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Determination of wurtzite GaN lattice polarity based on surface
reconstruction
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We identify two categories of reconstructions occurring on wurtzite GaN surfaces, the first
associated with the N face,~0001̄!, and the second associated with the Ga face,~0001!. Not only do
these two categories of reconstructions have completely different symmetries, but they also have
different temperature dependence. It is thus demonstrated that surface reconstructions can be used
to identify lattice polarity. Confirmation of the polarity assignment is provided by polarity-selective
wet chemical etching of these surfaces. ©1998 American Institute of Physics.
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The potential applications for blue light emitting devic
continue to drive research efforts to understand the growt
GaN. In the fabrication of most nitride-based devices, e
taxial growth occurs on thec plane of wurtzite GaN. A key
characteristic of wurtzite GaN is its polarity. No symmet
operation of the crystal relates the@0001# to the @0001̄# di-
rection, and so the~0001! and ~0001̄! surfaces are inequiva
lent. The former surface is known as the Ga face, and
latter as the N face. While the atomistic details of surfa
structure are known to govern growth kinetics, little has be
understood, until recently, about the surface structures
wurtzite GaN. Remarkably, a few groups have reported
inability to observe any surface reconstructions at all
wurtzite GaN other than a 131.1,2 At the same time, a num
ber of other groups have reported a variety of reflection h
energy electron diffraction~RHEED! patterns, including
131, 231, 232, 233, 332, 333, 434, and 535.3–9

However, the polarities of the surfaces which gave these
fraction patterns were unknown.

Recently, we have identified the surface reconstructi
which belong to the N face of wurtzite GaN, which includ
131, 333, 636, andc(6312).10 In this letter, we summa-
rize those findings and identify, in addition, the surface
constructions which belong to the Ga face, showing t
these include most of those which had been observed u
RHEED and a few additional ones which had not previou
been observed. In particular, we find 232, 535, 634, and
‘‘1 31’’ reconstructions, with the latter not being a tru
131, as discussed in more detail below.11 Thus, there is no
overlap in the symmetries of these two categories of rec
structions. The assignment of the lattice polarity in our st
ies is based primarily on the results of theoretical total
ergy calculations.10 Additional confirmation is provided by
2110003-6951/98/72(17)/2114/3/$15.00
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performing a polarity-selective chemical etching experime
the results are in good agreement with those of Seelma
Eggebertet al.12

We grow both film polarities in the same molecul
beam epitaxy~MBE! chamber using different growth proce
dures. The reconstructions are determined using RHE
low energy electron diffraction~LEED!, and scanning tun-
neling microscopy~STM!. All of the surface analysis is don
in situ on clean MBE-grown surfaces. The etching expe
ments are performedex situby dipping the samples into a
1.8 M NaOH solution for 3 min and then rinsing them
distilled water.

The N face@~0001̄! surface# is prepared by nucleating
and growing GaN directly on sapphire using MBE with a
plasma source. The sapphire substrate is first solvent-cle
ex situand then loaded into the growth chamber where i
exposed to nitrogen plasma at 1000 °C for 30 min. Grow
of GaN begins at 685 °C, after which the substrate tempe
ture is gradually raised to 775 °C for the main part of the fi
growth. The RHEED pattern becomes a streaky 131 after
the first few hundred angstroms of growth. The resulting fi
surface has a plateau-valley morphology with large, ato
cally flat terraces. We also occasionally observe growth s
rals on this surface.13

A schematic phase diagram for the four main surfa
reconstructions observed for GaN films grown directly
sapphire is shown in Fig. 1~a!. Also shown are the corre
sponding RHEED patterns, as viewed along the@112̄0# azi-
muth. The 131 has the lowest Ga concentration; it is pr
duced by heating the as-grown film surface to hi
temperature (;800 °C) in order to remove excess Ga ad
toms~heating to higher temperatures causes a spotty RHE
pattern to develop, indicating surface roughening!. First prin-
4 © 1998 American Institute of Physics
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ciples total energy calculations demonstrate that this 131
consists of a Ga monolayer~or adlayer! bonded to the upper-
most N-terminated bilayer.10 This adlayer is under tensile
stress due to a smaller preferred Ga–Ga bond length co
pared to the GaN lattice constant. The 333, 636, andc(6
312) reconstructions are produced by depositing sub
monolayer quantities of Ga onto this 131. These additional
Ga adatoms reduce the stress in the adlayer, thus formi
energetically favorable adatom-on-adlayer structures.10

