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A review of surface structures of bare and adsorbate-covered GaN (0001) and (0001) surfacesis
presented, including results for In, Mg, Si, and H adsorbates. Emphasisis given to direct
determination of surface structure employing experimental techniques such as scanning tunneling
microscopy, € ectron diffraction, and Auger electron spectroscopy, and utilizing first principles
computations of the total energy of various structural models. Different surface stoichiometries are
studied experimentally by varying the surface preparation conditions (e.g. Ga-rich compared to N-
rich), and the stoichiometry isincluded in thetheory by performing cal culationsfor various chemical
potentials of the constituent atoms. Based on the work reviewed here, surface reconstructions for
plasma-assisted molecular beam epitaxy growth of GaN (0001) and (0001) surfaces are fairly well

understood, but reconstructions for reactive molecular beam epitaxy or for metal-organic vapor
phase epitaxy (both involving H, at moderate and high temperatures, respectively) are less well

understood at present.

1 Introduction

Gallium nitride and other 111-nitrides have attracted con-
siderable interest recently because of their applications
for blue light-emitting diodes and lasers and for high
frequency/high power transistors [1] [2] [3] [4] [5] [6]
[7]. These materials have several unique properties com-
pared to the more conventional 111-V semiconductors
(GaAs, InP, etc.): they exist in both cubic (zincblende)
and hexagonal (wurtzite) form, they are refractory, and
some of the materials have large band gaps. The rela
tively small size of nitrogen, compared to Ga or In, in
these compounds leads to a number of unique surface
structures, which have been explored in several papers
for the (001) growth surface of cubic GaN [8] [9] [10].
For the technologically more relevant (0001) growth
surface of hexagonal GaN, reports over the past 5 years
have led to considerable understanding of its structure,
for both bare and adsorbate covered surfaces. This arti-
cle presents a review of these studies of the surface sci-
ence of wurtzite GaN (0001) and (0001) surfaces. It is
important to understand the surface structures of these
materials, since this knowledge will impact our ability
to achieve high quality epitaxial growth of the materials

as required for optoelectronic and electronic applica-
tions.

Common growth methods for GaN films include
metal-organic vapor phase epitaxy (MOVPE) and
molecular beam epitaxy (MBE). The latter can be per-
formed using a plasma source for nitrogen (plasma-
assisted MBE, or PAMBE) or using ammonia, which
thermally decomposes on the growth surface (reactive
MBE, or RMBE). The MBE technique by virtue of its
ultra-high vacuum apparatus is more amenable to sur-
face science studies, and most surface science work to
date has been performed on samples grown by PAMBE.
Such work constitutes the bulk of the material reviewed
in this article. Reports of the surface science of GaN
films grown by RMBE have also appeared [11] [12]
[13], and one group has reported surface science results
for MOV PE-grown material [14]. Those works are dis-
cussed below in Section 3.5.

It is important to note that the (0001) and (0001)
directions of GaN are inequivalent, asillustrated in Fig-
ure 1 (by convention, the positive (0001) direction is
given by a vector pointing from a Ga atom to a nearest-
neighbor N-atom along (0001)). Thin films having
either polarity have been grown. Films with (0001) sur-
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face normal are called Ga-polar, and those with (000T)
surface normal are called N-polar. The surfaces of such
films are sometimes caled Ga-face or N-face, respec-
tively. The identification of film polarity, and the factors
influencing the nucleation of a particular polarity, are
discussed in the early review by Hellman et a. [15].
Two additional issues which have been addressed since
that article are: (a) for MBE growth on sapphire, the for-
mation of Ga- or N-polarity is largely influenced by the
choice of AIN or GaN buffer layers used for the initial
film nucleation [11] [16] [17] and (b) the observation of
a clear 2x2 reconstruction during PAMBE growth of
Ga-polar material (which is argued by Hellman to pro-
vide a means of identifying the Ga-polarity) has been
recently argued to arise from the unintentional presence
of arsenic on the growth surface [18] [19], as further
discussed below. This arsenic occurs in a number of
growth systems since they were previously used for
MBE growth of GaAs, and the influence of residua
arsenic has also been established for the case of cubic
GaN [8] [9] [10]. However, notwithstanding the role of
arsenic, it should be noted that even comparing results
from arsenic-free growth systems leads in some cases to
disagreement in the precise reconstructions reported; it
is clear that for certain conditions (e.g. intermediate sto-
ichiometries) the GaN surface symmetry can be modi-
fied by rather low levels of contamination.

Regarding nomenclature, we repeat here the recom-
mendation made by Hellman et al., that the terms "Ga-
terminated" or "N-terminated” should be avoided when
referring to film or surface polarity. The actual termina-
tion of afilm depends, of course, on the surface recon-
struction and surface stoichiometry. These terms, Ga- or
N-terminated, will however be occasionally used below
when referring to the actual presence of a particular ter-
minating layer of atoms on a surface.

In this article we review results for surface recon-
structions of GaN (0001) and (0001) surfaces, focusing
first on reconstructions of the bare surfaces and then dis-
cussing the addition of various adlayers including In,
Mg, Si, and H to the surfaces. The kinetics of the surface
atoms during growth is also discussed.

