-
tions obtained for the structure of the nonpolar surfaces
GaN and AlN,30,31 including the relaxation, surface energ
and energy differences determined for various surface
ichiometries. This is of fundamental importance for the
vestigation of the reconstructions and stoichiometry of
~0001! surfaces of GaN and AlN and their dependence on
chemical potentials of the bonding partners.

IV. SURFACE STRUCTURES

The polarity of GaN and AlN has an important influen
on the structure of the surfaces of these materials. Atomic
flat surfaces and interfaces with~0001! orientation would
lead to a macroscopic electric field.46–48Processes that elimi
nate the surface polarity and the associated electric field
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based on two primary concepts: chemical bonding a
autocompensation.47 Autocompensation consists of a char
transfer from the dangling bonds of the more electroposi
element to the more electronegative element, which gua
tees that the anion-derived surface dangling bonds are c
pletely occupied, while the cation-derived dangling bon
are empty.

For the hexagonal surfaces of GaN and AlN, it is nec
sary to modify the surface stoichiometry in order to achie
autocompensation and to eliminate the surface polarity. T
has been demonstrated in Harrison’s electron-coun
model48 for the ~111! surfaces of III-V semiconductors
which are the zinc-blende-compound analogs to the hexa
nal surfaces of wurtzite-phase GaN and AlN. Among t
zinc-blende compounds, well-known examples are Ga
InAs, and InSb. The cation- and anion-terminated surface
these materials are known to formp(232) reconstructions
with the cation~111! p(232) surfaces exhibiting a catio
vacancy,49,50 while the anion~1̄1̄1̄!p~232! surfaces are sta
bilized by the adsorption of anion trimers.51,52 For GaN and
AlN, similar modifications of the surface stoichiometry, i
cluding the formation of vacancies or the adsorption of
oms, are expected to compensate for the polarity, and h
to stabilize the hexagonal surfaces.

To compare the total energies computed for differ
atomic compositions of the cation-terminated~0001! and
anion-terminated (0001)̄ surfaces, the chemical potentia
mGa, mAl , andmN of gallium, aluminum, and nitrogen hav
to be taken into account, in analogy with Ref. 53. We assu
equilibrium with the bulk material, so that the chemical p
tentials of the bonding partners are related by

mGa1mN5mGaN~bulk! ~2!

in the case of GaN, and

mAl1mN5mAlN ~bulk! ~3!

for AlN. The chemical potentialsmGaN(bulk) andmAlN(bulk) are
the total energies per anion-cation pair computed for
wurtzite-phase compounds at zero temperature. We ob
mGaN(bulk)52337.024 eV and mAlN(bulk)52331.755 eV.
Equations~2! and ~3! allow us to calculate surface energi
as a function of only the chemical potential of the respect
metal atom, which is restricted to

mmetal~bulk!2Dm<mmetal<mmetal~bulk! . ~4!

In cation-rich conditions, the metal chemical potentials
mGa(bulk)5259.57 eV and mAl(bulk)5253.60 eV, deter-
mined for metallica-gallium and aluminum. The rangeDm
for the chemical potentials is the same as that of Refs. 17
54. In our surface calculations, we use slab supercells w
anion termination on the upper surface and cation term
tion on the opposite side. The two individual surfaces of
crystal films are independent. For each of the individual s
faces, we consider the various surface geometries that
illustrated in Figs. 1 and 2.

We consider reconstructions withp(232) symmetry ex-
clusively. In the vacancy model, one of the four first-lay
atoms per unit cell is missing. This generates one dang
bond for each of the three second-layer atoms that are ne
the vacancy. The lower part of Fig. 1 illustrates the vaca
d
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complex originally suggested in Refs. 55 and 56 for t

GaAs(1̄1̄1̄) surface. One out of four second-layer atoms p
unit cell is missing in this structure. As indicated by th
small open circles, the removal of second-layer atoms
veals third-layer atoms which are located directly below
second layer. Only two out of four first-layer atoms per u
cell are present in the vacancy complex. One of the t
atoms resides on the regularT4 ~atop! position which corre-
sponds to the corners of thep(232) unit mesh indicated in
Fig. 1. The other first-layer atom per unit cell is moved fro
a T4 to theH3 ~hollow! site. This results in the creation of
planar sp2-like bonding configuration for the second-lay
atoms, which have two first-layer and one third-layer near
neighbors.

In addition to the atom deficiency structures illustrated
Fig. 1, we considerp(232) adsorption geometries as show
in Fig. 2. In theH3 ~hollow! adsorption site, the chemisorbe
atoms are bonded to three first-layer atoms residing in p
tions above the surface between first- and second-laye
oms. In theT4 ~atop! site, the adsorbed atoms are bonded
three first-layer atoms in positions directly above seco
layer atoms. We investigate the chemisorption of group
atoms as well as the adsorption of nitrogen onH3 and T4
positions.