These higher order reconstructions, however, only exist b
low ;300 °C, as illustrated in Fig. 1. As the temperature i
increased, the structures undergo reversible order–disord
phase transitions, and the nonintegral RHEED feature
disappear.14

We prepare the Ga face@~0001! surface# by performing
MBE homoepitaxy of GaN on a metalorganic chemical va
por deposition ~MOCVD!-grown GaN/sapphire substrate.
This substrate is used as an atomic-scale template for gro
ing the Ga face based on the fact that high-quality MOCVD
grown GaN films have been shown to have Ga polarity.15,16

The MOCVD substrate is first solvent-cleanedex situ, then
loaded into the growth chamber and heated to 775 °C und
a nitrogen plasma. Growth commences once the 131
RHEED pattern becomes bright. If the growth is allowed to
become too N rich, a spotty RHEED pattern will develop
indicating three-dimensional growth; on the other hand,
Ga-rich conditions are maintained, a smooth 131 RHEED
pattern will be observed, as also reported by Tarsaet al.17

FIG. 1. Schematic phase diagrams illustrating the coverage and temperat
dependence of the reconstructions existing on the~a! N face, and~b! Ga
face. Ga coverage increases from left to right in both diagrams. Temper
tures given correspond to either order–disorder phase transitions or anne
ing transitions~see text!. Cross-hatched regions indicate either mixed or
intermediate phases. RHEED patterns for both the Ga and N face, as view
along the@112̄0# azimuth, are also shown.
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The resulting film surface is characterized by large, ato
cally flat terraces and growth spirals.13

A schematic phase diagram for the four main surfa
reconstructions observed for GaN films grown on MOCV
sapphire substrates is shown in Fig. 1~b!. Also shown are the
corresponding RHEED patterns, as viewed along the@112̄0#
azimuth. After terminating the growth of the film under G
rich conditions and cooling, the 131 which is observed dur-
ing growth converts to a ‘‘131’’ at ;350 °C. We refer to
this structure as ‘‘131’’ ~with quotation marks! because of
the appearance of satellite lines just outside the integral o
lines when viewed along the@112̄0# azimuth. As determined
by our own in situ Auger spectroscopy measurements, t
‘‘1 31’’ surface has the highest Ga/N Auger intensity ra
out of all of the reconstructions we have observed on b
the Ga face and the N face. Structural models for the
31’’ are currently being explored; the temperature dep
dence of the satellite features is suggestive of a fluid laye
Ga adatoms on top of the Ga-terminated bilayer.18

Several higher order structures can be formed on the
face. First, the ‘‘131’’ is annealed to 750 °C to remov
excess Ga atoms; the RHEED pattern then changes to
32 ~not shown in Fig. 1!, with a weak 1/2 order streak. If G
is deposited onto this 132 surface at room temperature, th
weak 1/2 order streak will disappear, and no fractional or
streaks will appear~this behavior is very different from the N
face, where Ga deposition at low temperatures results in
333 and other higher order reconstructions!. However, by
depositing 1/2 ML Ga, annealing the surface to 700 °C, a
cooling, the 535 reconstruction will be formed; and afte
depositing an additional 1/2 ML Ga, annealing to 700 °
and cooling, the 634 reconstruction will be formed. Con
tinuation of this deposition and annealing process ultimat
results in the Ga-rich ‘‘131.’’ The 535 structure is ob-
served up to 700 °C, at which temperature it disappears.
634, on the other hand, undergoes a reversible phase
sition at;250 °C.

