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Ab initio calculation of the stoichiometry and structure of the (0001) surfaces of GaN and AIN
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We have investigated the stoichiometry and the atomic and electronic structure of the anion- and cation-
terminated(0002) surfaces of wurtzite-phase GaN and AIN, usalginitio 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 varioup(2 X 2) geometries of GaN and AIl00J). 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-lll atoms. Flat surfaces of both types are found to be stabilized i)WIa adsorption of hydrogen.
[S0163-182698)05919-0

I. INTRODUCTION cording to Ref. 15. As pointed out in thad initio calculation
of Ref. 16, the polarity matching between the &Q01) sub-

Thin GaN and AIN films are typically grown on the hex- strate and the deposited film is of fundamental importance
agonal surfaces of sapphire andH&IiC by means of for the termination of the growing nitride film. By studying
molecular-beam epitaxyMBE) or metal-organic chemical- one and two bilayers of AIN deposited on Si-terminated
vapor deposition(MOCVD).1=® Two of the most striking SiC(0001), Di Felice, Northrup, and Neugebauer concluded
applications of heteroepitaxy on sapphire are the fabricatiomhat the formation of Al-vacancy structures stabilizes thin
of blue-light-emittingp-n junction$ and the realization of AIN films with respect to island formatiol. Nitrogen ada-
laser diodeSusing GaN. Recent developments aim to opti-tom structures were found to be unfavorable in Ref. 17. Cal-
mize the growth of group-Ill nitrides with the help of se- cylations based on a tight-binding approach indicate that a
lected energy epitaxy Deposited on hexagonal substrates,sjlicon-terminated surface guarantees better lattice matching
the nitride .films crystallize in the more s_table Wgrtzite struc-for GaN grown on 61-SiC® Beyond these investigations,
ture. Possible growth faces are the cation-terminé®@®1)  f,rther calculations for the structure of t6@01) surfaces of
or the anion-terminated (00Pkurface. cubic group-lIl nitrides have been perform&d.

Although many different experiments have been per- The large variety of experimental observations reported in
formed to monitor the epitaxial process and to characterizgefs. 1,5,9-12, and 13 can be explained only partially by the
the resulting morphology of thin films, the growth front has resyits obtained from thab initio calculations of Refs. 15—
not yet been understood completely. By means of low-17, previous theoretical investigations have not examined the
energy electron diffractiofLEED) or reflection high-energy influence of hydrogen on the growth phase, as observed by
electron diffraction, sharp(1x1) patterns have been re- experiment:
ported for well-ordered hexagonal surfaces of wurtzite-phase Here we present a systematic analysis of a large variety of
GaN and AIN;*°while some MBE-grown nitride films ex- possible surface structures for the hexagonal surfaces of
hibit a p(2x 2) reconstructior:*“**Other experiments give wurtzite-phase GaN and AIN. We perform molecular-
indications of other higher-order reconstructions, such agynamics simulations using a faa initio multicenter local-
p(2x1), p(2x3), or p(5x5).*° In a recent scanning- orpital formalism?®-2% This method has been successfully
tunneling microscopy experiment, linear and oval defectspplied to the structural, electronic, and vibrational studies of
have beej‘ reported for G#00D, and attributed t0 many systems including fullerenes as well as free and
vacancies; adsorbate-covered surfacés?® Although the method is less

Total-energy calculations based on density-functionaomputationally intensive compared to otheb initio
theory (DFT) in the plane-wave pseudopotential approxima-schemes, we obtain good agreement with available experi-
tion have been performed to investigate the surface atomigental data and with self-consistent pseudopotential calcula-
structure of the(OOO:D surfaces of the group-lll nitrides. tions, for lattice paramete?g’phonon frequencie@;zg and
Buongiorno Nardelli, RapCEWiCZ, and Bernholc studied thqhe structure of the nonpo|ar surfaces of GaN and %’Ri]‘
cation- and anion-terminate@00) surfaces of GaN, re- The efficiency of the method allows us to compute the
stricting their calculations t@(2x 2) geometries® For the  rejaxation and total energy of systems with a large number of
cation-terminated surface, the adsorption of one galliumhtoms and for many different atomic arrangements. Besides
atom on the atopT,) site was found to be the most stable the geometries discussed in Ref. 15 for Gad01), in our
configuration under metal-rich conditions. The adsorption ofcalculations we include additional configurations, such as a
one nitrogen atom on the hollovHg) site is more stable in  nitrogen-vacancy complex which is found to be more stable
nitrogen-rich environments. For the anion-terminated ()001compared to the simple nitrogen vacancy. We also perform
surface, the formation of nitrogen vacancies is favorable, acealculations for the adsorption of hydrogen, which stabilizes
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the anion- and cation-terminated surfaces. In addition, weantly improve the accuracy of the Harris functional, since
discuss the dispersion of the electronic surface states detehey simulate the contraction of the atomic charge density
mined for the most stable surface reconstructions. In the alpbserved in solid-state systeRisThe choice of the confine-
sence of hydrogen, we find th®(2Xx2) nitrogen-vacancy ment radiir, has to guarantee that the energy differences
complex to be the most stable structure for the anionbetween the atomic levels of the free atoms—¢«) is es-
terminated surfaces of GaN and AIN. For the cation-sentially the same as that of the contracted atoms. In our
terminated surface, the catiop(2X2) vacancy is the calculations, we use.=5.4 (in atomic unitg for gallium,
lowest-energy structure. Under metal-rich growth conditionsy .=5.4 for aluminum, .= 3.8 for nitrogen, and .= 3.7 for
the adsorption of a metal atom in the atofy) position is  hydrogen to compute all interaction terms and overlap inte-
slightly more favorable. For all reconstructions, characterisgrals. The only deviation from these values is that we em-
tic anion-derived dangling-bond states are found above oploy less confined PAQO’s for galliunt {"'=5.7), aluminum
near the bulk valence band maximum, while cation—derivec{rgou':6_0), and nitrogenr@°“'=3.95) to compute the Cou-
dangling-bond states appear in the upper half of the bulkomb integrals in the electron double-counting correction
band gap. Uee (see Ref. 2D This slightly increases the interatomic
The paper is organized as follows: In Sec. Il, we give arepulsion, and consequently the lattice constants determined
brief outline of the theoretical basis of our calculations. Sectgr AIN and GaN.
tion Il illustrates the degree of accuracy of our Computations Our surface calculations are carried out for systems of
by summarizing the results obtained for the bulk lattice paperiodically repeated thin crystal films spanning five atomic
rameters and phonon frequencies. In Sec. IV, we discusgouble layers. We restrict our investigations to surface re-
various surface geometries considered for the anion- angbnstructions withp(2x2) symmetry. The top layer of the
cation-terminated0002) surfaces of GaN and AIN. We com-  s|ap supercell comprises only nitrogen atoms, while the bot-
pare the total energies of the most stable structures, and angm layer of the thin crystal film is composed of cations. In
|yze atomic relaxations in detail. Surface electronic states Othe case Of idea' surfaceS, the S|ab Superce” Contains 20 ni-
low-energy surface configurations are examined in Sec. Virogen atoms and 20 group-Iil atortgallium or aluminun,

