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Epitaxy of Al films deposited on GaN has been studied using reflection high-energy electron
diffraction ~RHEED!, atomic force microscopy ~AFM!, x-ray diffraction, and ion channeling
techniques. Al ~111! films have been found to grow epitaxially on GaN ~0001! surfaces with
Al ^21̄ 1̄&iGaN^21̄ 1̄0&. For growth at 15 and 150 °C with a deposition rate of 0.26 Å/s, the epitaxial
quality of the film was poor initially, as evidenced by the observation of diffuse RHEED patterns.
After a few monolayers, a sharp and streaky RHEED pattern develops and is maintained during
subsequent deposition, indicating an improvement in epitaxial quality with a two-dimensional
growth mode. AFM studies indicate that the initial GaN surface quality is a significant factor in
achieving epitaxial growth, and that the size of Al epitaxial islands increases substantially for higher
growth temperatures. X-ray diffraction and ion channeling results confirm the epitaxial nature of the
Al films in spite of a significant lattice mismatch of 10.2%. © 1997 American Institute of Physics.
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GaN-based materials have been the subject of intensive
research recently for blue and ultraviolet light emission1,2
and high-temperature/high-power electronic devices.3–5 For
device applications, control of metal/semiconductor interface
quality is important; ideally, metal/semiconductor interfaces
should be inert, epitaxial, oxide- and defect-free, and atomically smooth. While the epitaxy of metal films on GaAs and
other III–V semiconductors has been studied extensively,6
studies of metal epitaxy on GaN have been rare. For GaAs
and other common III–V semiconductors, a thin oxide layer
~several to tens of Å! grows rapidly on the surface when
exposed to air,7 necessitating in situ cleaning of GaAs surfaces under ultrahigh-vacuum ~UHV! conditions for the epitaxial growth of metal films.6 For GaN, an in situ cleaning
method under UHV has been developed8 and used in the
growth of thin Al and Ni films on GaN ~0001!.9,10 Epitaxy of
Sc films on GaN with a thin ScN intermediate layer formed
at high temperatures ~645 °C and above! has been reported.11
Recently, we have found that Pd, Ni, and Pt can be grown
epitaxially on GaN in a conventional e-beam evaporation
system without in situ cleaning in UHV.12 Other metals, such
as Au, Al, Ti, and Hf, have also been found to grow epitaxially on GaN under conventional vacuum conditions.13 These
findings suggest that after the GaN surface has been cleaned
by acid etching, the presence of oxides on GaN surfaces is
minimal and, furthermore, that native oxides do not grow
rapidly on the GaN surface during the time ~,30 min! required to load the samples in the vacuum deposition chamber.
In this letter we report the investigation of epitaxial
growth of Al films on GaN primarily by reflection highenergy electron diffraction ~RHEED! and atomic force microscopy ~AFM!. Al deposition on GaN is of interest because Al is one of the metal layers used in ohmic contacts in
nitride devices.2 In addition, controlled deposition of Al in a
molecular-beam-epitaxy ~MBE! system allows real time, in
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situ monitoring of surface quality by RHEED. Subsequent
characterization by AFM, x-ray diffraction, and ion channeling techniques can then provide detailed information about
the structure of the epitaxially grown films.
GaN/AlN/sapphire structures for these studies were produced in a horizontal metal-organic vapor-phase-epitaxy
~MOVPE! system. The layer structures and growth system
have been described in detail elsewhere.14 The thickness of
the GaN layers was about 3 mm, and full width at halfmaximum of the double-crystal x-ray rocking curve was
about 330 arcsec. For deposition of Al films, GaN samples
were first cleaned with organic solvents, then etched in boiling aqua regia (3HCl:HNO3 ) for 15 min, and finally loaded
into a MBE system, in which the base pressure was ;1
310210 Torr. The total exposure time to air following cleaning was about 30 min. Al films were deposited at a rate of
either ;0.26 or 0.89 Å/s on the GaN samples at a substrate
temperature T s of 15 or 150 °C. These studies allowed the
influence of both growth temperature and deposition rate on
epitaxial film structure to be investigated.
RHEED patterns were obtained from the GaN substrate
prior to deposition and periodically during Al deposition. For
Al ~111! layers deposited on GaN ~0001!, high-symmetry
and
directions
are
along
^ 21̄ 1̄& Al ( i ^ 21̄ 1̄0 & GaN)
i
011̄
(
11̄00
)
respectively;
these
directions
alter^ & Al ^
& GaN
nate cyclically and are separated by f 530°. Figure 1 shows
the RHEED patterns obtained from the GaN ~0001! surface
at T s 515 °C along the ^ 21̄ 1̄0 & GaN and ^ 11̄00& GaN directions.
