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Electronic structure of 1X1 GaN(0001) and GaN(0001) surfaces
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The electronic structure of clean and Ga- or N-coverzdl1GaN 0001 and GaN(OOE) surfaces is studied
using the local-density approximation of density-functional theory emplogimgnitio pseudopotentials to-
gether with Gaussian orbital basis sets. We use both standard and self-interaction- and relaxation-corrected
pseudopotentials. The latter allow for a most accurate description of the electronic structure of these surfaces.
Comparing the formation energies for the clean and adatom-covexddcbnfigurations, we determine opti-
mal surface structures for various growth conditions. For the (Ga0l) surface in the Ga-rich case, we find
a structural model consisting of Ga adatoms adsorbé€l, ipositions above the substrate surface to be most
favorable. In the N-rich case, the clean GA0DY) surface is the most stablexll configuration. For the
GaN(OO(fD surface, our results for both Ga- and N-rich growth conditions indicate that a full monolayer of Ga
adatoms adsorbed in on top positions is the most stable configuration. Our theoretical results allow for a
comparison of full calculations of the surface electronic structure for a number of optimized structural models
with most recent angle-resolved photoemission spectroscopy data.
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[. INTRODUCTION et al® and Ahnetal® concluded from their time-of-flight
scattering and recoiling spectrometry and LEED studies that

Group-lll nitrides have very promising potential for short- poth GaN0001) and GaN(000} surfaces are neither recon-
wavelength light-emitting diode’s semiconductor lasefS,  gtrycted nor relaxed. Nevertheless, a small amount of re-
and optical detector5in view of these exciting challenges gjqual ¢ and O atoms seems to be responsible for the stabi-
they are qurrgntly_under intensive theoretical anq EXPerMeny;zation of the ideal(0001) surfaces in these experiments,
tal investigations *® A fundamental understanding of the —
electronic structure of group-lil nitrides is required if they While the observed (%1)-(000) structure tumns out to be
are to achieve their full technological potential. To this end,induced by adsorbed H atoms. Smith and co-workers studied
understanding the electronic properties of clean andhe reconstruction of Gal001) and GaN(000} surfaces by
adsorbate-covered surfaces is of particular importance, sincgganning tunneling microscop§STM) and first-principles
it is the first step in understanding fundamental issues theory?'e They found that on the GaN(OaplsurfaCe a
contact formation, chemical reactivity, growth processes, anghonolayer of Ga bonded to the topmost N-terminated GaN
structural stability. GaN is a highly ionic wide-band-gap yjayer is the most stablext1 structure. On Gaf0003), two
semiconductor due_ to the cationic and anionic characters qf; ihree additional monolayers of Ga bonded to the topmost
G,a an.d N, respectively, on F_he one h?nd, andAto the SWONg 5_terminated bilayer form a pseudo>1) structure. Both
d|szar|ty of the covalent radii of Gar§?=1.25 A) and N of these surfaces were found to be metdlic.

(r¢=0.70 A), on the other hand. The usual growth direc- " The electronic structureof hexagonal X 1 GaN surfaces
tion of hexagonal GaN crystals is along {f01] or[0001]  was addressed more recently in experiment by angle-
axes, where cation and anion layers alternate. The respectivesolved photoemission spectroscofARPES. Dhesi
polar surfaces show a variety of reconstructions. Fort all®investigated the bulk electronic structure of thin-film
GaN000), 1X1, 2X2, 4X4, 5X5, and 6x4 surface unit  wurtzite GaN grown by molecular beam epitaxy. In addition
cells have been reported, while for GaN(o_@(]:lx 1, 3x3, to the bulk bands, the authors observed a dispersionless
and 6x6 reconstruction patterns have been obserfeld. surface-state band near the valence-band maxifuWsm),

The structure of some of the more complex reconstructiongs well. More recently, Chaet al** reported a more com-
was previously addressed by first-principles calculationsplete account on the electronic structure of hexagonal GaN
concentrating, in particular, on GaN(0001)x2) 1X1 surfaces using synchrotron-radiation-excited ARPES.
structures®® Interestingly enough, the apparently most In the latter case, the samples were grown by metal-organic
simple 1x 1 surface turns out to be particularly intriguing, chemical-vapor depositiofMOCVD). ARPES does not pro-
since it is not fully understood as yet. vide unambiguous direct information on the termination or