Section VI summarizes our results and conclusions. with one dangling bond for each top- and bottom-layer atom.
Convergence tests performed for crystal films spanning nine
Il. THEORETICAL METHOD atomic double layers show that five bilayers are sufficient to

) ) decouple the two individual surfaces of the slabs. The thick-

Our total-energy calculations are carried out by means ofess of the vacuum region between neighboring crystal films
an ab initic multicenter tight-binding-like model which is s about 13 A, which gives a negligible interaction between
based on the density-functional theory in the local-densityeighboring slabs. The dimensions of the slab supercells are
approximatior’> % We  employ ~ norm-conserving chosen in accordance with the lattice constantndc and
pseudopotentiaf§ to describe the electron-ion interaction. the internal parameter, all determined from the bulk phase
The electronic wave fl_mctions and charge. dens.ity are represf the wurtzite compounds. For tikepoint sampling we use
sented by a superposition of pseudoatomic orbiBs0’s)  gjght special points according to a two-dimensionai 8
¢i(r—R;) using the valence electranandp orbitals for N, pmonkhorst-Pack gritf in the surface Brillouin zone of the
Al, and Ga, and the 4 orbital for H. In particular, the total p(2x2) unit cell.
valence charge density is approximated by In order to find the atomic positions of minimal energy for
a given configuration, we perform molecular-dynamics simu-
lations by determining the Hellmann-Feynman forces, and
move the atoms according to the classical equations of mo-
tion. The atomic masses of the central bilayer are increased
which is used as the input charge density for the Harris functo essentially infinity, leading to frozen atomic positions in
tional approacH employed to compute the total enedly.  the central part of the slab supercell. All other atoms in the

The determination of the lattice constant, the bulk modu-<rystal films are allowed to move. The atomic positions of
lus, and the optical-phonon frequencies of GaN and AINminimal energy are determined by systematically reducing
shows that it is necessary to treat the group-Ill nitridesthe kinetic energy of the systeffipower” quenching. In
within the generalized scheme introduced in Ref. 22, whichhis scheme, the velocity componeny, of theith particle is
includes charge transfer between the ions in a self-consisteset to zero whenever, ,F; ,<0, whereF,; , is the Hellmann-
fashion. This is done by using variable occupation numberg&eynman force acting on the particle in the directienFor
n; for the representation of the charge den§ifg. (1)]. The  power quenching, we use a time step of 2.5 fs. For all con-
Kohn-Sham equations are solved iteratively, until converfigurations, the minimization converged satisfactorily after
gency(in the sense of Ref. 22s achieved for the occupation 100 time steps with an uncertainty in the computed atomic
numbersn; . For rapid convergence of the iterative proce- positions of less than 0.02 A.
dure, we use the mixing scheme suggested in Ref. 38.

The PAQ'’s are constructed using the boundary condition
that they vanish beyond a specified cutoff radiys This
restricts the short-range interaction contributions to a small An important prerequisite for the investigation of the
number of neighboring atoms. Due to the confinement, th€0001) surfaces is to calculate the bulk properties of GaN and
PAQO’s are slightly excited, yielding slightly contracted AIN, especially for the wurtzite phase, with sufficient accu-
atomic charge densities. Confined atomic orbitals signifitacy. This is essential since the lattice parameters obtained

nm<r>=2 ni| i(r—R)/%, (1)

Ill. BULK PROPERTIES
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TABLE |. Structural parametera, c, andu, bulk modulusB,, andI'-point frequency(in cm™?) of the
optical modes of GaN and AIN in the wurtzite structure. Columns 4 and 7: results of the mixed-basis
calculation of Miwa and Fukumot(Ref. 29.

Wurtzite GaN Wourtzite AIN
Present Experiment DFT Present Experiment DFT
work Miwa and Fukumoto  work Miwa and Fukumoto
a(A) 3.088 3.190 3.146 3.070 3.110 3.144
c (A 5.041 5.189 5.125 4.937 4.980 5.046
u 0.376 0.377 0.377 0.381 0.382 0.381
B, (MBar)  2.09 - 1.95 2.56 2.02 1.95
E} 190 144 146 330 241 228
Bi 329 - 335 540 - 534
A;-TO 538 537 534 626 614 601
E3 566 57¢ 568 642 660 655
E;-TO 563 558 556 665 673 650
B2 715 - 697 746 - 703

%Reference 41.
bReference 42.
‘Reference 43.
dReference 44.
®Reference 45.

for the bulk define the dimensions of the slab supercells usepolarized in the hexagonal plarisee Fig. 1 of Ref. 28 is

in the computation of the surface properties. Wurtzite-phassignificantly overestimated by our calculation.

compound semiconductors are characterized by three inde- For zinc-blende GaN, we obtain a value of 4.382 A for

pendent structural parameters, namely, the in-plane latticée lattice constant, which is about 3% smaller than the ex-

constanta, the lattice constant along the hexagonal axis, Perimental result of 4.519 AThe frequency computed for

and the internal parameter=d/c, which reflects the length the TO-phonon mode amounts to 541 cmwhich is close

d of the anion-cation bond along tieaxis. to the value 555 cm' measured by Raman spectroscépy.
The total-energy calculations for wurtzite-compound GaNTne corresponding lattice constant and TO-phonon fre-

and AIN have been carried out using 12 special points in thduency calculated for AN are 4.342 A and 643 cnBe-
three-dimensional Brillouin zone of the bulk, using an cause of the lack of experimental data for zinc-blende-phase

8x8x8 Monkhorst-Pack gritf for the k-point sampling. AIN, we compare our results to the mixed-basis approach of

