
ause
veral

e of
r In, in
xplored
ver,
own
e-
face
ality

face.

Ga/
es,
bove
ong

the Ga
Reconstructions of the GaN(000 ) Surface

A. R. Smith,1 R. M. Feenstra,1 D. W. Greve,2 J. Neugebauer,3 and J. E. Northrup4

1Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania
15213

2Department of Electrical and Computer Engineering, Carnegie Mellon University,
Pittsburgh, Pennsylvania 15213

3Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195
Berlin, Germany

4Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, California
94304

Abstract

Reconstructions of the GaN(000 ) surface are studied for the first time.
Using scanning tunneling microscopy and reflection high-energy electron
diffraction, four primary structures are observed: 1×1, 3×3, 6×6, and
c(6×12). On the basis of first-principles calculations, the 1×1 structure is
shown to consist of a Ga monolayer bonded to a N-terminated GaN bilay-
er. From a combination of experiment and theory, it is argued that the 3×3
structure is an adatom-on-adlayer structure with one additional Ga atom
per 3×3 unit cell.

Gallium nitride and other III-nitrides have attracted considerable interest recently bec
of their application for blue light-emitting diodes and lasers.[1] These materials have se
unique properties compared to the more conventional III-V semiconductors (GaAs, InP,etc.): they
exist in both cubic (zincblende) and hexagonal (wurtzite) form, they are refractory, and som
the materials have large band gaps. The relatively small size of nitrogen, compared to Ga o
these compounds leads to a number of unique surface structures, which have begun to be e
both experimentally and theoretically for the (001) growth surface of cubic GaN.[2,3] Howe
for the technologically more relevant (0001) growth surface of hexagonal GaN, very little is kn
concerning its structure aside from several reports of 2×2 and other reconstructions based on r
flection high-energy electron diffraction (RHEED).[4] It is important to understand the sur
structures of these materials, since this knowledge will impact our ability to achieve high qu
epitaxial growth of the materials as required for optoelectronic applications.

In this work we report the first observations of reconstructions on the GaN(000 ) sur
The reconstructions are studied using scanning tunneling microscopy (STM), RHEED, andab ini-
tio calculations. We find four dominant reconstructions, which in order of increasing surface
N ratio are given by: 1×1, 3×3, 6×6, and c(6×12). From among a number of candidate structur
the 1×1 reconstruction is found to consist of a monolayer of Ga atoms, located in atop sites a
the N atoms of a N-terminated bilayer. This is a novel structure, with no known analogue am
other semiconductor surfaces. It is energetically feasible because of the much larger size of
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atoms compared to N atoms. For the 3×3 reconstruction, we find experimentally that it consists
a single additional Ga atom per 3×3 unit cell. Theoretically, the most plausible model for such
structure consists of the additional Ga atom in a threefold coordinated site just above the ad
Substantial inward relaxation of the Ga adatoms is found, accompanied by large lateral rela
of the Ga adlayer.

It is important to note that the (0001) and (000 ) surfaces of GaN are inequivalent (by
vention, the (0001) direction is given by a vector pointing from a Ga atom to a nearest-neig
N-atom). Thin films having either surface polarity have been grown,[5] although for growth
molecular beam epitaxy (MBE) the conditions which determine the surface polarity are not

understood.[6] The reconstructions studied in the present work are prepared on the (000 ) s
with this assignment being made on the basis of: (1) the observed reconstructions, which
from those seen by both other workers [4] and ourselves [6] on surfaces believed to be (000
the theoretical studies presented here, which do not yield any acceptable models for a 1×1 structure
on the (0001) face, and (3) convergent beam electron diffraction studies on our samples,

compared with theoretical simulations favor the assignment of (000 ) polarity.[7]

The experiments are performed in an MBE system equipped with STM. Growth is
formed on solvent-cleaned sapphire(0001) substrates, heated first to 1000 C under a nitroge

ma for 30 minutes. The substrate temperature is then reduced to 685 C, and the growth is in
During the first few hundred Å’s of growth, the substrate temperature is gradually increas
about 775 C. After growing a 2000 Å thick film, the growth is stopped and the sample is anne

at 800 C for 15 minutes. The resulting film surface consists of atomically flat terraces up to
cron in width and exhibits a 1×1 structure. Depositing additional Ga atoms onto this surface res
in the 3×3, 6×6, and c(6×12) reconstructions. Ga flux rates were calibrated using anin situ water-
cooled crystal thickness monitor, at 20 C.