2 Bare Surfaces

2.1 N-polarity
2.1.1 Experiment

A number of early works have reported surface symme-
tries other than 1x1 for GaN surfaces, but the nature of
these reconstructions was completely unknown [15]
[20] [21] [22] [23] [24] [25] [26] [27] [28] [29]. Thefirst
paper to determine geometrical arrangements of recon-
structions was the work of Smith et a. for the
GaN(0001) surface [30]. These films were grown by

PAMBE on sapphire. Their polarity was not known
prior to the study; an outcome of the work was the deter-
mination of N-polarity, and subsequent studies by other
workers upheld this conclusion [11]. The surface struc-
ture varies with surface stoichiometry. Figure 2 shows
scanning tunneling microscopy (STM) images of the
four most common reconstructions: 1x1, 3x3, 6x6, and
¢(6x12), in order of increasing Ga coverage.

The 1x1 reconstruction appears as a hexagonal array
of corrugation maxima, with a lateral spacing equal to
the c-plane lattice constant of GaN, 3.19 A. The 3x3 is
similar in appearance but displays an asymmetry within
the unit cell as well as additional structure at lower
biases. The asymmetry of the unit cell reflects the fact
that each GaN bilayer has only three-fold symmetry.
STM images confirm that this asymmetry reverses upon
descending a single bilayer-high step on the surface. The
6x6 is made up of ring-shaped structures. Each ring has
three-fold symmetry with lobes from three neighboring
rings coming close together. Thisresultsin two different
kinds of "*holes" around the rings, one appearing deeper
than the other. The ¢c(6x12) reconstruction is qualita-
tively different in appearance from the previous three.
Row-like structures are observed running paralel to
(1100) directions of the crystal. Circular corrugation
maxima appear in pairs along the rows; there are two
possible angular orientations of these pairs of maxima
with respect to the row directions in addition to the three
possible row directions. Voltage dependence of the STM
images for each reconstruction has been studied; no
strong dependence is observed, except for the c(6x12)
structure where the appearance of the row-like features
differs between empty and filled states [31].

For determining structural models of the observed
reconstructions, an important constraint is the number of
Ga (and N) atoms involved in each structure. The
observed surface reconstructions form when the surface
is Garrich [11] [30]. Formation of the 3x3 reconstruc-
tion was found to require 0.145 + 0.025 ML (ML =

monolayer = 1.14 x 10'° atoms/cm?) more Ga than the
1x1 structure, corresponding to 1.3 + 0.2 atoms per 3x3
unit cell. The 6x6 and c(6x12) require additional
amounts of Ga, estimated to be 0.43 and 0.58 ML
respectively relative to the 1x1 surface [31]. It isimpor-
tant to note that this "excess' Ga (over that required for
the 1x1) is only weakly bound onto the surface. Above a
temperature of about 200°C, the 3x3, 6x6, and c(6x12)
al transform reversibly to a 1x1 arrangement believed
to consist simply of the 1x1 Gaterminated surface
(described below) together with the excess Ga in a
mobile, disordered (probably lattice gas) arrangement
on the surface.
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2.1.2 Theory

First principles total energy calculations of the relative
stability of possible models of surface reconstructions
can provide definitive determinations of the surface
structure provided certain conditions are met. One
requirement is that the system under consideration must
be reasonably close to equilibrium. It is not obvious a
priori that this requirement is satisfied in general by sur-
face structures prepared by an MBE growth process.
Neverthel ess theorists have moved forward using a ther-
modynamic approach and there is now a widespread
consensus that it is possible to obtain a reasonably com-
plete mapping of the observed reconstructions by calcu-
lating the surface formation energies as a function of
one or more of the atomic chemical potentias of the
congtituents. Prototypical examples of systems where
this approach has achieved some success include the
GaAs(001) and ZnSe(001) surfaces. The approach has
also been successful in chemisorption systems such as
Si(001)H. One of the objectives of work on GaN sur-
faces is to determine if the same theoretical approach
will be successful for GaN and the other highly ionic
wide-band-gap materials. At present the theoretical
mapping for GaN is not complete: some of the observed
reconstructions — such as the 6x6 and ¢(6x12) on the
(0001) surface and the 5x5 and 6x4 on the (0001) sur-
face discussed below — are too large and complex for
theoretical analysis at thistime. A second requirement is
that a sufficiently large number of structural models
should be considered. Input from experiment is crucial,
both in suggesting possible structures and limiting the
number of models that must be considered.