For a given pair ol andc, the atomic positions of the four Ref._29, which yields 4'.421 A. and 648. crh res_p(_actlvely. .
' . o Since the Ga 8 state is not included in the minimal-basis
atoms in the bulk unit cell are relaxed along thexis with

local-orbital formalism, we obtain a slight underestimation
respect to thg Hellman n_-Feynman forces._ For each Pa¢ the structural parameters calculated for GaN. The differ-
(a,c), we obtain an optimized value for the internal param-g e from the experimental data are only marginal for AIN.
eter Ugp(a,c) which minimizes the total energy pence our results agree with measured values about as well
Ewof @,C;Uop(@,c) ] The optimization ofu is repeated on a 35 those obtained from the highly converged pseudopotential
grid of 36 pairs @,c) defined by the combination of six calculations of Refs. 27-29. In addition, we also achieve
different values o andc chosen in a narrow interval about good agreement with the findings of othedy initio calcula-
the experimentally measured data. By fitting the 36 energyions obtained for the structure of the nonpolar surfaces of
values Ey,{ a,C;Uqp{a,Cc)] to a cubic equation in the cell GaN and AIN*°2*!including the relaxation, surface energy,
volumeV and the ratiaz/a in analogy to Ref. 27, we find the and energy differences determined for various surface sto-
equilibrium values for the lattice parameters ¢, andu. ichiometries. This is of fundamental importance for the in-
Our results obtained for wurtzite-phase GaN and AIN arevestigation of the reconstructions and stoichiometry of the
summarized in Table I, together with the bulk modul (000D surfaces of GaN and AIN and their dependence on the
and the optical zone-center phonon frequencies. The con¢hemical potentials of the bonding partners.
parison with the experimental data of Refs. 41-45 andathe
initio calculation of Miwa and Fukumotd shows an overall
good agreement, with a small underestimation of the lattice
constants by about 3% for GaN and 1% for AIN. Similar  The polarity of GaN and AIN has an important influence
agreement is achieved for tdé-point phonon frequencies, on the structure of the surfaces of these materials. Atomically
which we have determined by means of the frozen-phonofiat surfaces and interfaces witf®001) orientation would
approach. However, the frequency of tB¢ mode, which lead to a macroscopic electric figlt*®Processes that elimi-
consists of an out-of-phase vibration of neighboring bilayersmate the surface polarity and the associated electric field are

IV. SURFACE STRUCTURES
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based on two primary concepts: chemical bonding and Vacancy
autocompensatiot. Autocompensation consists of a charge
transfer from the dangling bonds of the more electropositive
element to the more electronegative element, which guaran
tees that the anion-derived surface dangling bonds are com
pletely occupied, while the cation-derived dangling bonds
are empty.

For the hexagonal surfaces of GaN and AIN, it is neces-
sary to modify the surface stoichiometry in order to achieve
autocompensation and to eliminate the surface polarity. This p(2x2) unit mesh <
has been demonstrated in Harrison’s electron-counting
modef® for the (111) surfaces of Ill-V semiconductors,
which are the zinc-blende-compound analogs to the hexago Vacancy complex
nal surfaces of wurtzite-phase GaN and AIN. Among the
zinc-blende compounds, well-known examples are GaAs,
InAs, and InSb. The cation- and anion-terminated surfaces of
these materials are known to forp{2X2) reconstructions
with the cation(111) p(2x2) surfaces exhibiting a cation

vacancy®*® while the anion(111)p(2x2) surfaces are sta-
bilized by the adsorption of anion trimets>? For GaN and , sciyer vacancy  socondlayer vaccy
AIN, similar modifications of the surface stoichiometry, in- reveals 3rd layer atom
cluding the formation of vacancies or the adsorption of at-

oms, are expected to compensate for the polarity, and hence F'G: 1. Schematic top view of the vacancy and the vacancy
to stabilize the hexagonal surfaces. complex. The atomic positions of the first two layétisree layers

To compare the total energies computed for differentfor the vacancy complgxare displayed. Open and closed circles

. - . - represent first- and second-layer atoms. For anion termination, the
atomic ComDOSItlonS_Of the cation-terminatéd003) and white and black circles correspond to nitrogen and group-Ill atoms,
anion-terminated (00Q1surfaces, the chemical potentials respectively. For the case of a cation-terminated surface, the open
MGar Mar, @anduy of gallium, aluminum, and nitrogen have and closed circles illustrate first-layer group-IIl atoms and second-
to be taken into account, in analogy with Ref. 53. We assumeayer nitrogen. Thep(2x2) unit cell used in all calculations is
equilibrium with the bulk material, so that the chemical po-indicated.
tentials of the bonding partners are related by

(O first-layer atom

®  second-layer atom

s first-layer vacancy

0110

(1010)

first-layer atom (T4)

O

€ first-layer atom (H3)
@ second-layer atom
el

third-layer atom

complex originally suggested in Refs. 55 and 56 for the

GaAs(111) surface. One out of four second-layer atoms per

unit cell is missing in this structure. As indicated by the
(3) small open circles, the removal of second-layer atoms re-
) ) veals third-layer atoms which are located directly below the
for AIN. The chemical potentialg an(ouiy @Nd ainbuk) @€ second layer. Only two out of four first-layer atoms per unit
the tqtal energies per anion-cation pair computed for th%e” are present in the vacancy complex. One of the two
wurtzite-phase compounds at zero temperature. We obtaifkoms resides on the regul@ (atop position which corre-
Kean(bulg= ~337.024 eV and waneuiy = —331.755 €V.  gponds to the corners of thg2x 2) unit mesh indicated in
Equations(2) and (3) allow us to calculate surface energies gig 1. The other first-layer atom per unit cell is moved from
as a function of_only the cr_\emlcal potential of the respectivey T, to theH, (hollow) site. This results in the creation of a
metal atom, which is restricted to planar sp?-like bonding configuration for the second-layer
4) atoms, which have two first-layer and one third-layer nearest

neighbors.
In cation-rich conditions, the metal chemical potentials are In addition to the atom deficiency structures illustrated in
Mcabuky= —59.57 eV and uapu=—53.60 eV, deter- Fig. 1, we considep(2X2) adsorption geometries as shown
mined for metallica-gallium and aluminum. The rangeu  in Fig. 2. In theH; (hollow) adsorption site, the chemisorbed
for the chemical potentials is the same as that of Refs. 17 anatoms are bonded to three first-layer atoms residing in posi-
54. In our surface calculations, we use slab supercells wittions above the surface between first- and second-layer at-
anion termination on the upper surface and cation terminaems. In theT, (atop site, the adsorbed atoms are bonded to
tion on the opposite side. The two individual surfaces of thethree first-layer atoms in positions directly above second-
crystal films are independent. For each of the individual surlayer atoms. We investigate the chemisorption of group-ll|
faces, we consider the various surface geometries that astoms as well as the adsorption of nitrogen g and T,
illustrated in Figs. 1 and 2. positions.