STM images of our GaN surfaces are displayed in Fig. 1. Figure 1(a) displays a large-
view of the surface, prepared in this case with Ga coverage intermediate between the 3×3 and 6×6
reconstructions. Coexisting with those structures we also occasionally observe small area
somewhat disordered 4√3 × 4 √3 -R30 structure, as indicated in the image. The atomic steps s
in Fig. 1(a) all have height of about 2.6 Å. A screw dislocation is seen emerging near the cen
the image, with component of the Burgers vector in the [0001] direction ofc=5.19 Å. Such dislo-
cations are commonly imaged on our surfaces. We should point out that all the reconstructio
served in this study are stable only to temperatures up to 100–300 C, at which point a reve
phase transition occurs to a 1×1 structure as seen by RHEED. We associate this transition with
order-disorder transition of the Ga adatoms atop the 1×1 structure, evidence for which is seen eve
at room temperature by characteristic “glitchy” behavior in the images near certain domain b
aries indicative of adatom motion.[9]

Detailed STM images for the 1×1, 3×3, 6×6, and c(6×12) reconstructions are shown in Figs
1(b)–(e), along with unit cells for each. The 1×1 appears as a hexagonal array of corrugation m
ima, with a lateral spacing equal to the c-plane lattice constant of GaN, 3.19 Å. The 3×3 is similar
in appearance but displays an asymmetry within the unit cell as well as additional structure at
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biases. The asymmetry of the unit cell reflects the fact that each GaN bilayer has only thre
symmetry. STM images confirm that this asymmetry reverses upon descending a single b
high step on the surface. The 6×6 is made up of ring-shaped structures. Each ring has three-
symmetry with lobes from three neighboring rings coming close together. This results in two
ferent kinds of “‘holes” around the rings, one appearing deeper than the other. The c(6×12) recon-
struction is qualitatively different in appearance from the previous three. Row-like structure

observed running parallel to <1 00> directions of the crystal. Circular corrugation maxima ap
in pairs along the rows; there are two possible angular orientations of these pairs of maxim
respect to the row directions in addition to the three possible row directions. Voltage depen
of the STM images for each reconstruction has been studied; no strong dependence is ob
except for the c(6×12) structure where the appearance of the row-like features differs betw
empty and filled states.

For determining structural models of the observed reconstructions, an important cons
is the number of Ga (and N) atoms involved in each structure. These quantities have been s
by observing the dependence of the surface reconstructions on the amount of Ga deposited
experiments were performed at a sample temperature of 630 C. Results are shown in Fig
where we plot the fractional coverage of each major reconstruction, as determined by STM
shown are representative RHEED patterns for each of the reconstructions. While the amoun
deposited is known for Fig. 2(a) (Ga flux of 0.058 ML/s), the sticking coefficient at that sam
temperature was found to be much less than unity so that an absolute determination of surf
coverage was not possible. Further experiments were performed with a sample tempera
60 C, as shown in Fig. 2(b). In this case, the RHEED intensities were used for determinin
fractional coverage of a particular reconstruction. Focusing on the formation of the 3×3, we find
from Fig. 2(b) that this structure is formed at a coverage of 0.145± 0.025 ML, corresponding to
1.3 ± 0.2 atoms per 3×3 unit cell. Since the number of atoms per unit cell must be an integer,
conclude that the 3×3 structure contains one additional atom per 3×3 cell compared with the 1×1.
(The observed value is slightly greater than one, probably because the sticking coefficient at
is slightly less than that for the thickness monitor used to calibrate the flux).