The atomic structureof hexagonal X1 GaN surfaces polarity of thin-film sample surfaces. The authors of Ref. 11
was addressed in a number of investigations. Shax 1 thus used the label G48001, synonymous for both the
patterns were observed in various low-energy electron{0001 and (000} surfaces, since they could not differenti-
diffraction (LEED) and reflection high-energy electron- ate between the two. Chaet all! observed two distinct
diffraction (RHEED) studies>!! However, the surface polar- surface-state bands. The identification of the respective sur-
ity, as well as its correlation to the surface structure, were notace states was confirmed by the photon-energy indepen-
well established in some of these investigatibh. Sung  dence of their dispersion, as well as their sensitivity to hy-
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drogen adsorption. One band, near the VBM, was found t@onstants of 0.21, 0.84, and 3.60 have been used for the N
be weakly dispersive and very sensitive to hydrogen adsorpatoms. All constants are given in atomic units. Supercells
tion, suggesting it is a dangling-bond bartdrhe other ob- including eight atomic layers, i.e., four GaN bilayers, and
served band displays a strong dispersion throughout the twabout 10 A of vacuum region are employed. The lowest two
dimensional surface Brillouin zon&B2), and was found to  bilayers are fixed in the bulk configuration with experimental
depend strongly on the quality of the structure of the1l  lattice constantsa=3.19 A andc=1.63 A. For calcula-
surface, as monitored by LEED. For an analysis of the oritions of the GaN000l surfaces, pseudohydrogen atoms
gins of these surface states, respective electronic structumith a charge of 0.7% passivate the N-terminated face at the

calculations are needed. Since these were not available at thgttom of the slabs, while for the study of GaN(0QGsur-
time, Chaoet al. used the linearly polarized nature of the faces, pseudo hydrogen atoms with a charge ofel 2fsi-
synchrotron radiation to obtain at least some information oR,ate the Ga-terminated bottom fac@<or each of the satu-
the symmetry and the wave-function character of the surfacgating H atoms we have used ten Gaussian orbitals with a
states involved. They found that both surface-state bands agfcay constant of 0.35 in the expansion of the wave function.
comprised of states of even symmetry with respect to they|| computations are performed with a well converged set of
surface-perpendicular mirror plane containing {He210] 12k points in the X1 SBZ. The optimal surface relaxation
direction, and which have stronmg character. In view of this is determined by calculating the forces.

intriguing situation, as far as experimental data on the hex- In order to compare the energies of different systems hav-
agonal Ix 1 GaN surfaces is concerned, it seems particularlyng a varying number of atoms, we use the formation energy
interesting and useful to find out which surface electronicof the surface defined as

structure of which surface atomic structure compares best

with experiment and allows for a convincing interpretation Eform=Ead~ Eclean~ ANgatca™ ANnan @

of the data. If this goal can be achieved, at the same time {jhereE,, andE,.,, are the total energies of the adsorbate-
would allow for some conjectures concerning the actual surggyered and clean surfaces, respectively, (Ansg) and
face structure under investigation in experiment. un (Any) are the chemical potential&ifferences in the
Trying to resolve the issues raised above, at least to COflyymper of atoms per unit cglof Ga and N. If a system
tribute to a better understanding of the origins of the electonsisting of a GaN crystal and Ga and N atoms in the gas

tronic surface states seen in gxperim’@ﬂﬁwe present and  phase is in thermodynamic equilibrium, the following rela-
discuss the results of oab initio calculations of the atomic  tjon holds:

and electronic structures of various conceivab¥11 struc-

tural models for hexagonal GaN surfaces. In these cglcula— MGat MN=#%‘Q,‘§. 2
tions, we have employed both standard pseudopotentials, as bulk - ) )

well as our self-interaction- and relaxation-corrected Here ug,y is the chemical potential of bulk GaN. Intro-

pseudopotentials. The latter overcome the well known ducing the heat of formatioAH of bbUI||f< GaN, the chemical
u

local-density-approximatioilLDA) gap problem to a large potential of Ga in its bulk phasgg, and the chemical
extent. potential of an N molecule,uNz, we obtain