We consider reconstructions wifi{2x2) symmetry ex- All of these surface reconstructions are studied for both
clusively. In the vacancy model, one of the four first-layeranion- and cation-terminated surfaces of GaN and AIN. We
atoms per unit cell is missing. This generates one danglinglso consider the adsorption of hydrogen on the cation- and
bond for each of the three second-layer atoms that are next tmion-terminated surfaces. A recent experiment using
the vacancy. The lower part of Fig. 1 illustrates the vacancyime-of flight scattering and recoiling spectrometry, provides

HGat UNT MGaNbulk) 2
in the case of GaN, and

Ml UN= HAIN (bulk)

Mmetalbulk) ~ A U Umetal™ Mmetalbulk) -
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H3 (hollow) adsorption site to compare various geometries on the other surface of the

crystal films. To investigate to what extent the two individual
O first layer surfaces of the slabs are decoupled, we performed calcula-

tions for a large variety of systems in which we combined all
® sccond layer of the above-mentioned surface structures assumed for the

nitrogen-terminated side with many different geometries
adsorbed atom taken into consideration for the cation-terminated side. For
AIN (0001, we have determined the relaxed atomic positions
and the total energy for over 30 different combinations. The
total energies comprise the effects of both surfaces of the
slab supercell and also reflect to what extent the two surfaces
interact. One important result is that the energy differences
between the structures examined for one side of the crystal
film are essentially independent of the reference configura-
Surface tion chosen on the other side of the thin slab. This shows that
the bottom and top layers of the crystal films are sufficiently
decoupled. We have also checked this by using crystal films
spanning nine bilayers.

0110)

2z =

(1010)

T4 (atop) adsorption site Brillouin zone

O first layer Also, the surface electronic states are essentially the same
for a given reconstruction, assuming different reference con-
® sccond layer figurations on the other side of the slab. Although our super-
cells contain two different surfaces, occupied surface states
adsorbed atom on one side of the film are normally lower in energy than
empty states on the opposing surface. This is related to the
Adatoms above second layer atoms fact that occupied band-gap statesiginating from chemical

, ) , , bonds and nitrogen-derived dangling bondee close to the
. F_IG. 2. Top view of the _adsorptlon geometries considered, 51ance-band maximum in most of the cases, while empty
within the p(2X2) reconstruction model. In thel; (hollow) ad- surface states(stemming from cation-derived dangling
sorption site, the chemisorbed atoms are bonded to three first—lay%rOnds are generally near the conduction-band edge. In ad-
atoms residing positions between first- and second-layer atoms. IHition all surface structures considered here are in. accord

the T, (atop site, the adsorbed atoms are bonded to three first-layer

atoms in positions directly above second-layer atoms. Also indi-W'th the autocompensation principle. Hence most of the slab

cated is the two-dimensional Brillouin zone of th€2X2) recon- geome_tries we have investigated are semiconducting. Atomic
structed surface and its irreducible wedge, indicated by the heavgﬁlaxat'ons nor.mally decrease the energy of QCCUp'ed b_and-
lines. gap states, while empty surface states are shifted to a higher
energy. In particular, the lowest-energy structures are char-
acterized by a clear gap between occupied and empty surface
states. Because of this, eight special points such as used in
our computations are sufficient for a well-converdegoint

evidence for a 75% coverage of the flat GaN(Bp@ﬂlrface
with hydrogen® Figure 3 illustrates the adsorption model
proposed according to the experimental result (&< 2) sampling.

reconstruction is assumed, wiML of hydrogen saturating _ To compare the surface energies for different stoichiom-
the dangling bonds of three out of four surface atoms per Unittries. the total number of cationsd, or ny) and anions

cell. (ny) in the slab supercell has to be taken into account. For a

A particular surface reconstruction fixed on one side Ofgiven combination of atomic geometries on the upper and

the slab supercell might be used as a reference configuratiqg,,er surfaces of the thin film. the surface energy p&2

) X 2) unit cell is equal to
Hydrogen adsorption

Esur= Etor— Neatca— NN( M Ganbulk — MGa) (5
Hydrogen above first-layer atoms

for GaN, and analogously for AIN. The ener@y,, is the

(0110) .
total energy per slab supercell, determined for completely
relaxed positions on both sides of the slab. The chemical
potentials vary in a range according to E4), leading to a
(1010) variation of the calculated surface energy if the number of
O first layer group-Ill atoms is different than the number of nitrogen at-
oms.
@ sccond layer
O adsorbed hydrogen atoms A. Cation-terminated surface
FIG. 3. Top view of the-ML p(2x2) hydrogen adsorption We summarize our results for the cation-terminated sur-

model proposed by Sunet al. (Ref. 1. The dangling bonds of face of GaN and AIN obtained with the nitrogen-vacancy

three out of four surface atoms per unit cell are saturated by hydrosomplex as the reference configuration on the (Qogr-
gen. face. Figure 4 displays the surface energiespg§@rx 2) unit
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FIG. 4. Total energies pgr(2X2) unit cell for various surface FIG. 5. Total energies pgy(2X2) unit cell for various surface

reconstructions of the cation-terminated GaN and @001 sur- reconstructions of the anion-terminated GaN and A|N(_QOQ1r_
face. The nitrogen-vacancy complex on the anion-terminated sidfyce. The cation vacancy on the cation-terminated side has been
has been chosen as the reference configuration. The labels symbghosen as the reference configuration. The labels symbolize the
ize the following geometriesa) vacancy,(b) adsorption of nitro-  following geometries:(a) vacancy complex(b) vacancy,(c) ad-
gen on theH site, (c) adsorption of a group-I1l atom on thk, site,  sorption of a group-lll atom on thel, site, (d) adsorption of a

(d) adsorption of a group-Iil atom on the; site, and(e) adsorption  group-I1l atom on theT, site, and(e) adsorption of nitrogen on the
of nitrogen on ther, site. T, site.

cell determined for the most important reconstructions. Theayer atoms are raised by about 0.3X@®55 A). The three
lowest-energy configuration is the cation-vacancy arrangeother second-layer atoms, which are closest to the vacancy,
ment labeleda), which is lower by about 0.7 e¥0.3 V)  are raised only slightly by about 0.08 @.15 A), and show
than the configuration with adsorbed nitrogen on the hollowonly small in-plane relaxations, directed away from the va-
site (b) of the (0001 surface of GaNAIN). For the chemi-  cancy.