All of these surface reconstructions are studied for b
anion- and cation-terminated surfaces of GaN and AlN. W
also consider the adsorption of hydrogen on the cation-
anion-terminated surfaces. A recent experiment us
time-of flight scattering and recoiling spectrometry, provid

FIG. 1. Schematic top view of the vacancy and the vaca
complex. The atomic positions of the first two layers~three layers
for the vacancy complex! are displayed. Open and closed circl
represent first- and second-layer atoms. For anion termination
white and black circles correspond to nitrogen and group-III ato
respectively. For the case of a cation-terminated surface, the o
and closed circles illustrate first-layer group-III atoms and seco
layer nitrogen. Thep(232) unit cell used in all calculations is
indicated.
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evidence for a 75% coverage of the flat GaN(0001)̄ surface
with hydrogen.1 Figure 3 illustrates the adsorption mod
proposed according to the experimental results. Ap(232)
reconstruction is assumed, with3

4 ML of hydrogen saturating
the dangling bonds of three out of four surface atoms per
cell.

A particular surface reconstruction fixed on one side
the slab supercell might be used as a reference configura

FIG. 2. Top view of the adsorption geometries conside
within the p(232) reconstruction model. In theH3 ~hollow! ad-
sorption site, the chemisorbed atoms are bonded to three first-
atoms residing positions between first- and second-layer atom
theT4 ~atop! site, the adsorbed atoms are bonded to three first-la
atoms in positions directly above second-layer atoms. Also in
cated is the two-dimensional Brillouin zone of thep(232) recon-
structed surface and its irreducible wedge, indicated by the he
lines.

FIG. 3. Top view of the3
4-ML p(232) hydrogen adsorption

model proposed by Sunget al. ~Ref. 1!. The dangling bonds of
three out of four surface atoms per unit cell are saturated by hy
gen.
it

f
on

to compare various geometries on the other surface of
crystal films. To investigate to what extent the two individu
surfaces of the slabs are decoupled, we performed calc
tions for a large variety of systems in which we combined
of the above-mentioned surface structures assumed for
nitrogen-terminated side with many different geometr
taken into consideration for the cation-terminated side.
AlN ~0001!, we have determined the relaxed atomic positio
and the total energy for over 30 different combinations. T
total energies comprise the effects of both surfaces of
slab supercell and also reflect to what extent the two surfa
interact. One important result is that the energy differen
between the structures examined for one side of the cry
film are essentially independent of the reference configu
tion chosen on the other side of the thin slab. This shows
the bottom and top layers of the crystal films are sufficien
decoupled. We have also checked this by using crystal fi
spanning nine bilayers.

Also, the surface electronic states are essentially the s
for a given reconstruction, assuming different reference c
figurations on the other side of the slab. Although our sup
cells contain two different surfaces, occupied surface sta
on one side of the film are normally lower in energy th
empty states on the opposing surface. This is related to
fact that occupied band-gap states~originating from chemical
bonds and nitrogen-derived dangling bonds! are close to the
valence-band maximum in most of the cases, while em
surface states~stemming from cation-derived danglin
bonds! are generally near the conduction-band edge. In
dition, all surface structures considered here are in acc
with the autocompensation principle. Hence most of the s
geometries we have investigated are semiconducting. Ato
relaxations normally decrease the energy of occupied ba
gap states, while empty surface states are shifted to a hi
energy. In particular, the lowest-energy structures are c
acterized by a clear gap between occupied and empty sur
states. Because of this, eight special points such as use
our computations are sufficient for a well-convergedk-point
sampling.

To compare the surface energies for different stoichio
etries, the total number of cations (nGa or nAl) and anions
(nN) in the slab supercell has to be taken into account. Fo
given combination of atomic geometries on the upper a
lower surfaces of the thin film, the surface energy perp(2
32) unit cell is equal to

Esurf5Etot2nGamGa2nN~mGaN~bulk!2mGa! ~5!

for GaN, and analogously for AlN. The energyEtot is the
total energy per slab supercell, determined for complet
relaxed positions on both sides of the slab. The chem
potentials vary in a range according to Eq.~4!, leading to a
variation of the calculated surface energy if the number
group-III atoms is different than the number of nitrogen
oms.

A. Cation-terminated surface

We summarize our results for the cation-terminated s
face of GaN and AlN obtained with the nitrogen-vacan
complex as the reference configuration on the (0001)̄ sur-
face. Figure 4 displays the surface energies perp(232) unit
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cell determined for the most important reconstructions. Th
lowest-energy configuration is the cation-vacancy arrang
ment labeled~a!, which is lower by about 0.7 eV~0.3 eV!
than the configuration with adsorbed nitrogen on the hollo
site ~b! of the ~0001! surface of GaN~AlN !. For the chemi-
sorption of nitrogen, theH3 site~b! is preferred above theT4
position ~e! by 4.0 eV ~1.9 eV! in the case of GaN~AlN !.
The adsorption of a nitrogen atom changes the stoichiome
in the same way as the creation of a cation vacancy, since
both cases the number of cations in the surface bilayer is o
less than the number of anions. Consequently, the relat
energy difference of the structures~a!, ~b!, and ~e! is inde-
pendent of the chemical potential of the group-III atoms. I
contrast to this, the adsorption of group-III atoms involve
more cations than anions in the surface region, leading
relative energies that depend on the chemical potential of t
metal atoms as compared to structures~a!, ~b!, and ~e!.
Hence the metal-adatomT4 configuration~c! is lower in en-
ergy than all other structures in a range of20.4eV<Dm
<0.0 eV(20.45 eV<Dm<0.0 eV) for the chemical po-
tential of gallium~aluminum!. The H3 adsorption site~d! is
less favorable by 0.6 eV for both compounds. This agre
very well with the ab initio calculation of Ref. 15, which
obtained the lowest energy for the adsorption of group-I
atoms on theT4 site of GaN~0001! in metal-rich conditions.
In contrast with Ref. 15 but in agreement with theab initio
study of Ref. 17, our calculation slightly favors the cation
vacancy over the adsorption of nitrogen on the hollow site