In Sec. I, the calculational method is briefly outlined. In
Sec. I, we discuss our results for clean as well as Ga- or Mt(’;”a','ﬁ= Mt(’;”a'k+ MNZ—AHf- (3

N-covered surfaces, as obtained by standard pseudopotential

calculations. The grandcanonical potential or formation en- The relative stabilities of possiblexi1 structures for both
ergy for the different models is compared in this section, andhe (0002 and (000) polarities are determined within the
an assessment of the most stable configurations is made. fhermodynamically allowed range of the Ga chemical poten-
Sec. IV, we address the improvements introduced in the cabial: u29% — AH (< ug,<u24¥. Our calculation of the heat
culated band structures by employing self-interaction- angf formation AH; of GaN yields a value oAH;=1.15 eV
relaxation-corrected pseudopotenti@BIRC-PP’$. In Sec.  in agreement with the experimental value of 1.15%V.

V, we compare our results with experimental ARPES data. A

short summary concludes the paper in Sec. VI. Ill. RESULTS

A. Clean and Ga- or N-covered GaN0001) surfaces

Il. THEORY . . .
According to conventional notation, the clean G&oD1)

Our calculations are carried out within the LDA of surface ends with a GaN bilayer which is Ga terminated.
density-functional theoryDFT) using the Ceperley-Alder Side and top views of this surface are shown in Figs) 1
exchange-correlation potenti&lin our standard pseudopo- and Xc). The structure parametets, andd,; characterizing
tential calculations, we apply soft pseudopotentials ofthe clean relaxedX 1 surface are introduced in the figure as
Troullier-Martins type'® and expand the wave functions in well. In addition, most likely adsorption sites for Ga or N
terms of Gaussian orbitals with,p,d, and s* symmetry. adatoms in a single adlayer are indicated in the top view of
Thed electrons of Ga are fully retained in the valence elecFig. 1(c). We have considered single adlayers of Ga or N
tron shell. In our basis set we have used 40 Gaussian orbitalgoms adsorbed in on tof,, or H; positions. Adatoms in
per Ga atom and 30 orbitals per N atom. The decay constants top positions reside directly above the Ga atoms of the
for Ga atoms are 0.21, 0.72, 2.27, and 8.02, while decafirst GaN 0001 substrate layer. Adatoms iR, positions re-
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FIG. 1. Side view ofa) the ideal GaND001) surface andb) the
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TABLE I. Structural parameters of surface relaxations. The dis-
tances between adsorbed and top layers, the first and second layers,
and the second and third layers are labelgd, di», andd,s,
respectively, and are given in A. The normal distances between
respective layers in bulk GaN adg,=0.65 A andd);=1.94 A.

System dag di, d2s
clean GaN0001) 0.72 2.01
Ga(T,):GaN(0001) 197 065 1.92
clean GaN(000) 0.37 2.01
Ga(on top):GaN(0001 2.06 0.68 1.95

under N-rich growth conditions, while a Ga adlayerTp
positions is most favorable under Ga-rich growth conditions.
This result is in good agreement with earlier theoretical
results>?? On the other hand, a monolayer of N adatoms
adsorbed on the GaMN001) surface is very unfavorable in

ideal GaN(000}. surface. Bonds lying in the drawing plane or par- the whole range of the Ga chemical potential and for all three
allel to it are shown as full lines while those forming an angle with adsorption sites considered. When the comparatively small N

the drawing plane are shown by dashed lines. Top Wigvof the
GaN00021) and (d) of the GaN(000} surface in which the X1

adatoms (’C\'=O.7O A) are adsorbed in on top positions,
e.g., they have three unsaturated and almost noninteracting

unit cell is indicated by heavy dotted lines. The shaded circles indangling bonds which are filled by only 3.75 electrons in

dicate the three different adsorption positions on p,andH; in

total. Such a configuration is energetically very unfavorable

each case. In the top views, the adatoms are shown by the largess compared to Nmolecules in the gas phase.

and the second layer atoms by the smallest circles.