For GaN one calculates the relative formation ener-
gies of surfaces as a function of the Gaand N chemica
potentials (Lg5 and Wy). The formation energy of a sys-
tem comprised of Ga and N is defined as Q = E —
Ngallga — NNMN- IN this expression E is the total energy
per supercell that is calculated for a structure containing
the specified number of gallium and nitrogen atoms
(NgaNn)- We assume equilibrium with bulk GaN: This
implies the relation pga + UN = Kgan(uk) Where
UGaN(ulk) IS the calculated energy per Ga-N pair for
wurtzite GaN. This relation between the chemical
potentials is used to eliminate either the galium or
nitrogen chemical potential as an independent variable
and to write the formation energy as a function of a sin-
gle chemical potential. The formation energy may then
be written as Q = Egy — (Nga — NN)(MGa — Haagbulk):
where Egj is the formation energy corresponding to the
Garrich limit, where by definition Lga = Ugapuk)- The
relative energy difference between any two reconstruc-
tions may then be expressed as AQ = AEg, — (Ang, —

Ann)(Mga — MGapulk)- The Ga chemical potential is
bounded from above by Ugapuk) and from below by
Ugapulk) — AH| where AH is the heat of formation of
GaN. We refer to the two endpoints of the allowed Ga
chemical potential, g = Hgaghulk) a1 Hga = KGa(bulk) ~
|[AH|, as the Ga-rich and N-rich limits. The thermody-
namically alowed structures are those that have the low-
est energy for some value of the Ga chemical potential
within the allowed range [32].

Total energy calculations for the (0001) surface
shown in Figure 3(b) [30], indicate that the only feasi-
ble candidate for the experimentally observed 1x1 struc-
ture is the Ga adlayer model. This structure is shown in
Figure 4(a) [30]. In this structure each Ga atom is posi-
tioned in an atop site with vertical N-Ga bonds of length
1.99 A. The atop registry of the Gaatomsis preferred by
a wide margin over registrations in which the Ga is
located over T4 or H3 sites. Electronic structure calcu-
lations predict that the Ga adlayer structure gives rise to
highly dispersive bands of surface states inside the bulk
band gap [33]. A recent experimental study by Ryan et
al. [34] appears to corroborate the existence of such
highly dispersive states. The correspondence between
the theory and the photoemission experiment is not
complete, however, and further work is required to
account for all the features seen in the experiment.

In N-rich conditions the most stable structure that
has been obtained theoretically is the 2x2 Ga adatom
model, with the adatom in an H3 site. The adatom forms
three bonds to the N atoms in the layer below, and the
length of these bonds is 1.98 A. So far, a 2x2 structure
has not been observed on the GaN(0001) surface. The
ideal 1x1 surface having one threefold coordinated N
atom in each unit cell is not stable for any alowed value
of the Ga chemical potential.

The Ga atoms in the 1x1 adlayer structure are each
bonded to a single N atom and are separated from 6
other Ga atoms in the adlayer by a distance correspond-
ing to a second-nearest-neighbor distance of bulk GaN,
i.e. they are separated by about 3.2 A. The relative sta-
bility of this type of structureis, at first sight, very sur-
prising. To establish the plausibility of this structure a
set of calculations was performed in order to determine
how much of the binding energy of a Ga atom arises
from intra-adlayer Ga-Ga interactions and how much
arises from the Ga-N bonds [33]. Starting from a
GaN(0001)1x1 N-terminated surface and a collection of
isolated Ga atoms, the energy of the system decreases
by 4.0 eV per Ga atom when the adlayer is formed. Of
this 4.0 eV/atom, a 2.2 eV reduction can be attributed to
the formation of the Ga-N bonds and 1.8 €V can be
attributed to the formation of the Ga-Ga bonds within
the adlayer. Thefirst point to be made is that the 4.0 eV/
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atom energy reduction islarger than the cohesive energy
of bulk Ga (2.8 eV/atom). In other words the 1x1 Ga
adlayer is much more stable than a surface with Ga
droplets residing on a N-terminated 1x1 surface. The
second point is that a substantial fraction — about 45% —
of the binding energy of the Ga atoms can be attributed
to intra-adlayer Ga-Ga bonding. For perspective, con-
sider the analogous (hypothetical) reaction for Ga on an
As-terminated GaAs(111)1x1 surface. The Ga atoms in
such an adlayer would be separated from each other by
about 4.0 A. Now, the cal culated energy reduction of the
system that results from bringing isolated Ga atoms onto
the As-terminated surface is found to be 2.4 eV/atom.
Of this2.4 eV, a 1.6 eV reduction arises from the Ga-As
bond and 0.8 eV arises from the intra-adlayer Ga-Ga
bonds. In this case, since the cohesive energy of Gais
2.8 eV/atom, a 1x1 Ga adlayer would actually be unsta-
ble with respect to formation of Ga droplets on a 1x1
As-terminated surface. It is important to note that the
energy reduction arising from intraadlayer Ga-Ga
bonding is only 0.8 eV/atom — just about 33% of the
total reduction. It was found that the strength of the
intra-adlayer Ga-Ga bonding increases by about 1.0 eV/
atom as the Ga-Ga separation in the adlayer is reduced
from 4.0 A (for GaAs) to 3.2 A (for GaN). The
increased strength of the intra-adlayer Ga-Ga bonding is
an important part of the reason why Ga adlayer struc-
tures can occur on GaN(0001) surfaces, but not on the
GaAs(111) surface.