Among all different geometries having cation deficiency
including the vacancy complex and the staggered vacancy
introduced by Kaxiraset al. for GaAs(1̄1̄1̄),56 the vacancy
configuration has the lowest energy. The atomic relaxatio
associated with the removal of one out of four surface atom
result in a nearly planar bonding configuration of thos
second-layer nitrogen atoms@one per p(232) unit cell#,
which are bonded to all three remaining first-layer atom
Compared with the ideal positions, the first-layer atoms a
shifted downward by about 0.18 Å~0.02 Å! in GaN~0001!
@AlN ~0001!#, and the nitrogen atoms bonded to three firs

FIG. 4. Total energies perp(232) unit cell for various surface
reconstructions of the cation-terminated GaN and AlN~0001! sur-
face. The nitrogen-vacancy complex on the anion-terminated s
has been chosen as the reference configuration. The labels sym
ize the following geometries:~a! vacancy,~b! adsorption of nitro-
gen on theH3 site,~c! adsorption of a group-III atom on theT4 site,
~d! adsorption of a group-III atom on theH3 site, and~e! adsorption
of nitrogen on theT4 site.
e
e-

ry
in
ne
ve

s
to
e

s

I

.
,
as

s
s

.
e
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layer atoms are raised by about 0.32 Å~0.55 Å!. The three
other second-layer atoms, which are closest to the vaca
are raised only slightly by about 0.08 Å~0.15 Å!, and show
only small in-plane relaxations, directed away from the v
cancy.

Among all investigated configurations with one addition
atom perp(232) unit cell ~including on top adsorption and
atomic exchange!, we find that the chemisorption of nitroge
on theH3 position and the adsorption of a group-III atom o
the T4 site under metal-rich conditions give the most sta
structures. The adsorption of a metal atom on theT4 position
of the GaN~0001! @AlN ~0001!# surface induces a slight up
ward relaxation of the first-layer atoms involved in th
chemisorption, by about 0.13 Å~0.25 Å!. No other signifi-
cant relaxations occur. The adsorbed layer is 1.78 Å~1.95 Å!
above the outermost cation plane, the bond lengths am
to 2.50 Å for the Ga-Ga bonds and 2.60 Å for the Al-A
bonds. For the case of nitrogen adsorption on the hollow
of GaN~0001! @AlN ~0001!#, the three first-layer cations
bonded to nitrogen are raised upward by about 0.19 Å~0.38
Å!, leading to a vertical separation between the nitrogen
its bonding partners of 1.17 Å~1.19 Å!. In-plane relaxation
toward the adsorbed nitrogen with a magnitude of 0.19
~0.18 Å! occurs, reducing the cation-nitrogen bond length
1.96 Å ~1.99 Å!. The fourth first-layer atom not involved in
the chemical bond is shifted downward by 0.37 Å~0.15 Å!.

B. Anion-terminated surface

For the different structures considered on the ani
terminated GaN(0001)̄ and AlN(0001̄) surface, we summa
rize our results obtained with the cation vacancy as the
erence configuration on the cation-terminated side of the
supercells. Figure 5 displays the energies for the nitrog
vacancy complex~a!, the nitrogen vacancy~b!, the adsorp-
tion of a group-III atom on theH3 ~c! and theT4 ~d! sites, as
well as the adsorption of nitrogen on theT4 position~e!. The
structures in Figs.~a!–~d! are similar in stoichiometry, with
one nitrogen atom less perp(232) unit cell compared to the

de
ol-

FIG. 5. Total energies perp(232) unit cell for various surface

reconstructions of the anion-terminated GaN and AlN(0001)̄ sur-
face. The cation vacancy on the cation-terminated side has b
chosen as the reference configuration. The labels symbolize
following geometries:~a! vacancy complex,~b! vacancy,~c! ad-
sorption of a group-III atom on theH3 site, ~d! adsorption of a
group-III atom on theT4 site, and~e! adsorption of nitrogen on the
T4 site.
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number of cations in the surface region. For both co
pounds, the energy order of the different structures is
same. In agreement with Ref. 15, the nitrogen vacanc
found to be more stable compared with adatom configu
tions.