The calculated vertical distances between the first layers
of the two energetically most favorable structures in the al-

side above the N atoms of the second substrate layer. Finalljowed range ofug, are given in Table I. At the clean Ga-
adatoms irH 3 positions are located in hollow sites above theterminated GakD001) surface, the topmost GaN bilayer
substrate surface. moves almost rigidly outward by roughly 0.07 A with re-
The calculated formation energies for seven configuraspect to its ideal bulk position. In the case of the Ga adlayer
tions, i.e., for the clean, Ga-covered or N-coveredadsorbed irfl, positions above the Ga-terminated substrate,
GaN0001) surfaces, are shown in Fig. 2. The figure reveals nondirectional metallic bonds are established between atoms
that for all allowed values of the Ga chemical potential ain the two topmost Ga layers. The vertical distance between
monolayer of Ga adatoms adsorbed on the surface in on toghe Ga adlayer and the Ga substrate surface layet, s
Hs, or T, positions, respectively, has very similar formation =1.97 A. This value translates into a bond length of
energies(within 0.03 eV per X1 unit cel). In particular, 2,70 A between the atoms of the two Ga top layers which is
we find that the relaxed clean G&00)) surface is favored very close to the Ga-Ga bond length of 2.71 A in bulk Ga.
We have calculated the surface electronic structure of the

45 ' ' ' T clean GaN0002) surface and for all adsorption models de-
4.01 N(on top)_--="" - scribed above. For the sake of brevity, we restrict ourselves
35t ,__—"" _,,—"" _ to a discussion of the surface band structure of the two en-
30 [~ e . N(_H}’_)_ e ] ergetically most favorable structures. Figuri@3hows the
-~ Tt LDA surface band structure of the relaxed clean G101
= °OL -7 N(Ts) 1 surface as calculated using standaldinitio pseudopoten-
2 2o0f ] tials (cf. Sec. I). The vertically shaded areas represent the
é 15} . projected band structut®BS of hexagonal bulk GaN. The
= ok o ; i PBS has a direct gap of 1.43 eV at theoint of the SBZ. It
o5l \ op) | is considerably smaller than the experimental gap of 3.5 eV
' e me— due to well-known shortcomings of DFT-LDA. Most salient,
82 s Py iy the surface band structure shows a Ga-derived dangling-bond

band Og,) in the projected fundamental gap. This band is
partially occupied by 3/4 of an electron, giving rise to a
metallic clean surface and pinning the intrinsic Fermi level.
FIG. 2. Comparison of formation energi@slative to that of the ~ 1he considerable dispersion of 1.61 eV of this band results
relaxed clean surfagdor six different structural modelésee the  from a significant overlap of the dangling-bond wave func-
text) of the GaN0001) surface as a function of the chemical poten- tions of neighboring Ga atoms in the surface layer. For the
tial ug, for the allowed range. Ga monolayer adsorbed inT, positions above the

-12-1.0-0.8 -0.6 -0.4 —0.2 —0.0
How—Hen" (V)
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FIG. 4. Comparison of formation energigslative to that of the
relaxed clean surfagéor three different structural mode(see text
of the GaN(000} surface as a function of the chemical potential
Maa for the allowed range.
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[
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i il
H the clean GaN(O(ﬁlsurface(see below. Therefore, we re-

Energy (eV)

(© HHM ‘ strict ourselves to a discussion of the clean and Ga-covered

M r K M GaN(000) surfaces.

The formation energies resulting from our calculations for
the remaining four different models are given in Fig. 4. It is
found that a monolayer of Ga atoms adsorbed in on top