The other observed reconstruction of the GaN(0001)
surface which has been examined is the 3x3 structure
[30]. The preferred model is obtained by adding asingle
Ga atom per 3x3 unit cell to the 1x1 Ga adlayer model.
This additional Ga adatom is located in a hollow site
0.75 A above its three neighboring Ga atoms as shown
in Figure 4(b). To accommodate the additional atom the
three neighboring Ga atoms relax laterally away from
the adatom by more than 0.5 A so that the length of the
three Ga-Ga bonds is 2.50 A. This structure is indeed
found to be energetically favorable compared to the 1x1
adlayer model in Ga-rich conditions (those results are
not shown in Figure 3 since they were performed by
including the Ga 3d electrons as part of the core using
the nonlinear core correction [30]). On the basis of
these calculations it is concluded that the (0001) surface
consists of an atop-registered Ga adlayer, and that this
adlayer is decorated by additional Ga adatoms.

The atop-registered 1x1 adlayer model is also ener-
getically favorable in the case of In-terminated
GalN(0001) surfaces, as discussed in more detail below.
The In-In separation in bulk In is approximately 3.3 A
and so Inisamuch larger atom than Ga. (In bulk Gathe
corresponding Ga-Ga separation is 2.7 A.) [a] Infact,
the optimal In-In separation isslightly larger than thein-

plane | attice constant of a 1x1 adlayer on the (0001) sur-
face (~3.2 A). In contrast to the case of Gaadlayer struc-
tures, it appears that In atoms are too large to enable the
insertion of additional atoms into the In adlayer to form
stable adatom-on-adlayer structures. One may conclude
that it is not likely that additional In adatoms can deco-
rate a 1 ML In adlayer termination of the GaN(0001)
surface. This conclusion is supported by total energy
calculations showing that a 2x2 structure containing 1/4
ML of In adatoms on the In adlayer is very high in
energy [35].

2.2 Ga-polarity

2.2.1 Experiment

Reconstructions of the GaN(0001) surface have been
reported by Smith et al. [36]. Those Ga-polar films
were growvn by PAMBE, using homoepitaxy on
MOVPE-grown Gapolar GaN, or using Si-polar
SiC(0001) substrates. Compared to the (0001) surface,
results for the (0001) surface are less well understood.
In order of increasing Ga coverage, Smith et a. find
2x2, 5x5, 6x4, and "1x1" (pseudo-1x1) structures.

The origin of the 2x2 surface reconstruction, in par-
ticular, is quite controversial. Smith et al. observe this
structure only under N-rich conditions (it is not seen
during growth, but it does appear when the Ga-flux is
interrupted). They thus suggest that it arises from a 2x2
arrangement of N adatoms. In contrast, a number of
groups have reported an intense 2x2 diffraction pattern
during growth, as seen by reflection high energy elec-
tron diffraction (RHEED) [15] [25] [26] [37]. This pat-
tern has been attributed to a 2x2 arrangement of Ga
adatoms [15] [37]. Following an exhaustive but unsuc-
cessful search for this 2x2 structure seen during growth,
utilizing different growth conditions and multiple N-
sources, Smith et al. finally proposed that it might arise
from some unintentional adsorbate in the growth sys-
tems, eg. arsenic [38]. Subsequent installation of an
arsenic source into their MBE system led to an immedi-
ate detection of the intense 2x2 pattern (seen during
growth), thus confirming its origin as being due to
arsenic, as further discussed below in Section 3.3.
Indeed, in several cases, the growth systems which
revea intense 2x2 patterns during PAMBE growth are
known to have been previously used for GaAs growth
[39] [4Q]. It is important to note that the above com-
ments regarding the identity of the commonly observed
2x2 pattern apply only to PAMBE growth; for RMBE, a
2x2 pattern with different characteristics than that seen
during PAMBE has been reported [13].

The 2x2 reconstruction observed by Smith et a. is
prepared by nitriding the surface at a temperature of
about 600°C. STM images revea a disordered surface
with small domains of 2x2, consistent with the fact that
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the 1/2-order lines seen in RHEED are not very sharp
[36]. From total energy calculations for the Ga face, two
different 2x2 structures are found to be energetically
favorable within certain ranges of the Ga chemical
potential as described below: a N-adatom (H3) 2x2 and
a Ga-adatom (T4) 2x2 [30]. The fact the 2x2 seen by
Smith et al. is formed by nitridation led them to suggest
that it arises from N adatoms.

The 5x5 reconstruction is obtained by annealing the
Gaface at 750°C, depositing 1/2 ML of Ga, then re-
annealing the surface to about 700°C [36]. The surface
obtained by annealing at 750°C aloneisfound to be dis-
ordered, but the Ga deposition and re-annealing process
stabilizes the surface via the 5x5 reconstruction. Com-
pared to reconstructions found on the N-face, the Ga-
face 5x5 is strongly bias-dependent, suggestive of a
semiconducting surface. Shown in Figure 5 is a pair of
STM images of the 5x5 reconstruction acquired at posi-
tive sample bias (empty states) in (a), and negative sam-
ple bias (filled states) in (b), from nearby surface
locations. At positive sample bias, the unit cells of the
5x5 can be readily identified by the dark trenches tra-
versing the image in all three of the (1120) directions.
One 5x5 unit cell ismarked in the image. Typically, four
topographic maxima are observed within each unit cell.
However, the height and shape of these maxima vary
from one unit cell to the next. This lack of translational
equivalence is even more evident at negative sample
bias, where the topographic maxima appear to be
grouped together on the surface into pairs, or in some
cases, triplets. The more common pair features have a
specific rotational orientation, namely along one of the
(1120 directions, with the particular orientation varying
randomly over the surface.