A number of groups have reported 232 RHEED pat-
terns during growth.3–6 While we have not observed a
32 during growth, we have obtained a 232 by annealing
the 535 at;600 °C. We also obtained a 232 by nitriding
the surface at;600 °C. It is interesting to note that the be
232 patterns have been observed for growth with elect
cyclotron resonance~ECR! plasma sources as opposed to
plasma sources,4–6 although Hugheset al. observed a weak
232 during growth using an rf plasma source.3 They also
occasionally observed 233, 332, 535, and 231, in agree-
ment with our own observations. We conclude that we ha
the same polarity in our homoepitaxial growth as Hugh
et al.and that they have the same polarity as the other gro
who also observe 232 patterns during growth. First prin
ciples total energy calculations indicate that both 232 Ga-
adatom (T4) and 232 N-adatom (H3) structures could be
stable within the allowed ranges of the Ga and N chem
potentials.10 While it is not known which of these two struc
tures corresponds to the experimentally observed RHE
patterns, it is clear that the Ga face exhibits a 232 surface
reconstruction.

While the theoretical calculations provide a convinci
means of assigning the polarity of the two different faces
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wurtzite GaN,10 an independent confirmation of this assig
ment is desirable. Chemical etching of nitrides has b
studied for a variety of etchants.19 Recently, a method o
distinguishing the polarity of wurtzite GaN films based
their chemical etching behavior in hydroxide solutions h
been reported by Seelmann-Eggebertet al.12 They found that
films having N polarity were etched in a solution of KO
while films having Ga polarity were resistant to etching
the same solution. They established the polarity of their fil
using hemispherically scanned x-ray photoelectron diffr
tion ~HSXPD!. To check these results against our own p
larity identification, we have performed a similar study of t
etching behavior of the GaN films which were grown
MBE directly on sapphire, which we believe have N polari
and those which were grown by MBE on the MOCVD Ga
sapphire substrates, which we believe have Ga polarity.
ure 2~a! is an atomic force microscopy~AFM! image of a
film grown directly on sapphire prior to etching, illustratin
the characteristic plateau-valley morphology commonly
served for these films. Figure 2~b! shows the change in mor
phology which occurs upon etching in a 1.8 M NaOH so
tion for 3 min. While a hint of the original morpholog
remains, the surface is primarily composed of smal
rounded features; apparently this film is highly reactive w
the NaOH solution. Figures 2~c! and 2~d! are a similar pair of
AFM images for a homoepitaxial GaN film grown on a
MOCVD GaN/sapphire substrate. As can clearly be se
there is no change in the surface morphology after etch
indicating that this surface is resistant to etching in
NaOH solution. Our etching results are therefore consis
with those of Seelmann-Eggebertet al. This consistency
confirms our previous polarity assignment.10

In addition to being useful for determining polarity
knowledge of surface reconstructions is also important
understanding kinetics of growth. For the N face, it see

FIG. 2. AFM images of GaN grown directly on sapphire~a! before etching,
and ~b! after etching for 3 min in a 1.8 M NaOH solution. Similarly dis
played are AFM images of GaN grown on an MOCVD GaN/sapphire s
strate~c! before etching, and~d! after etching. All images are 5mm35 mm,
and gray-scale ranges are 450, 530, 260, and 260 Å, respectively.
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clear that the structure which is present on the surface du
MBE growth is quite similar to the 131 Ga adlayer. On the
other hand, for the Ga face the qualitative nature of the str
ture which is present during growth remains unclear. T
existence of a number of higher order reconstructions wh
are apparently stable at or near the growth tempera
makes it important to obtain further clarification of the
atomic structure.

In summary, we have investigated the reconstructio
which occur on wurtzite GaN surfaces. We find that the t
structurally inequivalent faces, the Ga face and the N fa
have completely different surface reconstructions. Moreov
the temperature dependence of the intensity of the noni
gral RHEED features is very different for the two face
These reconstructions can thus be used as a means of d
mining the lattice polarity of wurtzite GaN. Our polarity as
signment for the two faces has been confirmed by polar
selective wet chemical etching.
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