ositions is the most stable configuration under both Ga- and
-rich conditions. This result is in good agreement with the
findings of other calculations of the surface atomic
structur@?? and experimental results.
GaN(000)) surface, which we label in the following as  The calculated structural relaxation parameters of this
Ga(T4):GaN(0001), there are three Ga-derived bands in theonfiguration are also given in Table | together with those of
projected gadFig. 3b)]. The energetically lowest one of the relaxed clean surface. At the clean surface, a consider-
them (Dg,) is derived from Ga dangling bonds at the able nonrigid surface relaxation of the topmost bilayer is
Ga(T,) adatoms. The character of the surface-state wav@ptained. In the case of the Ga-covered GaN(Q0girface,
functions forming this band is mostly Gaandp, like. Con-  strong directional Ga-N bonds are established when the Ga
trary to theD g, band at the clean surface, this band is com-adatoms are adsorbed in on top positions. In this case the
pletely occupied. The additional adatom-induced bakls resulting interlayer distancek, andd,; are very close to the
andB are partially occupied. They originate from states be-respective bulk distancdsee Table)l
tween the two Ga layer@d) or from bridge state&B) within To shed some more light on the physical properties of the
the Ga adlayer, respectively. Their strong dispersion origioptimized adsorption system, in Fig. 5 we show the elec-
nates from strong Ga-Ga interactions in the Ga double layeironic charge-density differencalistribution induced by
on top of this systeri® Galon top adsorption. Obviously, the electronic charge den-
sity increases near the N atoms and decreases near the Ga
- adatoms, so that they become more anionic or cationic, re-
B. Clean and Ga- or N-covered GaN0001) surfaces spectively. In addition, there is a significant increase in the
electronic charge density between the Ga adatoms in the sur-
surfaces has been studied in the ARPES experint8htsye face plane to be noted indicating the formation of metallic
have also investigated several structural models of thgOnds between neighboring Ga adatoms. So there is a two-
dimensional metallic Ga layer on top of the N-terminated

GaN(000) surface. Side and top views of this surface areGaN(OOO]) surface. Figure 5 also reveals that the changes in

given in Figs. 1b) and 1d). Also, in this case we have
considered the clean surface as well as Ga or N adlayers me charge density show a considerable spatial extent into the
Substrate.

on top, T,4, or Hg positions. These adsorption sites are indi-S _
cated in Fig. 1d) as well. Reactions of the clean surface with ~ The calculated band structure of the clean GaN(Q001
N adatoms lead to an abstraction of N surface atoms bgurface and of the energetically most favorabledatop

formation of N, molecules due to the very strong N-N mo- configuration are shown in Fig. 6. At the clean GaN(ODOl
lecular bond of 9.8 eV! After N abstraction, the resulting surface[Fig. 6], there is one N-derived dangling-bond
surface structure corresponds to the case of Ga adsorption mand ©y) in the fundamental gap. This band is partially

FIG. 3. Surface band structures @& the relaxed clean
GaN000Y) surface(top panel and(b) the Ga(l ,):GaN(0001) sur-
face (bottom panel The projected bulk band structure is shown by
vertically dashed lines. The labels of the bands are introduced in th
main text.

Since it is not clear which one of the hexagonal GaN
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FIG. 7. Electronic charge density contours of the dangling bond
D¢, (left pane) and the bridge bonB; (right pane) states at th&

i} @ @ point of the surface Brillouin zone of the Ga(on top):GaN(BDOl

FIG. 5. Contours of the electronic charge density difference ofsurface. The contours are presented inxtEeplane[see Fig. 1d)].

the Ga(on top):GaN(00Q1surface obtained by subtracting the . .
( P) (009 y g atoms in the surface layer is very weak. In the(@atop

charge density of free Ga adatoms and of the clean GaI\TOOOOl . . .
surface from that of the adsorbate system. The contours are pré:_onflguratlon, there are three Ga adatom-derived bands

sented in the-z plane[see Fig. 1d)]. Solid (dashedllines represent within the prpj_ected fundamental bgnd gefg. 6b)]. The
an increasédecreaseof charge density. D¢, band originates from the dangling bonds at the Ga ada-
toms and from th&l atoms at the substrate surface layer. The

dispersion of this band of about 1.19 eV results from a con-

occupied by 5/4 electrons. Therefore, this surface is metallicSiderable overlan between neiahboring danaling-bond wave
and theDy band pins the Fermi level. The dispersion of the P 9 9 ging