sorption of nitrogen, théi; site (b) is preferred above thg, Among all investigated configurations with one additional
position (e) by 4.0 eV (1.9 eV) in the case of GaNAIN).  atom perp(2x2) unit cell (including on top adsorption and
The adsorption of a nitrogen atom changes the stoichiometrtomic exchangewe find that the chemisorption of nitrogen
in the same way as the creation of a cation vacancy, since ign theH , position and the adsorption of a group-Ill atom on
both cases the number of cations in the surface bilayer is onge T, site under metal-rich conditions give the most stable
less than_ the number of anions. Consequently, the relativgryctures. The adsorption of a metal atom onTh@osition
energy difference of the structur€s), (b), and(e) is inde-  of the GaN0001) [AIN (0001)] surface induces a slight up-
pendent of the chemical potential of the group-Ill atoms. Inward relaxation of the first-layer atoms involved in the
contrast to this, the adsorption of group-Iil atoms involveschemisorption, by about 0.13 £0.25 A). No other signifi-
more cations than anions in the surface region, leading teant relaxations occur. The adsorbed layer is 1.78.85 A)
relative energies that depend on the chemical potential of thghove the outermost cation plane, the bond lengths amount
metal atoms as compared to structures (b), and (e). o 2.50 A for the Ga-Ga bonds and 2.60 A for the Al-Al
Hence the metal-adatoffy, configuration(c) is lower in en-  honds. For the case of nitrogen adsorption on the hollow site
ergy than all other structures in a range oD.4eV<Au  of GaN000D) [AIN(0001)], the three first-layer cations
<0.0 eV(-0.45 e\<sAu=<0.0 eV) for the chemical po- bonded to nitrogen are raised upward by about 0.1@ &8
tential of gallium(aluminum). The H; adsorption sitéd) is  A), leading to a vertical separation between the nitrogen and
less favorable by 0.6 eV for both compounds. This agreefts bonding partners of 1.17 A1.19 A). In-plane relaxation
very well with the ab initio calculation of Ref. 15, which toward the adsorbed nitrogen with a magnitude of 0.19 A
obtained the lowest energy for the adsorption of group-111(0.18 A) occurs, reducing the cation-nitrogen bond length to
atoms on theT, site of GaN000Y) in metal-rich conditions.  1.96 A (1.99 A). The fourth first-layer atom not involved in

In contrast with Ref. 15 but in agreement with tal initio  the chemical bond is shifted downward by 0.37A15 A).
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 as For the different structures considered on the anion-

introduced by Kaxiragt al. for GaAs(111),%® the vacancy terminated GaN(00Qland AIN(000) surface, we summa-
configuration has the lowest energy. The atomic relaxationsize our results obtained with the cation vacancy as the ref-
associated with the removal of one out of four surface atomsrence configuration on the cation-terminated side of the slab
result in a nearly planar bonding configuration of thosesupercells. Figure 5 displays the energies for the nitrogen-
second-layer nitrogen atoni®ne perp(2x2) unit cell, vacancy complexXa), the nitrogen vacancyb), the adsorp-
which are bonded to all three remaining first-layer atomstion of a group-IIl atom on thél; (c) and theT, (d) sites, as
Compared with the ideal positions, the first-layer atoms arevell as the adsorption of nitrogen on tfig position(e). The
shifted downward by about 0.18 £.02 A) in GaN(000J) structures in Figs(a)—(d) are similar in stoichiometry, with
[AIN (000D)], and the nitrogen atoms bonded to three first-one nitrogen atom less ppf2 X 2) unit cell compared to the

B. Anion-terminated surface
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number of cations in the surface region. For both com-itrogen have been considered. Such conditions might be
pounds, the energy order of the different structures is theealized in molecular-beam epitaxy, in contrast with
same. In agreement with Ref. 15, the nitrogen vacancy isIOCVD, where a significant amount of hydrogen is present.
found to be more stable compared with adatom configuraror MOCVD-grown GaN films, Sungt al! reported that
tions. cycles of sputtering and annealing in ultrahigh vacuum pro-
However, our calculation shows that the vacancy complexjyce clean stoichiometric surfaces which yield shptp

of Fig. 1, which has not been considered in prewous_calcu-x 1) patterns in LEED. The time-of flight scattering and re-
lations, is even lower in energy. Particularly for AIN(0QQ1 coiling spectra recorded in Ref. 1 show the presence of hy-
the vacancy complex turns out to be more stable by 0.7 €jrogen whenever a shamp(1x1) LEED pattern is ob-
than the vacancy, while the energy difference is slightlyserved. To examine the extent to which hydrogen stabilizes
smaller for the case of GaN(00Q1for which we find the the nitrogen-terminated surfaces, we compute the total en-

vacancy complex to be more stable by 0.3 eV. No sigmifican;ergy for a free ammonia molecule above the (T)Oﬁl]rface
atomic relaxations occur in the nitrogen-vacancy complex of:"sanN and AIN. with one nitrogen vacancy pp(2x 2)

GaN and AIN(000}. Clear atomic shifts are seen only for ynit cell. The result is compared to the case where the nitro-
AIN, for which we obtain an outward relaxathn of the first- gen atom of the molecule is incorporated into the vacancy,
layer atoms by about 0.17 A. Compared to this, larger relaxyhile the hydrogen atoms saturate three of the four dangling
ations are prominent in the nitrogen-vacancy geometry thaf,nys(see Fig. 3 This structure corresponds to the adsorp-
is characterized by only a single missing first-layer nitrogery; . ¢ 2 ML of hydrogen, as suggested in Ref. 1.

atom per unit cell. In GaN(00Q1the nitrogen vacancy €x-  Qur total-energy calculation shows that the adsorption
hibits essentially atomic in-plane shifts of the second—layegystem is lower in energy by 5.1 eV for GaN, and 5.4 eV for
gallium atoms, increasing the distance to the vacancy by 0.2&|N. Hence the incorporation of ammonia into the nitrogen
Alln AIN(0001), the first bilayer is raised by about 0.13 A terminated surface is highly exothermic. The atomic relax-
and there is an additional upward relaxation of the fourfoldations in the hydrogen-terminated surface are smaller than