Detailed analysis of the voltage-dependent images of
the 5x5 leads to the model shown in Figure 6. The topo-
graphic maxima seen in the images are interpreted in
terms of N and Ga adatoms, residing on T4 and H3 sites
respectively, together with some residual dangling
bondsin the unit cell. A complete theoretical description
of this surface is lacking at present, although some
results are available for the relative stability of Gaand N
adatoms on the surface as discussed in Section 2.2.2
below.

The 6x4 isformed by depositing /2 ML of Ga onto
the 5x5 and then briefly heating the surface up to 700°C.
Ga deposition alone will not produce the 6x4, suggest-
ing that the formation of the 6x4 must involve extensive
rearrangement of surface atoms. Surfaces showing clear
6x4 RHEED patterns obtained in this manner, however,
are aso found to contain large domains of 5x5, as
shown in Figure 7. Seen there are STM image of both
the 5x5 and 6x4 regions, at both positive sample bias
and negative sample bias. As with the 5x5, the row-like

6x4 structure shows a strong bias-dependence, again
suggesting a semiconducting surface. At positive sample
bias, each row is clearly defined by aline of bright fea-
tures spaced 4xa (a = 3.19 A) apart along the [1120]
direction, except where a structural defect breaks the
periodicity. At negative sample bias, these maxima do
not appear, but the rows are still clearly defined by aline
of dark features

As seen in Figure 7 the 6x4 appears topographically
lower, on the average, than the 5x5. Thisis counter-intu-
itive since the 6x4 is formed by adding Ga to the 5x5.
One possible explanation is that the height differenceis
electronic in nature. However, this seems insufficient to
explain the difference since the 5x5 is higher than the
6x4 at both positive sample bias (by 0.3 A) and negative
sample bias (by 0.4 A). A second possibility is based on
the observation that 6x4 surfaces not only contain 5x5
but also "1x1" [36]. This latter structure as described
below is known to contain much more Ga compared to
the other reconstructions, as measured by Auger elec-
tron spectroscopy (AES). The fact that all three recon-
structions are found together suggests that the 5x5 and
6x4 may not be very different from each other in terms
of energy, and possibly also Ga coverage. The "1x1", on
the other hand, appears to be energetically much more
favorable, effectively acting asa Ga "sink". In any case,
it is hard to imagine that the 6x4 could contain less Ga
than the 5x5. The additional Ga in the 6x4 could form a
structural arrangement allowing a denser packing of Ga
compared to the 5x5. The observed height difference
might then be explained by a combination of both struc-
tural and electronic effects.

As reported by Smith et al. [33] the most stable
structure at high Ga coverage is one which displays a
diffraction pattern dominated by 1x1 spots, so that this
structure is known as pseudo-1x1 or "1x1". The struc-
ture can be formed in severa ways, one of which is by
depositing about 1 ML of Ga onto the 6x4, followed by
arapid anneal to 700°C. Another way to form the "1x1"
isto terminate the growth of GaN under dlightly Ga-rich
growth conditions. As the sample cools, the entire sur-
face can become "1x1" although 5x5 and 6x4 may also
be observed, depending on the precise amount of Ga
present on the surface. The diffraction patterns of this
surface show mainly 1x1 streaks (in RHEED) or spots
(in low-energy electron diffraction, LEED), but includes
sidebands or satellite spots in these patterns as described
below. Hence this structure isreferred to as "1x1", using
the quotation marks to indicate that the symmetry is not
truly 1x1. During growth, this Ga-rich surface shows
only 1x streaks, as illustrated in Figure 8(a). However,
as the surface is cooled down to <350°C, distinct side-
bands appear on the high wavevector sides of the first-
order streaks along the [1120] azimuth, as shown in Fig-
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ure 8(b). Depending on the Ga coverage, the spacing of
the sidebands from the first-order streaks at room tem-
perature is either 0.16 £+ 0.01 (=1/6) or 0.08 £ 0.01 (=1/

12) of the 1x spacing k;=0.361 A%, asillustrated by the

two LEED patterns shown in Figs. 8(c,d). These struc-
tures are referred to as "1+ 1/6" and "1+ 1/12" respec-
tively; the precise difference between these structuresis
not well understood at present. The 1+ 1/6 structure,
pictured in Figure 8(c), can exist down to room tempera-
ture for a narrow range of Ga coverage (just above that
needed to form the 6x4), but for all higher coverages,
the 1+ 1/6 converts to 1+ 1/12 as the temperature is
reduced to about 200°C.