Total energy calculations have been performed within the local density functional th
using first-principles pseudopotential methods similar to those employed in previous stud

GaN and AlN.[3] Reconstructions for both the (0001) and the (000 ) polarities have been e
ined, and for each polarity the relative stabilities of possible structures have been determined
in the thermodynamically allowed range of the Ga chemical potential:µ Ga(bulk) - ∆ H < µ Ga < µ
Ga(bulk). Our calculations indicate that∆ H, the heat of formation of GaN, is equal to 0.9 eV, in goo
agreement with the experimental value, 1.1 eV. The calculations have been performed with a
wave cutoff of 60 Ry and with the Ga 3d states included in the valence band.

During the initial stages of the investigation we focused on the (0001) surface, but dis
ered that each of the 1×1 structures examined could be shown to be energetically unfavorable
respect to various structures having 2×2 periodicity. The relative formation energies calculated f
the most relevant structures are shown in Fig. 3(a). Under N-rich conditions we find a 2×2-H3 N-
adatom model to be most stable, and under Ga-rich conditions we find a 2×2-T4 Ga-adatom model
is favored. Both the ideal topology 1×1 surface (consisting of a Ga-terminated bilayer) and the 1×1
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Ga adlayer (comprised of a monolayer of Ga above the Ga-terminated bilayer) are energe
unfavorable. The 1×1 N-adlayer is highly unstable. On the basis of these results we surmise
there is no stable 1×1 structure for the GaN(0001) surface. We emphasize, however, that the×2
Ga- and N-adatom models are each good candidates to explain the 2×2 structure observed in
RHEED studies of the (0001) surface.[4]

Not finding a stable 1×1 structure for the (0001) polarity, we turned our attention to t

(000 ) surface. As shown in Fig. 3(b) we find the 1×1 Ga adlayer structure to be stable under G
rich conditions. Other structures, including the 2×2-H3 Ga adatom, are predicted to be more sta
under N-rich conditions, but there is a substantial range where the 1×1 Ga adlayer is the preferred
structure. In the stable 1×1 model a full monolayer of Ga atoms sit directly atop the N atoms, w
the Ga-N bond length equal to 1.99 Å. The Ga-Ga separation in the adlayer, 3.19 Å, is consid
larger than a typical Ga-Ga separation of 2.7 Å in bulk Ga. However, we find that the structu
stabilized by metallic bonding within the adlayer: a large overlap of thepx andpyorbitals of the Ga
adlayer atoms gives rise to an energy dispersion of the surface states derived from these
which is much greater than the bulk band gap. Consequently, the Fermi energy is located n
bottom of the band gap and there is no occupation of high energy Ga dangling bond states. W
also found that the 1×1 adlayer is stable with respect to adding Ga adatoms in threefold coordin
sites to create either a 2×2 adatom-on-adlayer (AOA) structure or a√3 × √3 AOA structure. On the

basis of energetics, the GaN(000 )1×1 Ga adlayer is the best candidate to explain the 1×1 structure
observed here; this structure is illustrated in Fig. 4(a).

Calculations have also been performed for several possible models of the 3×3 surface. Be-
cause of the large size of the 3×3 unit cell these calculations were performed with the Ga 3d el
trons treated as part of the core using the non-linear core correction (nlcc). [9] Structural m
having one, two, or three additional Ga adatoms on (or in) the Ga adlayer were considered.
nlcc calculations indicate that a structure containing one additional Ga atom in each 3×3 cell is the
best model for the observed 3×3 reconstruction. One may construct a class of such adatom-on
layer (AOA) structures by adding threefold coordinated Ga atoms to the 1×1 adlayer. This addition
lowers the symmetry from 1×1 to n × n where 1 / (n × n) is the fraction of added Ga atoms. W
have determined that such structures withn=√3 andn=2 are each unstable with respect to the 1×1
Ga adlayer. However, forn=3 we find that the AOA structure becomes stable in Ga-rich con
tions. In the 3×3 structure, the extra Ga atom resides only 0.9 Å above the adlayer plane, com
to a 1.35 Å separation in the√3 × √3 and 1.25 Å in the 2×2. In the absence of lateral relaxation, th
Ga adatom must be positioned 1.8 Å above the adlayer to preserve a reasonable Ga-Ga d
The larger inward relaxation of the adatom in the 3×3 structure is enabled by a 0.5 Å lateral rela
ation of the nearest-neighbor Ga adlayer atoms, which allows the adatom to move much clo
the adlayer plane, thereby stabilizing the structure. We may therefore refer to the proposed
ture as an in-plane adatom model, as illustrated in Fig. 4(b). Images of the calculated local d
of states for this model are found to be in qualitative agreement with the experimental resu