bondgd second-layer aluminum atoms by 0.11 A. The otheg o5 A for GaN and AIN(00OL For both compounds, we
aluminum atoms relax away from the vacancy by about 0.18pt5in a hydrogen-nitrogen bond length of 1.11 A. The sta-
A _ bility of the 3-ML coverage is a consequence of the auto-
The most stable adatom configuration of GaN(Q001 compensation principle. In a simplified picture, each nitrogen
[AIN(0001)] involves the chemisorption of a group-Ill atom atom donateg electrons to each bond, while each group-llI
on theH position. In this case, the first-layer nitrogen atomsatom contributes; of an electron. Therefore, the nitrogen
are raised by 0.17 40.36 A), and show an in-plane relax- dangling bonds contaif electronic charges. The adsorption
ation toward the adsorbed atom by about 0.12043 A).  of three hydrogen atoms p@(2X2) unit cell saturates the
The chemisorbed atoms are 0.83886 A) above their first-  dangling bonds of the adsorption sites through the chemical
layer bonding partners, with a bond length of 1.86185 bond, and saturates the fourth dangling bond of the “lonely”
A). nitrogen atom through the excess charge resulting from the
The adsorption of a group-Ill atom at positions other thanchemisorption.
the H; site, such as th&, site or on top of surface atoms, Similar arguments hold for all of the other structures dis-
leads to significantly higher energies. Surface stoichiometriesussed in the previous subsections for the anion-and cation-
with anion excess, such as those formed by the adsorption ¢¢rminated surfaces of GaN and AIN. In each case, the dan-
nitrogen, can be excluded. This is clear from Fig. 5, whichgling bonds of surface anions are doubly occupied, while the
shows that the most favorable adsorption site for nitrogengangling bonds of surface cations are empty. In particular,
the T, position, is higher in energy by at least 5 eV com- autocompensation can also be achieved by hydrogen adsorp-
pared to all other structures. In contrast with thaX)lsur-  UOn on the cation-terminated surfaces. A coverage with
faces of IlI-V compounds like GaAs or GaSh, the adsorptionML Of hydrogen resuits in the formation of three hydrogen-

of anion trimers is found to be unfavorable on the (6p01 cation bonds(with a total of six electronsand one empty

surfaces of GaN and AIN. Because of their chemical natureCatlon dangling bond. The total energy of t%"ML adsorp-

) . tion geometry can be compared to a system that has free
nitrogen atoms do not have the tendency to form trimers 9 Y P Y

while the heavier group-V atoms As and Sb are known toammonla molecules above a surface composepi(2i< 2)

. . . . omains with cation vacancies and equal-g@xX2) re-
easily form trimers or clusters. Finally, we have conS|dere0d. qual-Sig )

additional surface reconstructions, such as the * uckeregIons with metal adatoms. The decomposition of ammonia
. ) ’ c P nd the subsequent adsorption of the hydrogen and nitrogen
hexagon” and tetramers which were suggested in Ref. 56 for

— ) atoms leads to a two-domain structure which contains re-
GaAs(111). All of these surface reconstructions are found togions with the-ML hydrogen coverage and areas wih

be higher in energy compared with the vacancy, the vacancy_ nitrogen coverage, respectively. The energy gain for this
complex, and the adsorption of group-lll atoms on the  process is 4.5 and 8.0 eV pp(2x 2) unit cell for GaN and
position. AIN. The bond lengths are 1.59 A for the hydrogen-gallium
bond, and 1.63 A for the hydrogen-aluminum bond.

Since the charge distribution in the dangling bonds of a
polar surface is sensitively dependent on the particular sur-

In the discussion of possible surface geometries, so fafflace geometry and the existence of adsorbed atoms, the pres-
only structures that contain exclusively group-lll atoms andence of hydrogen during epitaxy has an important influence

C. Surface structures in the presence of hydrogen
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FIG. 6. Electronic dispersion for the AIN(000I)(2x 2) va- r M K r

cancy structure appearing in the bulk band gap. Surface localized FIG. 8. Same as Fig. 6, but for the electronic dispersion of the

states are indicated by solid lines. The large shaded areas represerlllt\I 000T D(2X 2 |
the surface projected bulk band structure. The valence band ma>ﬁ ( ) P(2%2) vacancy complex.

mum is at 0 eV. . .
appear in the energy range of the bulk band gap. Figures 6—9

Ndisplay all states appearing in the gap. With the principle of
‘autocompensation in mind, we focus the discussion on sur-
erage of hydrogen guarantees complete autocompensatiéice States derived from dangling bonds. In contrast with
plane-wave local-density-apporximation calculations that un-

with anion dangling bonds doubly occupied and cation dand _ he band lculati ; h
gling bonds empty. Therefore, chemisorption of hydrogen erestimate the band gap, our calculation overestimates the

and nitrogen, followed by the decomposition of ammonia,M'éasured value of 6.3 elRef. 3 for the bulk band gap of
leads to stable surface structures which are significantIyo"N. by about 0.7 eV bgcause of the small number 9f atomic
lower in total energy for both kinds of termination comparedorb'tals used to describe the electronic wave functions.
with the hydrogen-free cases summarized in Figs. 4 and 5.

on the growth of the hexagonal surfaces of AIN and Ga
For both cation- and anion-terminated surfacesNL cov-

A. Cation-terminated surface

V. ELECTRONIC SURFACE STATES The most stable configurations obtained for the cation-
) i erminated AINO0OY) surface in the absence of hydrogen are
As illustrated by Figs. 4 _and 5, the hexagonal surfaces %he vacancy and adsorption of an aluminum atom onTthe
AIN and GaN are similar with respect to the energetic ordelgjrg jn metal-rich conditions. As seen from Fig. 1, the cre-
of the most important reconstructions. Moreov_er, the StruC%ion of one cation vacancy p@(2x2) unit cell leads to
tural details of the atomic relaxation are essentially the sam econd-layer nitrogen atoms with three broken bonds ori-
in each case. Because of this, the electronic surface states {9k toward the missing first-layer atom. In addition, each
a given recor!structlczjr) are §|mllarpf\|o'\rl tc\? two lcomprc])urzquof the three remaining surface atoms has one dangling bond
ere we restrict our discussion to AIN. We analyze the diss, he girection of the surface normal. The band structure
persion of the electronic surface states of the most Stablﬁisplayed in Fig. 6 exhibits three branch@sdicated by A)
reconstructions determined for the anion- and Catio”'according to tHe cation-derived dangling bonds of the

terminated000]) surface. All structures satisfy the principle AIN (0001 vacancy structure. In analogy to the results ob-

of autocompensation, which requires that the cation-derived . .
dangling bonds of a surface are empty, while the aniont@ined in Ref. 31 for the nonpolar (1Qp surface, these

derived dangling bonds are doubly occupied. Electronic surStates appear above the Fermi level slightly below the bulk

face states related to the dangling bonds and to the badg_onduction band. Also in agreement with Ref. 31, nitrogen-