However, our calculation shows that the vacancy comp
of Fig. 1, which has not been considered in previous ca
lations, is even lower in energy. Particularly for AlN(0001)̄,
the vacancy complex turns out to be more stable by 0.7
than the vacancy, while the energy difference is sligh
smaller for the case of GaN(0001)̄, for which we find the
vacancy complex to be more stable by 0.3 eV. No signific
atomic relaxations occur in the nitrogen-vacancy complex
GaN and AlN(0001̄). Clear atomic shifts are seen only fo
AlN, for which we obtain an outward relaxation of the firs
layer atoms by about 0.17 Å. Compared to this, larger rel
ations are prominent in the nitrogen-vacancy geometry
is characterized by only a single missing first-layer nitrog
atom per unit cell. In GaN(0001)̄, the nitrogen vacancy ex
hibits essentially atomic in-plane shifts of the second-la
gallium atoms, increasing the distance to the vacancy by 0
Å. In AlN(0001̄), the first bilayer is raised by about 0.13
and there is an additional upward relaxation of the fourf
bonded second-layer aluminum atoms by 0.11 Å. The o
aluminum atoms relax away from the vacancy by about 0
Å.

The most stable adatom configuration of GaN(000)̄
[AlN(0001̄)] involves the chemisorption of a group-III atom
on theH3 position. In this case, the first-layer nitrogen atom
are raised by 0.17 Å~0.36 Å!, and show an in-plane relax
ation toward the adsorbed atom by about 0.12 Å~0.13 Å!.
The chemisorbed atoms are 0.83 Å~0.86 Å! above their first-
layer bonding partners, with a bond length of 1.86 Å~1.85
Å!.

The adsorption of a group-III atom at positions other th
the H3 site, such as theT4 site or on top of surface atoms
leads to significantly higher energies. Surface stoichiomet
with anion excess, such as those formed by the adsorptio
nitrogen, can be excluded. This is clear from Fig. 5, wh
shows that the most favorable adsorption site for nitrog
the T4 position, is higher in energy by at least 5 eV com
pared to all other structures. In contrast with the (11̄̄1̄) sur-
faces of III-V compounds like GaAs or GaSb, the adsorpt
of anion trimers is found to be unfavorable on the (000)̄
surfaces of GaN and AlN. Because of their chemical natu
nitrogen atoms do not have the tendency to form trime
while the heavier group-V atoms As and Sb are known
easily form trimers or clusters. Finally, we have conside
additional surface reconstructions, such as the ‘‘pucke
hexagon’’ and tetramers which were suggested in Ref. 56
GaAs(1̄1̄1̄). All of these surface reconstructions are found
be higher in energy compared with the vacancy, the vaca
complex, and the adsorption of group-III atoms on theH3
position.

C. Surface structures in the presence of hydrogen

In the discussion of possible surface geometries, so
only structures that contain exclusively group-III atoms a
-
e
is
-

x
-

V
y

t
f

-
at
n

r
3

er
8

n

s
of

n,

n

e,
s,
o
d
d

or

cy

ar
d

nitrogen have been considered. Such conditions might
realized in molecular-beam epitaxy, in contrast w
MOCVD, where a significant amount of hydrogen is prese
For MOCVD-grown GaN films, Sunget al.1 reported that
cycles of sputtering and annealing in ultrahigh vacuum p
duce clean stoichiometric surfaces which yield sharpp(1
31) patterns in LEED. The time-of flight scattering and r
coiling spectra recorded in Ref. 1 show the presence of
drogen whenever a sharpp(131) LEED pattern is ob-
served. To examine the extent to which hydrogen stabili
the nitrogen-terminated surfaces, we compute the total

ergy for a free ammonia molecule above the (0001)̄ surface
of GaN and AlN, with one nitrogen vacancy perp(232)
unit cell. The result is compared to the case where the ni
gen atom of the molecule is incorporated into the vacan
while the hydrogen atoms saturate three of the four dang
bonds~see Fig. 3!. This structure corresponds to the adso
tion of 3

4 ML of hydrogen, as suggested in Ref. 1.
Our total-energy calculation shows that the adsorpt

system is lower in energy by 5.1 eV for GaN, and 5.4 eV
AlN. Hence the incorporation of ammonia into the nitrog
terminated surface is highly exothermic. The atomic rela
ations in the hydrogen-terminated surface are smaller t
0.05 Å for GaN and AlN(0001̄). For both compounds, we
obtain a hydrogen-nitrogen bond length of 1.11 Å. The s
bility of the 3

4-ML coverage is a consequence of the au
compensation principle. In a simplified picture, each nitrog
atom donates54 electrons to each bond, while each group-
atom contributes3

4 of an electron. Therefore, the nitroge
dangling bonds contain54 electronic charges. The adsorptio
of three hydrogen atoms perp(232) unit cell saturates the
dangling bonds of the adsorption sites through the chem
bond, and saturates the fourth dangling bond of the ‘‘lonel
nitrogen atom through the excess charge resulting from
chemisorption.

