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Direct observation of a Ga adlayer on a GaN„0001… surface by LEED Patterson inversion
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A low-energy electron diffraction~LEED! Patterson function~PF! with multiple incident angles is used to
obtain three-dimensional interatomic information of hexagonal GaN~0001! grown on a 6H-SiC(0001)-)
3) surface. A Ga-Ga atomic pair between the Ga adlayer and the terminating Ga layer is observed in the
LEED PF. This provides direct experimental evidence to support the structural model proposed by first-
principles calculations. The LEED PF also shows that the GaN film has a hexagonal structure and the surface
has single-bilayer steps.
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I. INTRODUCTION

The symmetry and local atomic structure of a GaN s
face grown by molecular-beam epitaxy~MBE! have been
extensively studied in recent years.1–7 The surfaces of hex
agonal GaN films are either Ga terminated~0001! or N ter-
minated (0001̄). From low-energy electron diffraction
~LEED!, reflection high-energy electron diffractio
~RHEED!, and scanning tunneling microscopy~STM! stud-
ies, it has been shown that both surfaces exhibit a variet
reconstructions, ranging from (131), (232), and (535)
to ~‘‘1 31’’ !, depending on the Ga concentration on the s
face. On the GaN~0001! surface, for example, Smithet al.1–3

suggested that two or more additional layers of Ga
present to explain a pseudo-131 ~or ‘‘1 31’’ ! structure. This
structure has been further studied by first-princip
calculations.6 Direct experimental observation of such an a
ditional Ga layer on the surfaces is urgently required to s
port these models. There have so far been no reports of
experimental observations, to our knowledge.

Recently, a LEED Patterson function~PF! has been used
to determine the vector positions of atoms relative to ot
atoms in the surface region.8–10 The method has been ex
tended to include LEEDI -V spectra at multiple incident di
rections and momentum transfers.9,10This technique makes i
possible to obtain a three-dimensional~3D! atomic structure
from LEED I -V spectra without structural modeling. Be
cause LEED is very sensitive to several surface atomic
ers, the PF maps can be used to determine the surface a
structure of the GaN~0001! surface.

In this paper, we use the multiple incident angle LEED
method to determine the structure of the GaN(0001)-131
surface. The GaN~0001! film was grown on a
6H-SiC(0001)-)3) substrate using MBE. The results o
the LEED PF maps clearly show a Ga adlayer on top of
last Ga-terminated bilayers. The PF images also show
the epitaxial film has a hexagonal structure and consist
terraces with single bilayer height differences.

II. EXPERIMENTS

The experiments were carried out in a multifunctional
trahigh vacuum~UHV! system that includes chambers f
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MBE, STM, LEED, AFM, and x-ray photoemission spe
troscopy ~XPS!. The samples, grown in a MBE chambe
were transferredin situ into LEED and STM chambers fo
measurements of LEEDI -V spectra and observation of th
surface morphology, respectively. The 6H-SiC(0001) sub-
strates~Cree Research, Inc.! were degreased in acetone a
alcohol before being transferred into the UHV system. T
substrates were heated to 1100 °C under a flux of Si. T
procedure results in a very sharp ()3))R30° LEED
pattern.

On the clean ()3))R30° SiC surface, a thick~;1 mm!
GaN film was grown at 650 °C heated by a dc current un
a Ga-rich condition.5,7 The growth rate is about 0.26 Å/s
During the growth, the Ga and N source fluxes were s
plied, respectively, from a conventional Knudsen cell a
from an Oxford plasma unit. The Knudsen cell temperat
was 975 °C while the pressure in the MBE chamber wa
31025 Torr at a N2 flow rate of 0.13 standard cubic cent
meters per minute.

An automated computer program was used to rec
LEED images at arbitrary incident angles in the energy ra
~50–402 eV! with a constant energy step of 4 eV. In th
LEED experiments, a constant suppressor voltage of 4 V
used for collection of elastically scattered electrons. For
LEED PF inversion, nine incident directions were used. T
polar angleu was varied from 0°~normal! to 39° with a
constant step of 13°. The azimuthal anglew was varied from
one mirror plane to its nearest neighboring mirror plane~i.e.,
within one irreducible region!. The step ofw rotation was
varied with the value ofu. Figure 1 presents the schemat

geometry of the multiple incident directions (k̂i). The pur-
pose of this arrangement was to keep an approximate
stant solid angle spanned by each direction in one irreduc

region. Intensities of the LEED spotsI ( k̂i ,qW ) were obtained
from the LEED images at these incident angles. The mom

tum transfer isqW [kW f2kW i . The LEED PFP(RW ) was obtained
by a phase sum of the following integral:9

P~RW !5U(̂ (
W

E I ~ k̂i ,gW i1q'êz!e
iqW •RW dq'U2

, ~1!

ki gi
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wheregW i is the two-dimensional reciprocal lattice vector a
qW 5(gW i ,q'êz). Also, êz is a unit vector normal to the surface

III. EXPERIMENT RESULTS AND DISCUSSIONS

The epitaxial film grown by MBE exhibits a 131 struc-
ture, as shown in a typical LEED pattern measured at
energy of 70 eV~Fig. 2!. Such a 131 structure exists in the
whole experimental energy range~50 to 402 eV! while the
background increases with the increase of energy. We do
observe any ‘‘131’’ pattern as found by Smithet al.3 Figure
3 displays some LEEDI -V spectra extracted from LEED
images in the normal incident direction. The similarity
beam ~0, 1! and ~1, 0! implies that the film has a sixfold
rotational symmetry.

FIG. 1. Two-dimensional schematic map of multiple incide
angles arranged from one mirror plane (w50°) to its nearest neigh
bor mirror plane (w560°). The numbers~unit: deg.! inside paren-
theses are polar angleu and azimuthal anglew, respectively.