The temperature dependence of the 1x1 surface is
illustrated in Figs. 8(e—h), focusing on the vicinity of the
integral order (0,1) spot. Between room temperature and
about 100°C, as seen in Figure 8(e), amodulated ring of
intensity with radius 0.08 k4 is observed around the (0,1)

spot with modulation at 60° intervals. This ring has
greater intensity on the high wavevector side of the spot.
Asthe temperature is increased to about 150°C, thering
modulation decreases slightly [Figure 8(f)]. As the sur-
face temperature increases further to around 200°C, the
ring modulation decreases further [Figure 8(g)]. It is
also seen that the radius of the ring appears to have
decreased dlightly to about 0.07 k. As the temperature
is raised past 200°C, the pattern converts to 1+ 1/6
(although not observed in this particular LEED experi-
ment, the conversion from 1+ 1/12 to 1+ 1/6 in this tem-
perature range has been observed consistently in
RHEED experiments). Above 350°C, one sees only the
integral order LEED spot [Figure 8(h)]. This sequence
of phase transitions is reversible. Thus we find that the
ring modulation decreases with increasing temperature.
At the sametime, the ring radius decreases slightly from
0.08 k; to 0.07 k; with increasing temperature until
about 200°C, at which point it increases by a discrete
amount to 0.16 k.

The "1x1" diffraction patterns described above are
typical of aincommensurate surface structure. The mod-
ulated ring structure and its temperature dependence
indicate that this incommensurate structure possesses
considerable dynamic, fluid-like character, even at room
temperature. Thus, it was inferred that the " 1x1" surface
at room temperature is best characterized by a discom-
mensuration-fluid phase [33], similar to that seen for
Au(111) and Pt(111) at elevated temperatures [41].
Since the melting point of bulk Ga (29.8°C) is very near
room temperature, such a structural phase for this Ga-
rich surface is most reasonable. STM image for this sur-
face generally do not display any atomic corrugation.
Rather, the "1x1" regions appear quite featureless.
Sometimes corrugation is seen, and in those cases it has

precise 1x1 spacing (rather than some much longer cor-
rugation, as would be expected from the diffraction
results) [33]. This apparent discrepancy between the
STM and diffraction results was resolved by postulating
a model in which the surface contains two monolayers
of excess Ga in an incommensurate arrangement, with
this Ga existing in the mobile, fluid-like state at room
temperature. Thus, the STM images reflect the time
averaged position of the Ga atoms, which reflects the
underlying 1x1 structure of the GaN bilayer below the
excess Ga. In one exceptional case of STM imaging on
the (0001) surface, a small reconstructed domain was
observed in STM which has structure close to that
expected for the "1x1". It was speculated that this struc-
ture occurred at the top of an inversion domain and that
the incommensurate arrangement of the "1x1" was fro-
zen-in there due to the limited size of the domain [42].

STM images acquired at room temperature for a sur-
face containing a mixture of "1x1", 5x5, and 6x4
domainsreveal aheight difference of "1x1" islandsrela
tive to surrounding 6x4 and 5x5 regions of about 2.1 A.
Electronic effects can of course influence this height, but
typically by only a few tenths of an A. As discussed
above, the 5x5 and 6x4 regions are believed to contain
adatoms with height (from theory [36]) of about 1.7 A
above the Ga atoms in the outermost GaN bilayer. Thus,
the thickness of the "1x1" Ga layer is estimated to be
about 3.8 A, corresponding to about 1.8 ML. This esti-
mate suggests that the "1x1" reconstruction contains
around 2 ML of excess Ga. Similarly, AES measure-
ments indicate that the "1x1" surface contains 2-3 addi-
tional ML of Ga above the outermost GaN bilayer [33].
Recent results of RHEED studies for Ga on GaN(0001)
and AIN(0001) also yield avalue for the stable coverage
of Ga on those surfaces under Garich conditions of
about 2 ML [43].

The above diffraction results for the "1x1" structure
have recently also been clearly observed using low
energy electron microscopy (LEEM) [44] [45]. Transi-
tions between the 1+ 1/6 and 1+ 1/12 structures were
found to occur reversibly, as a function of temperature
and Ga coverage. The state of the surface was monitored
in real-time during growth, and it was found, in agree-
ment with prior work, that the presence of the Gabilayer
associated with the "1x1" structure stabilizes the (0001)
surface and gives rise to the flat morphology. Under Ga-
poor conditions the bilayer disappeared and the mor-
phology became rough and microfaceted (for more dis-
cussion of this phenomena see Section 4). So long asthe
microfaceting was not too severe, it could be eliminated
by restoring the Ga double layer during growth.

Based on the data of Smith et a. a model was pro-
posed in which the "1x1" surface consists of a double
layer of Gaatoms, with 7 unit cell of the Ga atoms resid-
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ing on 6 unit cells of the GaN [33]. The resulting spac-
ing between the Ga atoms in the double layer is then
close to what is ideally obtained in bulk Ga, and in
energy minimization calculations for free-standing Ga
bilayers. Thislaterally contracted bilayer modd isillus-
trated in Figure 9. Although a complete theoretical
description of such a model is currently not possible
(because a 6x6 unit cell would be required), asimplified
version of the model with V3x\'3 symmetry has been
shown to be energetically favorable under Ga-rich con-
ditions [46], as further discussed in the following Sec-
tion.