Similar arguments hold for all of the other structures d
cussed in the previous subsections for the anion-and ca
terminated surfaces of GaN and AlN. In each case, the d
gling bonds of surface anions are doubly occupied, while
dangling bonds of surface cations are empty. In particu
autocompensation can also be achieved by hydrogen ads
tion on the cation-terminated surfaces. A coverage with3

4

ML of hydrogen results in the formation of three hydroge
cation bonds~with a total of six electrons! and one empty
cation dangling bond. The total energy of the3

4-ML adsorp-
tion geometry can be compared to a system that has
ammonia molecules above a surface composed ofp(232)
domains with cation vacancies and equal-sizep(232) re-
gions with metal adatoms. The decomposition of ammo
and the subsequent adsorption of the hydrogen and nitro
atoms leads to a two-domain structure which contains
gions with the 3

4-ML hydrogen coverage and areas with1
4-

ML nitrogen coverage, respectively. The energy gain for t
process is 4.5 and 8.0 eV perp(232) unit cell for GaN and
AlN. The bond lengths are 1.59 Å for the hydrogen-galliu
bond, and 1.63 Å for the hydrogen-aluminum bond.

Since the charge distribution in the dangling bonds o
polar surface is sensitively dependent on the particular
face geometry and the existence of adsorbed atoms, the
ence of hydrogen during epitaxy has an important influe
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on the growth of the hexagonal surfaces of AlN and Ga
For both cation- and anion-terminated surfaces, a3

4-ML cov-
erage of hydrogen guarantees complete autocompens
with anion dangling bonds doubly occupied and cation d
gling bonds empty. Therefore, chemisorption of hydrog
and nitrogen, followed by the decomposition of ammon
leads to stable surface structures which are significa
lower in total energy for both kinds of termination compar
with the hydrogen-free cases summarized in Figs. 4 and

V. ELECTRONIC SURFACE STATES

As illustrated by Figs. 4 and 5, the hexagonal surfaces
AlN and GaN are similar with respect to the energetic or
of the most important reconstructions. Moreover, the str
tural details of the atomic relaxation are essentially the sa
in each case. Because of this, the electronic surface state
a given reconstruction are similar for the two compoun
Here we restrict our discussion to AlN. We analyze the d
persion of the electronic surface states of the most st
reconstructions determined for the anion- and cati
terminated~0001! surface. All structures satisfy the princip
of autocompensation, which requires that the cation-deri
dangling bonds of a surface are empty, while the ani
derived dangling bonds are doubly occupied. Electronic s
face states related to the dangling bonds and to the b
bonds of first-layer atoms and atoms next to vacanc

FIG. 6. Electronic dispersion for the AlN(0001)p(232) va-
cancy structure appearing in the bulk band gap. Surface loca
states are indicated by solid lines. The large shaded areas repr
the surface projected bulk band structure. The valence band m
mum is at 0 eV.

FIG. 7. Same as Fig. 6, but for the electronic dispersion of
aluminumT4-adatom configuration in AlN(0001)p(232).
.

ion
-

n
,
ly

.

f
r
-
e
for
.
-
le
-

d
-
r-
k-
s

appear in the energy range of the bulk band gap. Figures
display all states appearing in the gap. With the principle
autocompensation in mind, we focus the discussion on
face states derived from dangling bonds. In contrast w
plane-wave local-density-apporximation calculations that
derestimate the band gap, our calculation overestimates
measured value of 6.3 eV~Ref. 3! for the bulk band gap of
AlN by about 0.7 eV because of the small number of atom
orbitals used to describe the electronic wave functions.

A. Cation-terminated surface

The most stable configurations obtained for the cati
terminated AlN~0001! surface in the absence of hydrogen a
the vacancy and adsorption of an aluminum atom on theT4
site in metal-rich conditions. As seen from Fig. 1, the c
ation of one cation vacancy perp(232) unit cell leads to
second-layer nitrogen atoms with three broken bonds
ented toward the missing first-layer atom. In addition, ea
of the three remaining surface atoms has one dangling b
in the direction of the surface normal. The band struct
displayed in Fig. 6 exhibits three branches~indicated by Al!
according to the cation-derived dangling bonds of t
AlN ~0001! vacancy structure. In analogy to the results o
tained in Ref. 31 for the nonpolar (1120̄) surface, these
states appear above the Fermi level slightly below the b
conduction band. Also in agreement with Ref. 31, nitroge
derived dangling-bond states are found below the Fermi

ed
ent

xi-

e

FIG. 8. Same as Fig. 6, but for the electronic dispersion of

AlN(0001̄) p(232) vacancy complex.