FIG. 2. LEED pattern measured at the energy of 70 eV o
GaN~0001! surface showing 131 structure.
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The LEED I -V spectra are inverted to obtain the Patte

son functionP(RW ) according to Eq.~1!. Figure 4 shows the

LEED PF, viewed in the (1120̄) plane, using data from al
nine incident angles including about 200 independent be
representing about 9000 independent data points. To
press spurious noise near the origin, the PF value insid
sphere of radius of 1.5 Å from the origin is set to zero. In th
figure, every spot with a vertical distance greater than 1.5
in the PF map can be assigned to an atomic pair of the G
structure. There are, nevertheless, some weak noises in
PF. These noises can possibly be attributed to disorder
defects as a result of the imperfect surface.

Generally speaking, the strongest spots in Fig. 4 co
from Ga-Ga pairs. The spots from N-Ga or Ga-N pairs
weaker, while spots from N-N pairs are too weak to
observed.11 This is because the scattering factor of N ato
is much smaller than that of Ga atoms. The strongest spo
Fig. 4 is at~0, 22.6 Å!. This spot comes from the Ga adlay
on top of the last Ga-terminated bilayer. It cannot be
signed to any bulk atomic pair in either hexagonal or cu
GaN. The adlayer is unlikely to be N because the N-
nearest neighbor distance is only 1.9 Å. This result impl
that the surface is Ga polar and that there is one ordered
adlayer on top of the terminating Ga atoms on GaN surfa
The appearance of the strong spot at~0, 25.2 Å! clearly
demonstrates that the GaN film is hexagonal, i.e., of
ABAB̄ stacking sequence. If the film were zinc blen
instead, i.e., of theABCABC̄ stacking sequence, ther
would not be a spot at this position. As a result, the atom
structure of this sample is expected to be that shown in
left half of Fig. 5 as a single-terrace hexagonal structure. T
bright spots at depths of 1.9, 2.6, 3.2, and 5.2 Å on thez axis
obviously correspond to the atomic pairs 7/9, 2/4, 4/14, a
4/18 and their equivalent pairs in Fig. 5, respectively. Al
the spots at depths of 2.6 and 5.2 Å on the left side of Fig
are due to atomic pairs 4/9, 2/9, and their equivalent pa
respectively.

t

a

FIG. 3. Selected LEEDI -V spectra of a 131 GaN~0001! sur-
face at normal incident angle.
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FIG. 4. ~Color! LEED PF in

the (112̄0) plane from the experi-
mental LEEDI -V spectra taken at
the nine incident angles shown i
Fig. 1. The numbers next to th
spots correspond to the atom
pairs shown in Fig. 5.
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There are difficulties, unfortunately, in assigning spots
the right side of Fig. 4 with the single-terrace model. In th
model, spots at a depth of 2.6 Å would be assigned, in
cordance with their positions, to the atomic pair 9/18. T
assignment is, however, incorrect given the relevant spo
tensities. From Fig. 5, the pair 9/18 is much deeper than
pair 4/9, so the intensity of the former pair should be mu
weaker than that of the latter pair due to strong elect
attenuation. This is not, however, supported by the exp
ment LEED PF, in which their intensities are almost symm
ric. Moreover, the spot at the depth of 5.2 Å on the right s
cannot be attributed to any pairs in this model. This difficu

FIG. 5. Schematic diagram of the~one ML! Ga adlayer on a
Ga-terminated~0001! surface consisting of two terraces with a b
layer height deference. The filled circles are Ga atoms, while

open circles are N atoms. The bigger circles are in (1120̄) plane,
while smaller circles are off this plane.
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can be overcome by suggesting that there are approxima
equal areas of exposed terraces with single bilayer he
differences so the neighboring terraces rotate 60° from e
other. This hypothesis agrees with the observation
STM.5,7 Under this model, the two spots at depths of 2.6 a
5.2 Å correspond to atomic pairs 11/20 and 5/20, resp
tively, of the step-down terrace~Fig. 5, right half!. Since
these two pairs in the second terrace are counterparts o
pairs 4/9 and 2/9 in the first terrace, their intensities are c
tainly almost symmetric, as shown in the experimen
LEED PF.

The appearance of the 2/9 and 5/20 spots provides fur
evidence that this sample has Ga termination. Only
Ga-Ga pair can give a strong spot at such a large dista
Finally, the distance of the Ga-Ga pair~i.e., spot 2/4! ob-
tained from the LEED PF map is 2.6 Å, which agrees ve
well with the values of 2.54 Å from the first-principle
calculations.6 It is noteworthy that the LEED PF shows n
evidence of a second Ga adlayer on the surface, as prop
by the first-principles calculation.6 This may be due to the
strong disorder in the second Ga adlayer, as suggested b
calculation6 and by STM observation.3

A final consideration is that such a hexagonal phase
ways grows on 6H-SiC(0001)-)3) substrates even dur
ing its early stage deposition or at the interface between
epitaxial film and the substrate. This implies that t
6H-SiC(0001)-)3) substrate favors the growth of th
hexagonal GaN film.

IV. CONCLUSIONS

Atomic pairs between the Ga adlayer and the terminat
Ga-N bilayer have been observed by the experimental LE

e
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PF. The PF map provides strong evidence that the film gro
on the 6H-SiC(0001)-)3) surface is Ga-terminated hex
agonal GaN. The symmetric intensity in the LEED PF a
implies that the surface of the epitaxial film has terraces w
single bilayer height differences which is in agreement w
the STM observations.5,7 No other ordered Ga adatoms we
observed on this film.
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