The RHEED patterns were streaky and sharp with Kikuchi
lines clearly visible, indicating that the GaN surface is
smooth and relatively free of oxides or other contaminants. It
should be noted that this pattern was obtained from a GaN
surface cleaned ex situ, as described above, without any in
situ cleaning. This is consistent with the studies of Khan
et al.,8 and provides strong evidence of the inertness of the
GaN ~0001! surface compared to other III–V semiconductors
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FIG. 1. Reflection high-energy electron diffraction patterns of GaN ~0001!
surface at 15 °C, ~a! ^ 21̄1̄0 & GaN azimuth ( f 50°), ~b! ^ 11̄00& GaN azimuth
( f 590°). The GaN substrate was cleaned in boiling aqua regia for 15 min
before loading. No in situ cleaning was performed before RHEED patterns
were recorded.

such as GaAs. This inertness makes the epitaxy of metals on
GaN possible under conventional vacuum conditions.12,13
Figure 2 shows a series of RHEED patterns for the
21̄1̄
^
& Al direction obtained during deposition of the Al overlayers. Figure 2~a!, 2~b!, and 2~c! show the RHEED patterns
after deposition of ;5, ;9, and ;380 Å of Al, respectively,
for T s 515 °C; Figs. 2~d!, 2~e!, and 2~f! show the corresponding diffraction patterns for T s 5150 °C. In both cases
the Al deposition rate was 0.26 Å/s. Comparison of RHEED
patterns from the GaN ~0001! and Al ~111! surfaces indicates
that epitaxial growth of Al occurs with ^ 21̄ 1̄0 & GaNi ^ 21̄ 1̄& Al
and ^ 11̄00& GaNi ^ 011̄& Al . As shown in Fig. 2, the streaky and
sharp RHEED pattern characteristic of the GaN surface becomes weaker and more diffuse upon commencement of Al
deposition. This suggests a roughening of the surface, possibly due to the 10.2% lattice mismatch between Al and GaN.
However, after deposition of a few monolayers ~ML! of Al
@1 ML is defined as the spacing between Al ~111! planes,
2.338 Å#, the RHEED patterns become streaky and sharp
again, and remain so even after deposition of more than 380
Å of Al, suggesting an improvement in the crystalline quality
of the Al surface after a few ML of deposition. The persistent
streakiness of the RHEED patterns seems to suggest a twodimensional growth mode for the Al films, even though

FIG. 2. RHEED patterns from Al films grown on ~0001! GaN with a deposition rate of 0.26 Å/s ( ^ 21̄ 1̄& Al azimuth, f 50°! at T S 515 °C, ~a! after
depositing ;5 Å of Al, ~b! after ;9 Å, ~c! after ;380 Å; and at T S
5150 °C ~d! after depositing ;5 Å of Al, ~e! after ;9 Å, ~f! after ;380 Å.
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RHEED oscillations were not observed. This observation is
consistent with the ‘‘Poissonian’’ or statistical growth
mode,15 in which little surface migration of atoms occurs
during deposition, leading to a two-dimensional growth front
and consequently a streaky RHEED pattern, but also an
atomically rough surface. The growth mode is not three dimensional as in islandlike growth. The absence of spotty
RHEED patterns throughout the entire growth indicates that
the Al growth surface remains relatively flat without any
prominent cluster formation, as confirmed by the AFM characterization of the Al film surface. For Al growth at a higher
rate of 0.89 Å/s at 15 °C, the RHEED patterns are not as
streaky and sharp throughout the entire growth to ;470 Å;
however, upon in situ annealing at 300 °C, the RHEED patterns can improve from diffraction-ringlike to streaky and
sharp.
The epitaxial nature of the Al layer on GaN has been
verified by x-ray diffraction and by 2.3 MeV He11 ion channeling analysis. Ion channeling analysis performed on an
;380 Å Al film grown on GaN at 15 °C and an ;380 Å Al
film grown on GaN at 150 °C produced channeling yields of
70% and 50%, respectively, suggesting an improvement in
crystalline quality at higher growth temperature. These channeling yields are high, even for a lattice mismatch of 10.2%,
suggesting good but not outstanding crystalline quality. In
epitaxial growth of Al on GaAs ~lattice mismatch ,2%!, a
channeling yield of ;10% has been observed.16 For other
metal films, such as Pd, on GaN ~0001!, however, a channeling yield as low 16% has been observed.12 Since RHEED
patterns and x-ray thin-film camera results indicated that
Al overgrowth was of good crystalline quality and the
RHEED patterns showed that ^ 1̄ 1̄0 & GaNi ^ 21̄ 1̄& Al and
^ 11̄00& GaNi ^ 011̄& Al , we may conclude that a definite crystallographic relationship between the Al overlayer and the GaN
substrates exists, i.e., Al is ‘‘epitaxial’’ on GaN and not
merely highly textured.