bonds of first-layer atoms and atoms next to Vacanciegierived dangling-bond states are found below the Fermi en-
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FIG. 7. Same as Fig. 6, but for the electronic dispersion of the FIG. 9. Same as Fig. 6, but for the electronic dispersion of the
aluminumT,-adatom configuration in AIN(0001p(2Xx2). aluminumH ;-adatom configuration in AIN(00Q1p(2X2).
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ergy close to the valence-band edgalicated by N. In the  tional surface-localized states related to the open structure of
vacancy structure, the dangling bonds of the three neighbothe vacancy-complex model appears slightly below the bulk
ing nitrogen atoms point to the position of the missing atomconduction-band minimum.
and interact with each other. As a consequence, two nitrogen For a first-layer nitrogen vacancy, three cation dangling-
dangling-bond states are lifted by about 2 eV above théond states are present in an energy range similar to that
valence-band edge, while the third nitrogen dangling-bondndicated by(Al) in Fig. 8. These bands are related to the
state has an energy of about zero, with nearly no dispersiosecond-layer atoms which are next to the missing nitrogen
From Fig. 2, it can be seen that the adsorption of oneatoms. Compared to the vacancy complex, the dispersion of
aluminum atom pep(2X2) unit cell on aT, position leads these states is larger. The first-layer nitrogen dangling bonds
to three Al-Al bonds. In the electronic band structure dis-are found in the spectrum close to the valence-band maxi-
played in Fig. 7, three corresponding branclilebeled by mum.
bg are prominent in the bulk band gap below the Fermi The adsorption of an aluminum atom at a hollow site on
energy. Similar to the nitrogen dangling bonds of the va-the nitrogen-terminated surface leads to one nitrogen-derived
cancy, one lower-lying state with an energy of about 0.7 eVand one aluminum-derived dangling bond per surface unit
above the valence-band edge appears, together with tweell. The branch originating in the dangling bonds of the
nearly degenerate branches at about 3.2 eV. While the stagglsorbed aluminum aton{#\l in Fig. 9) has an energy of
at 0.7 eV is mainlys like about the adsorbed atom, the pair approximately 3 eV. This is about 2 eV lower than the en-
of nearly degenerate branches primarily corresponds to thergy of the corresponding state on the cation-terminated sur-
dangling bonds of the three surface atoms beneath the aface, reflecting the larger electronegativity of the nitrogen
sorbed aluminum. The two bands appearing in the gap dionding partners. The doubly occupied dangling-bond state
about 5 and 6 eV originate in the empty dangling bonds obf the nitrogen atom not involved in the adsorpti@ndi-
the adsorbed atom and the surface atoms that are not igated by N appears slightly above the projected bulk va-
volved in the chemisorption. lence bands. The nitrogen-aluminum bonding states are be-
In the -ML p(2x2) hydrogen adsorption system, four low the valence-band maximum and are not displayed in Fig.
flat branches appear in the bulk band gap. Three nearly dé-.
generate hydrogen-aluminum bonding states are prominent, In the case of hydrogen adsorption, no surface state is
with an energy of about 1 eV above the valence bands. Thprominent in the gap. The hydrogen-nitrogen bonds are sig-
dangling bonds of the uncovered aluminum atoms are emptyjificantly lower in energy than the valence-band edge. The
and appear in the form of a nearly dispersionless band atangling-bond state related to those surface atoms not
about 6 eV, similar to the corresponding state shown in Figbonded to hydrogen is close to the valence-band maximum.
7.

VI. CONCLUSION

B. Anion-terminated surface T . .
By means ofab initio tight-binding molecular-dynamics

For the nitrogen-terminated AIN(OODIsurface, the va- simulations, we have performed extensive calculations to de-
cancy, vacancy complefFig. 1), and adsorption of alumi- termine energetically stable structures for 8601 surfaces
num on theH; position are the lowest energy structures inof GaN and AIN. In the absence of hydrogen, the lowest-
the absence of hydrogen. Figure 1 illustrates that eacknergy configurations for the anion- and cation-terminated
second-layer aluminum atom in the vacancy complex isurfaces of both compounds are the vacancy complex and the
bonded in a planasp?-like configuration to one third-layer vacancy, as can be seen from Figs. 4 and 5. Only under
nitrogen atom directly underneath and to the pair of nearesnetal-rich growth conditions is the adsorption of a group-lIl|
nitrogen atoms in the top layer. Hence the dangling bonds oftom on theT, position on the cation-terminated surface
the three second-layer atoms €@ < 2) unit cell arep like  slightly more favorable than the vacancy. Compared to these
and oriented perpendicular to the plane of 81 orbitals  lowest-energy structures, the surface energies are 20.1 and
which form the bonds to the nearest-neighbor nitrogen at21.3 eV pemp(2x2) unit cell for GaN and AIN if both sides
oms. In the electronic dispersion of the nitrogen-vacancyf the crystal films are terminated by ideal surfaces. The
complex shown in Fig. 8, three branch@sdicated by A) large energy difference compared with the vacancy struc-
related to these dangling bonds occur above the Fermi levélires, and from all other geometries discussed in Sec. IV,
with an energy between 4 and 6 meV. Three more danglinglucidates the instability of the unreconstructed surfaces, and
bonds perp(2x2) unit cell are prominent in the vacancy clearly shows that the polarity of the hexagonal surfaces of
complex. Besides the first-layer atoms, every fourth thirdthese materials can be efficiently eliminated by a change of
layer atom has a broken bond oriented perpendicular to thetoichiometry in the topmost layers.
surface because of the formation of second-layer vacancies. All reconstruction geometries investigated for the the
While the dangling bonds of the first-layer atoms are loweranion- and cation-terminateD001) surfaces of wurtzite-
in energy compared to the valence-band edge, the brokgphase AIN and GaN obey the autocompensation principle.
bond of the third-layer nitrogen atom can be recognized inThis has been verified by a close inspection of the electronic
the electronic band structure by a nearly dispersionlesstates of the most stable geometries. Autocompensation re-
branch(labeled N in Fig. 8 at about 0.8 eV. The increase in quires the entire depopulation of the cation-derived dangling
energy reflects the larger Coulomb repulsion for the elecbonds, and a complete occupation of the broken bonds of the
trons occupying this dangling bond. These electrons aranions on the surface to guarantee a semiconducting behav-
closer to the charge density of the surface. A series of addior of the surfaces. This is achieved by the creation of new
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dangling bonds through the introduction of vacancies or theharge excess by chemisorption can be explained in the fol-
adsorption of group-1ll atoms, group-V atoms, or hydrogenlowing way: the three dangling bonds which are involved in
atoms, which reduce the number of dangling bonds. the chemisorption have to be occupied by a total of six elec-
The presence of hydrogen has an important influence otfons through the formation of the chemical bonds. While
the growth of the group-IIl nitrides. Our calculations show three electrons are provided by the adsorbed atom, a total of
that the adsorption of ML of hydrogen leads to stable less than three electrons comes from the four dangling bonds
p(2x2) configurations on the anion- as well as cation-iN the p(2x2) unit cell, because of the polarity of the ma-
terminated surfaces. Chemisorption of hydrogen and nitroterial. Hence an excess charge which is directly related to the

gen followed by the decomposition of ammonia results inPClarity is necessary to obtain complete occupation of the
surface structures which are significantly lower in total en-2onding orbitals between the substrate and the adsorbed

