RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 55, NUMBER 24 15 JUNE 1997-II

Theoretical study of nonpolar surfaces of aluminum nitride: Zinc blende (110
and wurtzite (1010)
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All-electron density-functional calculations are performed to study atomic structure and electronic properties
of the nonpolar surfaces, namely zinc blerfd&0 and wurtzite (1@) of AIN. Both surfaces are modeled
using a two-dimensional periodic slab allowing the relaxation of the first two surface layers in the calculations.
The results predict a small layer rotation angle accompanied by a contraction of Al-N bond length for both
surfaces. These results do not follow the well-acceptdtion-relaxation modethat predicts large layer
rotation angles {28°) with no change in the bond length for most of the-V semiconductor surfaces.
Analysis of the relaxed configurations of the AIN surfaces in terms of atomic geometry, density of states, and
charge density plots shows a presence of partial double-bond character in the surface Al-N bond. A similarity
of these results with an earlier study on GaN nonpolar surfacés Jaffe, R. Pandey, and P. Zapol, Phys. Rev.

B 53, R4209(1996)] led us to suggest theontraction-relaxation modelvhere the relaxation proceeds via
strengthening of the surface bond. The primary driving force of such a type of relaxation appears to be the
ability of nitrogen to form a double bond that facilitates redistribution of the charge density associated with
anion dangling bond to the surface bon80163-182@7)52224-7

Aluminum nitride is regarded as a wide band-gap semi<ulations using Perdew-Zunger parametrizafionf the
conductor and is commonly used as a substrate for thin-filnCeperley-Alder resultd for exchange and correlation func-
devices due to its high thermal conductivity and small ther+jonal in the local-density approximation. We employ a pe-
mal expansion coefficient. At ambient conditions, AIN crys- riadic approach for the calculations where the Bloch func-

tallizes in the wurtzite phase although thin films of zinc-yjonq are constructed as linear combinations of atom-centered
blende polytype were grown as well. For the bulk phase o

AN, recent theoretical calculations based on the aussian orbitals. This method is implemented in the pro-

Hartree-Fock? and density-functional methoti$ have ob-  9ram pa%kgge CRYSTAL and is described in detail
tained a very good description of its structural and electronic'sewhere™*For integration in the reciprocal space, a grid
properties. However, such a detailed description of its surof 24 k points in the irreducible two-dimensional Brillouin
face properties is lacking. Previous theoretical stifdfesn Zone14is used employing the method of Monkhorst and
AIN have considered thél10 zinc blende and (10Q) and Pack. |mp|ementatlon of this meth-Odu'ﬂethSTAL pro-

(11 20) wurtzite surfaces yielding a totally different surface gram has been descr_|bed by_ Pisanal. .

relaxations for these nonpolar surfaces. For the zinc-blende ~OF Al the Gaussian basis set consists of four shells of
(110 surface, a surface layer rotation angle of about 21° wa§ YPe: three shells ob type and two shells ofl-type func-
obtained in contrast to a negative rotation angle of about!OnS Whereas the basis set for N consists of four shells of
2.5° for the (1@) wurtzite surfacé.Based on the knowl- s type and three shells g8 functions.” These basis sets

edge of physics and chemistry of tetrahedrally coordinate eprod_uce bqu.propemes of .AlN very well and include po-
compounds occurring in both wurtzite and zinc-blendel@rization functions for aluminum as suggested by earlier

. : lectronic structure calculatioh®to provide an adequate
phases, one should not expect such a large difference in r(F(;epresentation of the covalent bonding in the AIN lattice.

laxation of the (10 D) and(110 surfaces of AIN. Further-  rpe cajculated lattice constant in the wurtzite phase is 3.099
more, recent Hartree-Fock calculations on GaN (09 and A with c/a ratio of 1.61 as compared to the experimental
(110 surfaces do indeed yield similar rotation angles ofvalue of 3.110 A withc/a ratio of 1.60% For the zinc-blende
about 2°? In this paper, we consider the (101 and(110  phase, the calculated lattice constant is 4.345 A.
surfaces of AIN in the framework of density-functional We use the slab model to simulate the given surface,
theory with an aim to provide detailed and consistent resultsvhere the slab is made up of a finite number of neutral
for surface relaxation. It is also expected that a complet@tomic layers. The slab is periodic in two dimensions with
understanding of the main cleavage planes of AIN would bdranslational lattice constants that ace and a for the
h_elpful in further development of AIN-based thin-film de- (1010) wurtzite surface and anda/+/2 for the(110) zinc-
vices. o blende surface. For calculations, the thickness of the slab is
Relaxed atomic geometry of the (101 and(110 sur-  generally chosen in such a way that first few surface layers
faces is obtained by performing all-electron total-energy calare allowed to relax while the inner layers remain fixed to the
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FIG. 1. A side view of atomic geometry of the first three layers
of the AIN (110 surface. Open circles are Al atoms and filled
circles are N atoms. Notations are the same as in Alves, Heben-
streit, and Scheffle(Ref. 20.