2.2.2 Theory

Let us now turn to theoretical results for structures on
the (0001) surface. A large number of possible struc-
tures were considered theoretically by Smith et a. [30]
and many could be ruled out on the grounds that they are
thermodynamically unstable. A simple 1x1 Ga termi-
nated N-Ga bilayer model (i.e. the "idea" surface) can
certainly be excluded. In this structure the Ga atoms at
the surface are threefold coordinated — each Ga is
bonded to three N atoms and there is one Ga dangling
bond per atom. The total energy calculations shown in
Figure 3(a) indicate that there is no region of the chemi-
cal potential space for which this structure is stable.
Adding one monolayer of Gato this 1x1 Ga-terminated
bilayer leads to the 1x1 Ga adlayer structures. Several
possible adlayer registries (H3, T4, atop) were consid-
ered but in no case was a thermodynamically stable
structure found. It is interesting to note that the surface
energies of these Ga adlayer structures are rather insen-
sitive to the registry. This has implications for the exist-
ence of stable incommensurate adlayer structures
discussed below. After an extensive search it was ulti-
mately surmised that there exists no stable structure hav-
ing a true 1x1 symmetry for the clean GaN(0001)
surface [30]. It was aso determined that the 2x2 Ga
vacancy mode is not stable on the (0001) surface. This
structure is slightly higher in energy than the N-H3 ada-
tom model. The instability of the Ga vacancy model for
GaN(0001) is interesting in view of the fact that a 2x2
Ga vacancy structure is known to exist on the
GaAs(111) surface [47] [48].

On the basis of the results shown in Figure 3(a) only
the 2x2 N adatom and the 2x2 Ga adatom survive as
potential candidates as thermodynamically stable struc-
tures on the GaN(0001) surface. The question then is
which, if either, of these two models corresponds to the
2x2 structure that is observed. Given that the 2x2 struc-
ture seen in experiment is the least Ga-rich of al the
observed reconstructions, and that it is often observed
following an interruption in the Ga flux, it seems more
likely that the observed 2x2 structure arises from N
rather than Ga adatoms.

Of the two possible adsorption sites for the N ada-
tom, the H3 site is preferred over the T4 site in the cal-
culations by 0.7 eV/(2x2) cell [36]. A quditatively
similar result has been predicted for N adatom structures
on the AIN(0001) surface, where the preference for the
H3 site is 3.3 eV/(2x2) cell [49]. As yet there exist no
experimental determinations of the site preference of N
adatoms on either GaN or AIN surfaces. In the case of
the 2x2 Ga adatom model a slight preference for the T4
siteis predicted: the energy difference is about 0.12 eV/
(2x2) cell [36]. The different site preference exhibited
by the N and Ga adatoms on the (0001) surface is
related to their very different ionicities.

Concerning the Ga-adatom 2x2, it appearsthat it has
a higher energy than the 5x5 and "1x1" structures
(described below), so that the Ga-adatom 2x2 is not
actually energetically alowed (even though it is
employed in many theoretical computations sinceit isa
relatively simple structure).

Let us now consider the pseudo-1x1 structure that is
observed under very Garich conditions. Although the
STM corrugation pattern exhibits 1x1 symmetry the
electron diffraction patterns obtained at temperatures
less than 350°C reveal, in addition to the 1x1 spots,
additional diffraction intensity in satellite spots [33].
These diffraction patterns indicate that the lattice vec-
tors of the unit cell are in fact larger than those corre-
sponding to a 1x1 cell, and furthermore it is found from
Auger spectroscopy that the structure contains 2-3 ML
of Gain excess of that expected for a bulk terminated
GaN surface. To explain these observations a laterally
contracted Ga bilayer model has been proposed [46],
shown in Figure 10. In this model the atoms in layer 1
are located in atop sites and are separated by a= 3.19 A.
However, the atoms in the top layer (layer O) are con-
tracted. This lateral contraction of the top layer is pro-
posed because calculations have shown that a lateral
contraction of such an adlayer — so that the Ga-Ga sepa-
ration is reduced from 3.19 to 2.75 A — is energetically
favorable. This reduction in the spacing results in an
increased density of atoms in the adlayer and therefore
provides a natural explanation of the Auger data, which
is suggestive of an increased Ga content (greater than 2
ML) on the surface. Total energy calculations for such
an adlayer were performed using a3 xV3 unit cell. Dif-
ferent registries of layer O were considered, as shown in
Figure 10, but the energies were found to be indepen-
dent, within 0.01 eV/atom, of the registry. As seen in
Figure 11 the laterally contracted bilayer structure
becomes energetically favorable with respect to the Ga
adatom model in Garich conditions. This increase in
stability has been traced to the energy benefit of reduc-
ing the in-plane Ga-Ga spacing [33].
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3 Adsorbates
3.1 Indium