In previous investigations of metal growth on GaN,
room-temperature deposition of metal films on atomically
clean surfaces under UHV conditions did not lead to epitaxial growth of the metal films. For example, when Ni is deposited on atomically clean GaN, the as-deposited Ni is disordered and chemical reactions at the interface may also
occur.9 Upon annealing at high temperatures, i.e., 700–
800 °C, the thin Ni layer agglomerates into epitaxial islands,
which induces epitaxial growth during subsequent deposition
of thicker Ni layers at room temperature. Interfacial reactions
between Al ~Ref. 10! or Sc ~Ref. 11! with atomically clean
GaN have also been observed before any epitaxial growth
can follow. In our case, the GaN surface was cleaned by an
acid solution before loading into a vacuum chamber. Oxygen
and carbon have been shown to be present on acid-etched
GaN surfaces, and therefore the surfaces are not atomically
clean.17 Interfacial reactions between the deposited metal and
GaN are not expected to occur at 15 °C in our experiments. It
is interesting to note that epitaxial growth of Al and other fcc
metals occurs near room temperature12,13 in spite of the presence of O and C on the GaN surface and the large lattice
mismatch between the metal film and GaN.
Atomic force microscopy studies provide insight into the
Liu et al.
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FIG. 3. Atomic force microscopy ~AFM! images of ~a! the GaN ~0001!
surface, Al films grown on GaN ~0001! at ~b! T S 515 °C, ~c! T S 5150 °C.
The deposition rate was 0.26 Å/s.

role of initial GaN surface quality on film growth and the
structure of Al epitaxial film surfaces. Figure 3~a! shows an
AFM image of the GaN ~0001! surface after ex situ cleaning.
The rms roughness of such surfaces is typically ;7 Å, and
atomic steps are clearly visible in the image. Studies of metal
deposition on a variety of GaN surfaces in our laboratory
indicate that epitaxial metal growth occurs only on flat GaN
surfaces exhibiting the clear terrace structure shown in Fig.
3~a!. Figures 3~b! and 3~c! show AFM images of 380 Å Al
films deposited at T S 515 and 150 °C, respectively, at a
growth rate of 0.26 Å/s. In both cases, epitaxial islands with
a characteristic hexagonal geometry are apparent; however,
the average island diameter is approximately ten times
greater for growth at 150 °C. For growth at 15 °C, islandlike
structures separately by shallow ~;40 Å! trenches are
present, with an overall rms surface roughness of ;12 Å.
For growth at 150 °C, much larger island structures with
extremely flat tops ~rms roughness ;6 – 9 Å! are observed.
In many cases the crevices separating the islands are sufficiently wide that an average depth of ;200 Å, i.e., roughly
half of the film thickness, may be deduced, suggesting that
the Al film is continuous rather than consisting of discrete
islands; in some instances, however, the crevices appear to
be too narrow to be completely profiled by the AFM.
In conclusion, epitaxy of Al films on MOVPE-grown
GaN ~0001! surfaces cleaned ex situ by acid etching has been
studied by RHEED, channeling, x-ray diffraction, and AFM.
Epitaxial growth occurs only on GaN surfaces exhibiting a
relatively flat topography with atomic terraces visible in
AFM. For two substrate temperatures and two deposition
rates, ~111! Al grows epitaxially on the basal plane of GaN
with ^ 21̄ 1̄0 & GaNi ^ 21̄ 1̄& Al and ^ 11̄00& GaNi ^ 011̄& Al . At a low
deposition rate ~0.26 Å/s!, the Al films are of poor quality for
the first few ML, but improve substantially with further
deposition as indicated by a significant improvement in the
992
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RHEED patterns observed. The growth mode appears to be
two dimensional rather than three dimensional, resulting in a
flat growth surface. Higher substrate temperature improves
the epitaxy of Al as determined by channeling measurements
and increases the epitaxial island size within the films, although the islands formed at the higher temperature are separated by deep crevices. A higher growth rate leads to poorer
film quality and 3D growth, although the film quality can be
improved substantially be thermal annealing. The understanding of the epitaxy of Al films should be helpful in understanding the epitaxy of metals on GaN in general, with
considerable impact on nitride device technology and potentially on the development of new devices based on epitaxial
metal-nitride structures.
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