FIG. 9. Same as Fig. 6, but for the electronic dispersion of

aluminumH3-adatom configuration in AlN(0001)̄ p(232).
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ergy close to the valence-band edge~indicated by N!. In the
vacancy structure, the dangling bonds of the three neigh
ing nitrogen atoms point to the position of the missing ato
and interact with each other. As a consequence, two nitro
dangling-bond states are lifted by about 2 eV above
valence-band edge, while the third nitrogen dangling-bo
state has an energy of about zero, with nearly no dispers

From Fig. 2, it can be seen that the adsorption of o
aluminum atom perp(232) unit cell on aT4 position leads
to three Al-Al bonds. In the electronic band structure d
played in Fig. 7, three corresponding branches~labeled by
bs! are prominent in the bulk band gap below the Fer
energy. Similar to the nitrogen dangling bonds of the v
cancy, one lower-lying state with an energy of about 0.7
above the valence-band edge appears, together with
nearly degenerate branches at about 3.2 eV. While the
at 0.7 eV is mainlys like about the adsorbed atom, the pa
of nearly degenerate branches primarily corresponds to
dangling bonds of the three surface atoms beneath the
sorbed aluminum. The two bands appearing in the gap
about 5 and 6 eV originate in the empty dangling bonds
the adsorbed atom and the surface atoms that are no
volved in the chemisorption.

In the 3
4-ML p(232) hydrogen adsorption system, fou

flat branches appear in the bulk band gap. Three nearly
generate hydrogen-aluminum bonding states are promin
with an energy of about 1 eV above the valence bands.
dangling bonds of the uncovered aluminum atoms are em
and appear in the form of a nearly dispersionless ban
about 6 eV, similar to the corresponding state shown in F
7.

B. Anion-terminated surface

For the nitrogen-terminated AlN(0001)̄ surface, the va-
cancy, vacancy complex~Fig. 1!, and adsorption of alumi-
num on theH3 position are the lowest energy structures
the absence of hydrogen. Figure 1 illustrates that e
second-layer aluminum atom in the vacancy complex
bonded in a planarsp2-like configuration to one third-laye
nitrogen atom directly underneath and to the pair of nea
nitrogen atoms in the top layer. Hence the dangling bond
the three second-layer atoms perp(232) unit cell arep like
and oriented perpendicular to the plane of thesp2 orbitals
which form the bonds to the nearest-neighbor nitrogen
oms. In the electronic dispersion of the nitrogen-vacan
complex shown in Fig. 8, three branches~indicated by Al!
related to these dangling bonds occur above the Fermi l
with an energy between 4 and 6 meV. Three more dang
bonds perp(232) unit cell are prominent in the vacanc
complex. Besides the first-layer atoms, every fourth thi
layer atom has a broken bond oriented perpendicular to
surface because of the formation of second-layer vacan
While the dangling bonds of the first-layer atoms are low
in energy compared to the valence-band edge, the bro
bond of the third-layer nitrogen atom can be recognized
the electronic band structure by a nearly dispersion
branch~labeled N in Fig. 8! at about 0.8 eV. The increase
energy reflects the larger Coulomb repulsion for the el
trons occupying this dangling bond. These electrons
closer to the charge density of the surface. A series of a
r-
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tional surface-localized states related to the open structur
the vacancy-complex model appears slightly below the b
conduction-band minimum.

For a first-layer nitrogen vacancy, three cation danglin
bond states are present in an energy range similar to
indicated by~Al ! in Fig. 8. These bands are related to t
second-layer atoms which are next to the missing nitro
atoms. Compared to the vacancy complex, the dispersio
these states is larger. The first-layer nitrogen dangling bo
are found in the spectrum close to the valence-band m
mum.

The adsorption of an aluminum atom at a hollow site
the nitrogen-terminated surface leads to one nitrogen-der
and one aluminum-derived dangling bond per surface u
cell. The branch originating in the dangling bonds of t
adsorbed aluminum atoms~Al in Fig. 9! has an energy of
approximately 3 eV. This is about 2 eV lower than the e
ergy of the corresponding state on the cation-terminated
face, reflecting the larger electronegativity of the nitrog
bonding partners. The doubly occupied dangling-bond s
of the nitrogen atom not involved in the adsorption~indi-
cated by N! appears slightly above the projected bulk v
lence bands. The nitrogen-aluminum bonding states are
low the valence-band maximum and are not displayed in F
9.

In the case of hydrogen adsorption, no surface stat
prominent in the gap. The hydrogen-nitrogen bonds are
nificantly lower in energy than the valence-band edge. T
dangling-bond state related to those surface atoms
bonded to hydrogen is close to the valence-band maxim

VI. CONCLUSION

By means ofab initio tight-binding molecular-dynamics
simulations, we have performed extensive calculations to
termine energetically stable structures for the~0001! surfaces
of GaN and AlN. In the absence of hydrogen, the lowe
energy configurations for the anion- and cation-termina
surfaces of both compounds are the vacancy complex and
vacancy, as can be seen from Figs. 4 and 5. Only un
metal-rich growth conditions is the adsorption of a group-
atom on theT4 position on the cation-terminated surfac
slightly more favorable than the vacancy. Compared to th
lowest-energy structures, the surface energies are 20.1
21.3 eV perp(232) unit cell for GaN and AlN if both sides
of the crystal films are terminated by ideal surfaces. T
large energy difference compared with the vacancy str
tures, and from all other geometries discussed in Sec.
elucidates the instability of the unreconstructed surfaces,
clearly shows that the polarity of the hexagonal surfaces
these materials can be efficiently eliminated by a change
stoichiometry in the topmost layers.