DOS (arb. units)

bulk geometry. In this paper, the slab simulating the

(1010) wurtzite surface consisted of six layers whereas the

(110 zinc-blende surface is simulated by the five-layer slab 4

model. In this way, relaxation is allowed for first two layers 0

whereas the innermost layer is unrelaxed in both cases. Ge: -10 -5 0

ometry optimization calculations begin with the ideal surface

having atomic geometry of the bulk. The surface atoms as- Energy (eV)

sociated with first and second layer are then allowed to relax ) ] )

until the change in total energy/unit cell is within approxi- /G- 2. (&) Projected density of statd®DOS of the bulklike

mately 1 meV. It leads to numerical uncertainty of about@"d surface layers of the AINL10) surface.(b) The inset shows the

0.02 A in atomic displacements. Note that the slab is termi_surface states obtained by subtracting PDOS of the bulklike layer
p from the PDOS of the surface layer.

nated on each side by the same surface and the symmetry 1S

maintained throughout the optimization leading to the same ) o _

surface relaxation on both sides of the slab. atoms with respect to their ideal surfadaulk) configura-

and summarize the results of surface geometry optimizatiosame bond rotation angle of 4.4° for the (1@)land(110)

in Table I. Here the layer rotation angle is defined as surfaces, respectively. The layer rotation angle for the zinc-

arctan\y, /(a—A,,) and the bond rotation angleis given ~ blende surface comes out to be 8.8°. Both surfaces have

bv arctan /\/mz— . For the (110 surface, similgr values for the surface buckling\( ) and.in-plane

y B \(/A—l’l _( 1y) i") ( _) 5 spacing @, andd,,,). The second-layer relaxation param-
Ajx=al2y2, while for the (10 D) surfaced,,=0. There-  oorq(e g, second-layer bucklingare found to very small.
fore, » and ¢ are distinct angles for the 10 surface, while o the surface bond length, the calculated values show a
they are equal angles for the (10} surface. contraction of about 6% with respect to the bulk bond length
According to Table I, both surfaces exhibit similar relax- of 1.88 A. A smaller contraction occurs for the back bond

ations that involve displacements of the surface Al and Nengths in both surfaces. For example, the calculated values
TABLE I. Calculated structural parameters for the relaxed AIN of the back bond lengths are 1.85 and 1.86 A for the Al and

surfaces. N atoms, respectively, as compared to the bulk value of 1.88
A for the (110 surface.
Property Wurtzite (10 10) Zinc blende(110) The difference in total energies of the relaxed and ideal

surface configurations is defined as the relaxation energy.

Bulk lattice constants, A For the (10 D) and(110) surfaces, the relaxation energy per

c 5.002 surface unit cell is calculated to be 0.54 and 0.47 eV, respec-
a 3.099 4.345 tively. The surface energy is defined as
Displacements, A S=(NXEpyk— En-1ayersiad/2, Wheren is the number of lay-
Ay, 0.14 0.14 ers in the slab simulating the surface. The surface energy per
dipy 0.60 1.35 formula unit comes out to be 2.79 and 2.61 eV for the
Ay 3.23 3.47 (1010) and(110 surfaces, respectively. These surface en-
dioy 2.61 2.35 ergies are relatively higher than those reported for most of
Rotational angles, ° the other IlI-V semiconductors and are representative of a
w (layen 4.4 8.8 stronger AI-N bond in the lattice. We notice here that the
6 (bond 4.4 4.4 cohesive energy of AlN is reportétb be 11.6 eV, giving the
Bond lengths Al-N bond energy of 2.9 eV, since there are four bonds per
R(AI-N), A 1.78 1.77 Al-N pair in the lattice.

AR(AI-N) —5.8% —5.7% Figure 2 shows density of states projected on to a set of

atomic orbital(PDO9 associated with atoms of the bulklike
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FIG. 3. Projected density of states for the surface layer of AIN
(110 surface.