Dy, band is very small, since the interaction between the Verfunction_s of the relatively Iarge_Ga cations. Additional strqng
Iogalized danaling b ’ d th d- t-neiahb ﬁteraptmns between neighboring Ga adatom wave func_nons
gling bonds on the second-nearest-neighbor

give rise to the bandB,; andB,, whose corresponding dis-
persions are very large. These two latter bands behave very
much like backfolded parabolic free-electron bands, under-
lining their metallic character anew. The babg , is fully
occupied, while the banB, is only occupied to a very small
extent. The ban®, is completely empty. Thus this surface
N is metallic, as well.
|H ”m | The wave-function character of the sta_ltes giving rise to
‘ WHH h” ” these surface bands becomes most obvious in the energy-
WH HH andk-vector-resolved charge densities shown in Fig. 7. The
“ I left panel shows th® g, dangling-bond state whose charge
density exhibits strong contributions at the Ga adatoms and
M r K M at the N atoms in the topmost substrate layer. Bhestate,
conversely, is fully localized at the adlayer, and consists of

j H\I\HIHIH\IHIHH\\m Hh | | ‘ Gapy andp, contributions(see the right panel of Fig.).7
iy
2 By IV. RESULTS OF SIRC-PP CALCULATIONS

A

Energy (eV)

Energy (eV)

0
\
,2
N

||\HIH|H | | ||m|u}I\I\I\I\l\unmﬁ%a ‘ Before cpmparing_ our results fo_r the surface electro_nic

H‘”I"H M ] m” HHHIIHHHHWH” (I structure with experimental data, it seems useful to first

WHHH ||H|HHH HH ”UHW"UW HH “\ briefly address the accuracy of the above LDA calculations.

HHH‘ ‘ ‘ ”HHH It is well known that standard DFT-LDA calculations fail to

_g H\N\W' Hl\I\HI\I\I\I\II\|\H|\|H|”H\|MNH correctly describe excited states in general, and band gaps of

—s® semiconductors and insulators in particular. This is partially

M r K M due to unphysical self-interactions contained in any standard

FIG. 6. Surface band structures ¢ the relaxed clean LDA calculation, and due to the neglect of electronic relax-
GaN(000)) surface  (top panel and (b) the ation. SIRC-PP’s(Refs. 24 and 26have been shown to
Ga(on top):GaN(0001 surface (bottom panel The projected oOvercome these obstacles for group-Ill nitrides and group-
bulk band structure is shown by vertically dashed lines. I-VI compounds to a large extehf:*® To overcome these
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6 The occupation of th® band at the clean N-terminated
4 surface and of th®, band at the Ga(on top):GaN(0001
= 2 surface, as calculated with standard pseudopotentials, do not
2 change when SIRC pseudopotentials are employed. The
., O . band Oy) at the VBM has a very small dispersion and only
%’D -2 |H‘ 'Wn””w"W“WHHIHI\IH\I\H i 3/4 electrons per % 1 unit cell are missing to fully occupy
g 4 “|| W‘“”“"HHM HHH“H‘” the band. There is a large gap of roughly 3.64 eV above this
B ”””" “ “HHH“H\"" l ”"H”H band. For the Ga(on top):GaN(000Xurface, theDg,
6 ’ ' WN band is fully occupied and th&; band is only partially filled
’8M T K M with electrons, so that this system remains metallic as well.
In this latter case, the bulk gap is completely closed by Ga
6 l\||||\|“HH““HH‘H|\H||H|l adatom-induced surface-state bands. The topology of the up-
4 W\" per part of the resulting band structure is close to that of
’ B ordinary sp-like metals. Therefore, the screening and trans-
% 2 \ port properties of the Ga adlayer system are drastically dif-
~ 5 Dyg ferent from those of the clean surface. This kind of metallic
% [ |||’|||||H|||| |\||H\!H}I\I\I\I\l\luumm behavior is in accord with the results of scanning tunneling
: M H“H‘ b WH“ “H“”””H””“ iy ||||||W“H spectroscopy experimerfté very strong dependence of the
S 4l H”H il | H‘W\M ”“”“ | tunneling current on the nature of the STM probe tip in these
‘"l‘"‘"”|||”||H||\||||\|\HH”|\||H|”|N”"” HH""“IHI\IH\HI\I h|\|||\|||“ measurements did not allow for a more detailed experimental
-6 ”H . \NIWHI investigation of the electronic properties in those stuflies.
_8M ®) T M We have also calculated the surface band structures of the

clean GaNO000Y) surface and the Ga():GaN(0001) adsor-

FIG. 8. Surface band structures @& the relaxed clean bate system using SIRC pseudopotentials. The resulting
GaN(000)  surface (top panel and (b the changes with respect to the standard LDA band structures