All reconstruction geometries investigated for the t
anion- and cation-terminated~0001! surfaces of wurtzite-
phase AlN and GaN obey the autocompensation princi
This has been verified by a close inspection of the electro
states of the most stable geometries. Autocompensation
quires the entire depopulation of the cation-derived dang
bonds, and a complete occupation of the broken bonds of
anions on the surface to guarantee a semiconducting be
ior of the surfaces. This is achieved by the creation of n



th
en

o
w

n
tro
in
n
h

Fi
as

th
o
re

nd
e

n
o

r
t
n
s
cc
n

e
fe
by

i
,
e
m
he

f t
at
va
w
e

el
r

nd
lN
c

ou
o
a
a
ili
ll
o
ic

fol-
in
ec-
ile
al of
nds
-
the
the
rbed

he
ion-
ed
the
en
ber
ty.

us a

rp-
st
ble.

n-
the
five
ds,

em
ec-
gen
per
ed

ere
lN

f
n-
ed
ec-
be
be

and
tive
ber
by

or a
lds
arge

ple-

wo

r-
for

f
lts
h-
on

57 15 369AB INITIO CALCULATION OF THE STOICHIOMETRY . . .
dangling bonds through the introduction of vacancies or
adsorption of group-III atoms, group-V atoms, or hydrog
atoms, which reduce the number of dangling bonds.

The presence of hydrogen has an important influence
the growth of the group-III nitrides. Our calculations sho
that the adsorption of34 ML of hydrogen leads to stable
p(232) configurations on the anion- as well as catio
terminated surfaces. Chemisorption of hydrogen and ni
gen followed by the decomposition of ammonia results
surface structures which are significantly lower in total e
ergy compared to corresponding systems that combine
drogen free surfaces, whose energies are summarized in
4 and 5, with free ammonia molecules in vacuum. In the c
of the anion-terminated surface, the3

4-ML hydrogen adsorp-
tion system is lower in energy by 5.1 eV~5.4 eV! for GaN
~AlN ! compared to a configuration that comprises
nitrogen-vacancy reconstruction and free ammonia m
ecules. This agrees with the time-of flight scattering and
coiling spectra recorded by Sunget al.1 who examined
MOCVD-grown GaN, cleaned by cycles of sputtering a
annealing in ultrahigh vacuum. The spectra always show
the presence of hydrogen when sharpp(131) LEED pat-
terns were resolved, indicating an atomically flat nitroge
terminated surface that is stabilized by the chemisorption
hydrogen.

For all reconstruction geometries considered, we obse
an excess of electronic charge in the outermost bilayer on
cation-terminated surface, and a depletion of electro
charge on the opposing anion-terminated side of the cry
films. The appearance and magnitude of such charge a
mulation can be explained in terms of Harrison’s electro
counting model,48 taking into account the polarity of th
group-III nitrides. For bulk GaN, we obtain a charge trans
of 0.45 electrons from gallium to nitrogen, as indicated
the occupation numbers of the atomic orbitals employed
our calculations@Eq. ~1!#. In the case of wurtzite-phase AlN
the computed charge transfer from aluminum to nitrog
amounts to 0.56. If no further charge is transferred, an ato
cally flat surface will result in an average gradient of t
electrostatic potential that corresponds to1

4 of the charge in
the outermost layer~also compare Fig. 3 of Ref. 48!. To
compensate for the associated electric field, a charge o
opposite sign and equal in magnitude has to be incorpor
into the surface. Analyzing the electronic charge of the
cancy or adatom structures investigated in Sec. IV sho
that these configurations are indeed characterized by the
act amount of excess charge necessary to eliminate the
tric field arising from the surface polarity. The numbers a
0.45 and 0.56 electrons perp(232) unit cell for GaN and
AlN.

Similar to the case for the zinc-blende-compou
analogs,49,50 the cation-terminated surfaces of GaN and A
are stabilized by the formation of vacancies which introdu
three anion-derived dangling bonds replacing one of f
cation-derived dangling bonds per unit cell. Accumulation
electronic charge is achieved by occupying the energetic
favorable dangling bonds of the anions. In addition to v
cancy structures, adatom configurations are able to stab
the cation-terminated surfaces of AlN and GaN. Especia
under metal-rich growth conditions, the chemisorption
group-III atoms is favorable. The creation of electron
e
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charge excess by chemisorption can be explained in the
lowing way: the three dangling bonds which are involved
the chemisorption have to be occupied by a total of six el
trons through the formation of the chemical bonds. Wh
three electrons are provided by the adsorbed atom, a tot
less than three electrons comes from the four dangling bo
in the p(232) unit cell, because of the polarity of the ma
terial. Hence an excess charge which is directly related to
polarity is necessary to obtain complete occupation of
bonding orbitals between the substrate and the adso
atom.