(innermost and surfacg€outermosk layers of the(110 slab. +
The appearance of surface states in the fundamental gap i
illustrated in Fig. 2b), where we subtract contributions of
the bulk PDOS from surface PDOS. Although, the occupied
and unoccupied surface states are localized on the N and Al
atoms, respectively, both states have substantial mixing of L.
the Al and N orbitals as shown in Fig. 3. T~
Surface relaxation of th€110 surface is generally de-
scribed by the rotation-relaxation model in which displace-
ment of surface_atoms occurs Wit_hout the change _in their £, 4. Total and differential charge density maps of the AIN
bond lengths. It is now well established that such displacer; 1 relaxed surface that are projected on a plane perpendicular to
ments yield a large value of layer rotation angte28°) for  the[110] direction. The differential map is obtained by subtracting
most of the IlI-V semiconductors including AIP and the contributions of the Al and N atomic charge density from the
GaAs!*?In contrast to this well-accepted model, our resultstotal charge density. Solid and dashed lines indicate positive and
for AIN do not show such relaxation, yielding a small layer negative difference values, respectively. The electron density spac-
rotation angle of about 9° with a large contraction of abouting is 0.1 and 0.01 e/bohfor total and differential maps, respec-
6% in the bond length. A similar relaxation of surface atoms tively. Atomic cores are not shown in the total charge density map.
i.e., small bond rotation angle with large bond contraction,

has been found for thé110 and (1010) surfaces of

AlH 5. For the ideal surfaceq and y have the values of
921 . : : ; 109.47°, represents the tetrahedral coordination of atoms.
i\?)lc\)lfte d?ﬁ; rs)s{;gcsmd';’gglr:%;’v;{'oe::t'jgr;aﬁlil?ﬁg?fgat The relaxed configuration, however, yields the bond angles
il ] o 113.4° and 113.2° fox and vy, respectively(Fig. 1). This is
and (1010) surfaces, respectively. We believe that the reyye to the fact that atoms on the relaxed surface show
sults of thes_e calculations are not expecteql to be reliable dugyalier displacements parallel to the surface normal as com-
to use of either a four-atom cluster to simulate 1160 pared to displacements expected solely from the local va-
surfacé or the rigid-rotation model that does not allow the |gnce picture. The calculated results therefore suggest that
change in bond length during relaxation of the (1M1 the Al and N atoms on the relax¢#i10 surface do not have
surface’ bonding environment that is expected from their respective
Based on the local valence considerations, atoms on thgihydrides.
relaxed surface of the IlI-V semiconductors are expected to We now focus on the electron charge density mdsg.
mimic their configuration to that of their respective 4) to investigate further the cause of this unusual relaxation
trihydrides®?? Accordingly, the relaxed AIN surface con- of the AIN surfaces. Figure 4 shows total and differential
figurations should result in a pyramidal angle(at N) of  charge density maps for th@10 surface where a build up
106.5° as in NH, and a planar angle (at Al) of 120° asin  of charge density along the Al-N bond length on the surface
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is clearly visible. This figure also shows the charge densitycharacter of surface stafestrongly indicate towards a partial
associated with the dangling bond lobe at the N site. Thelouble-bond character of the surface Al-N bond. The short-
differential map is obtained by subtracting the contributionsening of the surface bond length upon relaxation further sup-
of the Al and N atomic charge density from the total chargeports the presence of a double bond that makes the AI-N
density. Comparison with a charge density map for the ideahond relatively stronger at the surface.

surface(not shown in Fig. # indicates the occurrence of  |n summary, we have studied atomic structure and elec-
charge transfer from the N dangling bond lobe to surfacgronic properties of the nonpolar surfaces of AIN. The calcu-
bond region upon relaxation. Mulliken population analysis|ated results predict small layer rotation angle accompanied

also confirms this charge transfer showing a significant i”by contraction of the AI-N bond length for th@10 and
crease in the overlap population of the surface Al-N bond 1010) relaxed surf W lain th lculated |
upon relaxation. For the ideal surface, the overlap populatioL(l ) relaxed surfaces. We explain the calculated results

is 0.17% whereas the relaxed surface configuration shows thd! the framework of the contraction-relaxation model, where
overlap population of 0.39for the surface bond. redistribution of the charge densitassociated with anion

In an earlier study on GaRiwe have obtained similar dangling bonglto the surface bond appears to be the driving

results for relaxations of the 10) surface and have proposed fprce for the surface relaxation. It quds_ to the large contrac-
that small surface rotation angles may be due to either hytion (~6%) of the surface bond. This is in contrast to the
bridization effects of Gat states with Ns states in the va- rotation-relaxation model where redistribution of the charge
lence band or the ability of N atoms to form double bonds.density occurs to the back leading to no change in the surface
For AIN, we can easily rule out thé-s hybridization effects bond length upon relaxation.

on thg surfacg relaxation as aluminum does not have any The authors thank John Jaffe for helpful discussions. This
occupiedd orbitals. On the other hand, the calculated resultsWork was suoported by the Air Force Office of Scientific
for the relaxed configuratiorise., a build up of charge den- bp y

sity in the surface bond region and a mixedpWAI( p) Research under Grant No. F49620-96-1-0319.
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