Ga(on top):GaN(000Lsurface(bottom panel resulting from our ~ 91VeN in Fig. 3 show largely the same global behavior as
calculations using SIRC pseudopotentials. The projected bulk banthose discussed above for the<1 GaN(000} systems.
structure is shown by vertically dashed lines. Note the significanilTherefore, we also refrain from showing these band struc-
increase of the projected gépy 2.39 eV, from 1.43 to0 3.82 eyas  tures.

compared to Figs. 3 and 6.

problems in the present case, we have used SIRC pseudopo- V. COMPARISON WITH EXPERIMENT
tentials to calculate the electronic properties of the GaN sur- |, sec. | we mentioned that Chab al 1t recently carried

face systems studied in this work. For the sake of brevity, inyt synchrotron radiation excited ARPES measurements of
Fig. 8 we only show results for the clean GaN(Op@Lrface  hexagonal MOCVD-grown GaN surfaces which show very
and the Ga(on top):GaN(00phdsorbate systerfsee Fig. Sharp X1 LEED patterns. Two dominant features have
6, for comparisop) respectively. The global topology of the been detected in the recorded spectra throughout the whole
band structures in Figs. 6 and 8, respectively, is similarSurface Brillouin zone, and have been shown by approriate
However, the bulk band gap opens up from 1.43 to 3.92 eVn€ans to be surface derived. The upper band near the VBM
when SIRC pseudopotentials are used. The position and di§xniPits only a very weak dispersion, while the lower band
persion of the N-derived dangling-bond bang at the clean shows a strong dispersion froBy gy at the zone center to-

— _ ward the bottom of the valence bands at Kagoint. Since
GaN(000) surface remains largely unchangecbmpare  cpaget alt could not unambigously identify the termina-

Figs. Ga) and 8a)]. This is due to the fact that this band is tjon or polarity of their samples, we have compared the ex-
basically derived from N bulk valence states which hardlyperimental ARPES data of Ref. 11 with all of our results for
change when we employ SIRC pseudopotentials. The widtihe electronic structure of the models studied in this work. In
of the Ga-derived dangling-bond ban®g, of the Fig. 9 we show the data of Chast al'* by open squares.
Ga(on top):GaN(000Lsystem increased by 0.76 eV in Fig. The comparison of the data with all of our theoretical results
8(b), as compared to Fig.(B). Interestingly enough, the dis- revealed that there is no way to reconcile the ARPES data
persion of theB; band and theéB, band for energies larger With the electronic structure of the clean G@anol or the
than 1 eV is not changed by the SIRC pseudopotentials. Onigptimal Ga{l,):GaN(0001) surfacé€Fig. 3). The same holds
their absolute energy position is shifted up by 0.87 (€¥/ or our results of respective SIRC calculations for these two
the bottom ofB,). This confirms again that these bands areSurface structures. Also the * SIRC-PP band structure for the
free-electron-like metallic Ga bands. They are basicallyoptimal Ga(on top):GaN(00Q1surfacelFig. 8b)] does not
shifted upward rigidly, since the energy difference betweerillow for any convincing interpretation of the data. Interest-
the Ga and N atomic term values increases by going froningly enough, only the surface band structure of the clean
standard to SIRC pseudopotentiss. N-terminated GaN(000%(1x1) surface[Fig. 8a)] is in
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o)
4

experiment! There is encouraging agreement between a
considerable part of the calculated surface band structure of

the clean GaN(OOT)lsurface and experiment. Even the ex-
perimentally detected symmetry of the observed surface
states is confirmed by the calculations. Obviously, the inves-

| ’ ”HI\ | tigated sample surface was not a Ga(on top):GaN(pP001
\Iw HHHH ‘”MHH‘ \HHH" structure, which is favored by our structure optimization cal-

\I|‘ \‘ et The deviafi 5 " q :

| “m i culations. The deviations between theory and experiment

s i might be related to the existence of domains, facets, or de-
-8 fects near the surfac&?® or to order-disorder transitioriS.

M r K M Additional experimental investigations on well-defined,
ell-ordered, and defect-free single-crystal surfaces would
e most useful to clarify these points.

il i

Energy (eV)

2
-4

FIG. 9. Comparison between the calculated SIRC band structur

of the clean relaxed GaN(00Pkurface[cf. Fig. 8a)] with experi-
mental ARPES datéopen squargdrom Ref. 11. Bands from thiel

point to thel” point originating from everjodd) states with respect VI. SUMMARY

to the mirror plane of the surface are shown by fdlbtted lines.