In contrast to the zinc-blende compounds, for which t
adsorption of trimers has been observed on the an
terminated surface,51,52 the most stable geometries obtain
for the surfaces of GaN and AlN are the vacancy and
vacancy complex, respectively. The creation of a nitrog
vacancy replaces anion-dangling bonds by a larger num
of cation-derived dangling bonds which have to be emp
This guarantees a depletion of electronic charge and th
neutralization of the polarity of the (0001)̄ surfaces of AlN
and GaN. Among all adsorption geometries, the chemiso
tion of group-III atoms on the hollow site has the lowe
energy. However, the vacancy structures are more favora
An exception is the adsorption of3

4 ML of hydrogen, which
yields configurations on both the anion- and catio
terminated surfaces with significantly lower energies. For
adsorption on the nitrogen-terminated surface, more than
electrons are provided by the anion-derived dangling bon
reflecting the polarity of the material. Three electrons st
from the adsorbed hydrogen. Since only a total of eight el
trons can be incorporated into the three hydrogen-nitro
bonds and into the remaining nitrogen dangling bond
p(232) unit cell, charge depletion on the anion-terminat
side is necessary.

In summary, all stable surface structures considered h
for the hexagonal surfaces of wurtzite-phase GaN and A
are characterized by two important principles:~i! autocom-
pensation, and~ii ! a related depletion or accumulation o
electronic charge. According to the principle of autocompe
sation, only the energetically more favorable anion-deriv
dangling bonds are occupied, while the incorporation of el
tronic charge into cation-derived dangling bonds has to
avoided. Whether complete autocompensation can
achieved or not is dependent on the number of anion-
cation-derived dangling bonds prominent in the respec
reconstruction and on the number of electrons. The num
of electrons occupying the dangling bonds is influenced
charge depletion or accumulation in the surface region. F
complete compensation of polarization-related electric fie
in the slab, an excess charge equal to the cation-anion ch
transfer in the bulk is necessary perp(232) unit cell on the
cation-terminated side. The same magnitude of charge de
tion is necessary on the anion-terminated surface.

After this work was completed, we became aware of t
other theoretical investigations for the~0001! surfaces of
wurtzite-phase AlN and GaN. In Ref. 57, total-energy diffe
ences between various surface geometries considered
AlN ~0001! and AlN(0001̄) were determined by means o
plane-wave calculations. In Ref. 58, experimental resu
from scanning-tunneling microscopy and reflection hig
energy electron diffraction, and theoretical results based
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the plane-wave method, are summarized for the~0001! and
(0001̄) surfaces of GaN. The surface structures investiga
in Refs. 57 and 58 include the geometries considered in
computations, as well as some other configurations giv
metallic surface bands. Our surface energies agree with
findings of the plane-wave calculations. Only small diffe
ences occur for reconstruction geometries having nearly
same energy. In addition to the theoretical investigations
Refs. 57 and 58, experimental data from angle-resolved p
toemission spectroscopy59 were published after the submis
sion of our work. In the experiments of Refs. 59, a flat ele
tronic surface band with an energy close to the valence-b
maximum was observed for the GaN~0001! surface. Its sym-
metry indicates that the state is ofspz character, consisten
e,
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with a dangling-bond state. For the cationH3 adsorption
configuration of the AlN~0001! surface@and similarly for
GaN~0001!#, our computations give a nitrogen-derive
dangling-bond state slightly above the projected bulk vale
bands, in good agreement with the experimental findings
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50L. Ö. Olsson, L. Ilver, J. Kanski, P. O. Nilsson, C. B. M. Ande

sson, U. O. Karlsson, and M. C. Ha˚kansson, Phys. Rev. B53,
4734 ~1996!.

51D. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L.-
Schwartz, Phys. Rev. Lett.65, 452 ~1990!.

52C. B. M. Andersson, U. O. Karlsson, M. C. Ha˚kansson, L. O¨ .
.
Olsson, L. Ilver, P. O. Nilsson, J. Kanski, and P. E. S. Perss
Phys. Rev. B54, 1833~1996!.

53G.-X. Qian, R. M. Martin, and D. J. Chadi, Phys. Rev. B38, 7649
~1988!.

54P. Boguslawski, E. L. Briggs, and J. Bernholc, Phys. Rev. B51,
17 255~1995!.

55D. J. Chadi, Phys. Rev. Lett.57, 102 ~1986!.
56E. Kaxiras, Y. Bar-Yam, D. J. Joannopoulos, and K. C. Pand

Phys. Rev. Lett.57, 106 ~1986!.
57J. E. Northrup, R. Di Felice, and J. Neugebauer, Phys. Rev. B55,

13 878~1997!.
58A. R. Smith, R. M. Feenstra, D. W. Greve, J. Neugebauer, an

E. Northrup, Phys. Rev. Lett.79, 3934~1997!.
59S. S. Dhesi, C. B. Stagarescu, K. E. Smith, D. Doppalapudi,

Singh, and T. D. Moustakas, Phys. Rev. B56, 10 271~1997!.