We examined two types of 3×3 models in which two Ga atoms were added to the 1x1 a
layer: a trimer-in-vacancy model where an adlayer atom is replaced by a Ga-trimer, and a str
having 2 Ga adatoms per 3×3 cell, with each placed in a threefold coordinated site. The total en
gies of these models were calculated with the nlcc approximation and were found to be less
than the proposed 3×3 AOA structure by about 0.9 eV/(3×3) and 1.1 eV/(3×3) in the Ga-rich limit.
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From a comparison of energies of structures calculated with the nlcc and with the Ga-3d ele
included in the valence band, we think the maximum error in these relative energies is less th
eV/(3×3). (For example, in calculations for the 2×2 AOA model we found that the nlcc gave a
energy relative to the 1x1 Ga-adlayer model which was within 0.04 eV/(2×2) of the full calcula-
tions.) It is clear that these nlcc calculations support the experimental determination that th×3
contains only one additional Ga atom per cell.

In conclusion, we have observed a new family of reconstructions on the GaN(000 )
face. The 1×1 structure is determined to consist of a monolayer of Ga atoms bonded in atop
above N-atoms of a N-terminated bilayer. The 3×3 reconstruction consists of Ga adatoms bond
on top of this adlayer. Adatom-on-adlayer models for the other observed reconstructions ar
possible, although such structures have not yet been explored in detail.
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Figure 1 STM images of the GaN(000 ) surface displaying (a) mixed reconstructions,
dislocation near center of image, (b) 1×1, (c) 3×3, (d) 6×6, and (e) c(6×12) reconstructions. Sample
bias voltages are +1.0, -0.75, -0.1, +1.5, and +1.0 V, respectively. Tunnel currents are in the
0.03 – 0.11 nA. Gray scale ranges are 4.2, 0.17, 0.88, 1.33, and 1.11 Å respectively. Unit ce

indicated with edges along <11 0> directions.
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Figure 2 (a) Fractional coverage of 1×1, 3×3, 6x6, and c(6x12) reconstructionsvs.Ga deposition
time, determined by STM imaging of the surfaces. Sample temperature during depositio
630 C. RHEED patterns corresponding to the different reconstructions are shown in the upp

of the figure. RHEED beam direction is along [11 0]. (b) Ratio of RHEED intensities of the

3 0) and (1 0) streaksvs.amount of Ga deposited in monolayers (1 ML = 1.14× 1015atoms/cm2).
Sample temperature during deposition was 60 C. All curves between data points are dra
guides to the eye.
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Figure 3 (a) The relative energies calculated for possible models of the GaN(0001) surfa

shown as a function of the Ga chemical potential. (b) Relative energies for GaN(000 ) sur
The zeroes of energy in (a) and (b) are not related.
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Figure 4 Schematic view of structures determined for the (a) 1×1 Ga adlayer and (b) 3×3 adatom-

on-adlayer reconstructions of GaN(000 ). For the 3×3 structure, the lateral (in-plane
displacement of the adlayer atoms bonded to the Ga adatom is 0.51 Å away from the adato
other lateral or vertical displacements of the adlayer atoms are less than 0.1 Å.
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