The bands fronT" overK to M (full lines) do not have a definite We have calculated formation energies and band struc-
symmetry with respect to the mirror plageee Ref. 2). tures of conceivable clean and Ga or N covered 11

GaN0001) and GaN(000} surface configurations. In the
reasonable accord with the measured data. We have supgfase of the GaN(0001)-(¢d1) surface, a monolayer of Ga
imposed the results of our SIRC pseudopotential calculatioBdsorbed irT, sites is the most stable structure under Ga-
from Fig. &@a) onto the measured two-dimensional bafidls  rich conditions, while the relaxed clean Ga-terminated sur-
Fig. 9. The dispersion of the N-derived dangling bond bandace is the most stable structure under N-rich conditions. In
Dy nicely agrees with the flat measured band albhg” and o 456 of the GaN(00P4(1x 1) surface, a full monolayer
fromI' to I'K/2. Near theK point, there are larger deviations ¢ 55 adsorbed in on top positions is the most stable con-

between theory and experi.ment. A_‘t this _point, the MEaSUr€qqration throughout the allowed range of the Ga chemical
ments show two structures: one with a slightly larger d'Sper'potentiaI. The surface band structures of the clean

sion than in the theoretical results, and a second band with 8 — .
; : ‘ ; aN(0001) and GaN(000} surfaces show one salient Ga- or
remarkably stronger dispersion of some 2 eV. There is n?\l-derived dangling bond band in the gap energy region, re-

surface-state bandn the theoretical results for the clean .

— . i spectively. The surface band structures for the adlayer con-
GaN(000) surface corresponding to this feature. The calCusjgrations are dominated by metallic, highly dispersive Ga
lated N-derived resonandgy agrees well with the experi- jqq,ced bands in the projected fundamental bulk band gap.
mental data in the energy region from 0 to —3 eV. For largefrhis holds for the results of our calculations using standard
binding energie&<—3 eV, however, the measured disper-| pa pseudopotentials, as well as, for the results of our cal-
sion is larger than the' calculated one. In the energy regiogyjations employing SIRC pseudopotentials. Scanning
below—-3 eV andk region betweerM andI'M/2, we find  ynneling spectroscopy experiments support metallic
only a pronounced supercell bafice., bulklike) which does  ¢,rfaces. Our results for the clean Ganny, the clean

not have a very strong surface character. — .
In the interpretation of their results, Chao al!! identi- GaN(000), as well as, the Gdf):GaN(0001) and

fied the symmetry of the observed surface states with respe&a(0n top):GaN(000L surfaces are in general agreement
to the mirror plane of the surface system, which contains th&ith this finding. They are all metallic. The results of recent
[TZTO] direction?” In their experimental setup they could angle-resolved photoemission measurements cannot be inter-

only detect even states with respect to the mirror plane. Thgreted in terms of the surface band structures of the dis-
. ; cussed Ga adsorbate systems. Instead, only the surface band
k vectors corresponding to the mirror plane are along the

M-T direction. We can unambiguously resolve our surfacedtructure of the clean N-terminated GaN(0pGLirface is in
bands with respect to even or odd symmetry frbhto ', f@vorable agreement with experiment.
Accordingly, we have plotted bands of even symmetry by
full lines and bands of odd symmetry by dotted lines frbm
to M in Fig. 9. The figure reveals that the two bands detected
in experiment are comprised of even surface states, while We acknowledge financial support of the Deutsche Fors-
bands originating from states with odd symmetry have nothungsgemeinschafBonn, Germany under Contract No.
been observed. Along tHé-K andK-M lines, the states are Po 215/12-2 and a grant of Cray computer time at the John
superpositions of contributions with even and oddvon Neumann-Institute for Computin@NIC) of the Fors-
symmetries chungszentrum “Jigh (Germany under contract No.
From our comparison we conclude that a clear signatur710000. In addition, we would like to acknowledge Guido
of N-derived dangling-bond states was observed irHirsch for his contributions to this work.
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