. : tom.
ergy compared to corresponding systems that combine h)?— . .
drogen free surfaces, whose energies are summarized in Fi sdm co'ntrastf to .the zmrc;—blegde corEpoun%s, for Vr\:h'Ch t'he
4 and 5, with free ammonia molecules in vacuum. In the cas sorption of trimers has been observed on the anion-

. 152 . .
of the anion-terminated surface, tieML hydrogen adsorp- ']Eermrl]nated fsurfac%;, Gtrll\le mgs;lslslable gﬁometrles obta:jnerc]j
tion system is lower in energy by 5.1 e8.4 e\) for GaN  [oF the surfaces of GaN an are the vacancy and the

(AIN) compared to a configuration that comprises thevacancy complex, respectively. The creation of a nitrogen

nitrogen-vacancy reconstruction and free ammonia molYacancy replgces anior_1—dang|ing bor_1ds by a larger number
ecules. This agrees with the time-of flight scattering and repf F:atlon-derlved dangllng bonds Wh'Ch. have to be empty.
coiling spectra recorded by Sunetal® who examined This guarantees a depletion of electronic charge and thus a

MOCVD-grown GaN, cleaned by Cyc|es of Sputtering andneutralization of the polarity of the (00OpXkurfaces of AIN
annealing in ultrahigh vacuum. The spectra always showe@nd GaN. Among all adsorption geometries, the chemisorp-
the presence of hydrogen when Shiﬂ@.X 1) LEED pat_ tion Of group-lll atoms on the hOIIOW Site haS the |OW€St
terns were resolved, indicating an atomically flat nitrogen-€nergy. However, the vacancy structures are more favorable.
terminated surface that is stabilized by the chemisorption of\n exception is the adsorption gfML of hydrogen, which
hydrogen. yields configurations on both the anion- and cation-
For all reconstruction geometries considered, we observierminated surfaces with significantly lower energies. For the
an excess of electronic charge in the outermost bilayer on th@dsorption on the nitrogen-terminated surface, more than five
cation-terminated surface, and a depletion of electroni@lectrons are provided by the anion-derived dangling bonds,
charge on the opposing anion-terminated side of the crystdgflecting the polarity of the material. Three electrons stem
films. The appearance and magnitude of such charge accffom the adsorbed hydrogen. Since only a total of eight elec-
mulation can be explained in terms of Harrison's electronirons can be incorporated into the three hydrogen-nitrogen
counting modef? taking into account the polarity of the Pbonds and into the remaining nitrogen dangling bond per
group-Ill nitrides. For bulk GaN, we obtain a charge transferP(2% 2) unit cell, charge depletion on the anion-terminated
of 0.45 electrons from gallium to nitrogen, as indicated byside is necessary.
the occupation numbers of the atomic orbitals employed in In summary, all stable surface structures considered here
our calculationgEq. (1)]. In the case of wurtzite-phase AIN, for the hexagonal surfaces of wurtzite-phase GaN and AIN
the computed charge transfer from aluminum to nitrogerfre characterized by two important principlés: autocom-
amounts to 0.56. If no further charge is transferred, an atomiPensation, andii) a related depletion or accumulation of
cally flat surface will result in an average gradient of the€lectronic charge. According to the principle of autocompen-
electrostatic potential that correspondsitof the charge in  sation, only the energetically more favorable anion-derived
the outermost layetalso compare Fig. 3 of Ref. #8To  dangling bonds are occupied, while the incorporation of elec-
compensate for the associated electric field, a charge of tHonic charge into cation-derived dangling bonds has to be
opposite sign and equal in magnitude has to be incorporatedoided. Whether complete autocompensation can be
into the surface. Analyzing the electronic charge of the vaachieved or not is dependent on the number of anion- and
cancy or adatom structures investigated in Sec. IV shows§ation-derived dangling bonds prominent in the respective
that these configurations are indeed characterized by the efeconstruction and on the number of electrons. The number
act amount of excess charge necessary to eliminate the ele@f electrons occupying the dangling bonds is influenced by
tric field arising from the surface polarity. The numbers arecharge depletion or accumulation in the surface region. For a
0.45 and 0.56 electrons pe(2x2) unit cell for GaN and complete compensation of polarization-related electric fields
AIN. in the slab, an excess charge equal to the cation-anion charge
Similar to the case for the Zinc-b|ende-c0mpoundtranSfer in the bulk is necessary [IE(QX 2) unit cell on the
ana|ogs4,9v50 the cation-terminated surfaces of GaN and AIN cation-terminated side. The same magnitude of Charge deple-
are stabilized by the formation of vacancies which introduceion is necessary on the anion-terminated surface.
three anion-derived dangling bonds replacing one of four After this work was completed, we became aware of two
cation-derived dangling bonds per unit cell. Accumulation ofother theoretical investigations for th@001) surfaces of
electronic charge is achieved by occupying the energeticallyvurtzite-phase AIN and GaN. In Ref. 57, total-energy differ-
favorable dangling bonds of the anions. In addition to va-€nces between various surface geometries considered for
cancy structures, adatom configurations are able to stabiliz&IN(0001) and AIN(000) were determined by means of
the cation-terminated surfaces of AIN and GaN. Especiallyplane-wave calculations. In Ref. 58, experimental results
under metal-rich growth conditions, the chemisorption offrom scanning-tunneling microscopy and reflection high-
group-lll atoms is favorable. The creation of electronicenergy electron diffraction, and theoretical results based on
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the plane-wave method, are summarized for @@01) and  with a dangling-bond state. For the catibt; adsorption

(0007) surfaces of GaN. The surface structures investigategonfiguration of the AINO00Y) surface[and similarly for

in Refs. 57 and 58 include the geometries considered in ou#aN(0001)], our computations give a nitrogen-derived
computations, as well as some other configurations givinglangling-bond state slightly above the projected bulk valence
metallic surface bands. Our surface energies agree with theands, in good agreement with the experimental findings.
findings of the plane-wave calculations. Only small differ-

ences occur for reconstruction geometries having nearly the
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