InGaN isthe dominant alloy material used for Il1-nitride
light emitters. The larger size of indium compared to
galium leads to a variety of phenomena, including sur-
face segregation, aloy phase separation, inhomoge-
neous incorporation, etc. Surface studies of InGaN have
been performed by Chen et a. for both (0001) and
(0001) surfaces [35] [50] [51] [52]. For the (0001) sur-
face it was found that In substitutes for Gain the surface
layer. STM results are shown in Figure 12, for a sample
prepared by growth at 670°C with In/(In+Ga) flux ratio
of 20%. An x-ray diffraction (XRD) scan of this sample
showed no InGaN peak, meaning that thereis negligible
indium incorporation in the bulk. However, AES indi-
cated a significant amount of indium on the surface,
with In/Ga Auger emission ratio of about 0.5. In the
middle of the STM image, there is a step, and the image
shows two separate terraces. Each terrace displays two
types of regions, one bright and the other dark. In this
type of STM constant-current image, roughly speaking,
the bright areas are higher in morphology and dark areas
are lower. As can be seen from the line cut, the height
difference between bright and dark area is 0.30 = 0.05
A.

Theoretical computations permit the identification of
the bright and dark areas in the STM image. Those
results are pictured in Figure 13. The total energy calcu-
lation is performed for various GaN(OOOT)lxl:GayI Ny

adlayer structures. The calculations are performed in a
2x2 unit cell with various numbers of In and Ga atoms
in the top site. The equilibrium adlayer In-N bond length
is found to be about 2.23 A while the equilibrium Ga-N
bond in the adlayer is 1.99 A. These values are essen-
tially independent of y. From explicit examination of
charge density contours for states located near the
Fermi-level, it is found that the different height of the
adatoms above the surface (~0.2 A) is manifested in a
corrugation in the charge density of a similar magnitude
at a height of several A above the adatoms. The bright
regions in the STM image are thus identified as arising
from indium atoms in the surface adlayer, and the dark
regions as arising from gallium atoms in the adlayer.

STM results for the InGaN(0001) surface are shown
in Figure 14. The films shown there were known from
AES measurements to have surface indium coverage of
about 1 ML, and bulk indium content of several % or
less. Figure 14(a), shows several regions of apparently
different structure. In the lower right hand corner is a
region of uniform, 1x1 corrugation. Elsewhere on the
surface are seen areas of brighter (higher) corrugation,
with 1x and 2x spacing, and in these regions of brighter
corrugation the presence of small black vacancy islands

is observed. Tota energy calculations performed for a
large number of InGaN(0001) surfaces indicate that a
1x1 surface with 1 ML of Inin atop sites (layer 1in Fig-
ure 14) is energetically favorable under In and Ga-rich
conditions [53]. This structure was associated with the
1x1 region seen in the lower right hand corner of Figure
14. For more Ga-deficient conditions the calculations
show that it becomes energetically favorable to incorpo-
rate some In atoms into layer 2 as well. The height of
the observed bright maxima, typically 0.2 A above the
nominal height of the 1x1 region, is consistent with the
calculated 0.3 A increasein height of alayer 1 atom pro-
duced by substitution of In for Gain layer 2. The bright
corrugation maxima observed elsewhere in the image
were thus attributed to the presence of layer 2 In-atoms.

The surfaces pictured in Figs. 14(b) and (c) contain
dlightly higher indium than that of Figure 14(a), and in
this case the surface phase containing vacancy islands
covers the entire surface. The vacancy islands appear
dark (lower surface height) for both positive and nega-
tive sample bias voltage, indicating that atoms are
indeed missing from those areas. The vacancy islands do
not grow with time, but rather, they have an equilibrium
diameter of 1020 A. The depth of the smallest vacancy
islands seen in Figure 14 is typically 0.8 A, but this
valueis probably limited by the shape of the STM probe
tip. For the larger vacancy islands, a depth of about 2.5
A was found, indicating that at least one layer of atoms
is missing from the surface. As seen in Figure 14(c),
bright rings of atoms are sometimes (depending on
imaging condition) see surrounding the vacancy islands.
These bright features were attributed to In atoms at the
edge of the islands, as revealed in the theoretical analy-
sis below.

In order to identify the underlying mechanism giving
rise to the observed structural instabilities, first-princi-
ples total energy caculations for a variety of
InGaN(0001) surface structures were performed [51].
Because InGaN films must be grown under very N-rich
(Ga-deficient) conditions to obtain In concentrations
greater than a few percent, attention was focussed on
surface structures that could be stable under Ga-defi-
cient conditions [53]. Specifically, surfaces were con-
sidered in which layer 1 is completely occupied by In
atoms and layer 2 is occupied by both In and Ga. Struc-
tures of thistype are indicated schematically in Figs. 14
and 15. Because the In-N bond is about 0.23 A longer
than the Ga-N bond, partial occupation of the second
layer by In leads to a substantial surface strain. It was
found that for sufficiently large In concentrations in
layer 2 it isenergetically favorable to create N vacancies
in layer 3. For example, for the structure shown in Fig-
ure 15(a) containing 7/4 ML of In (1 ML in layer 1 and
3/4 ML in layer 2), it was found that the creation of a N-
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vacancy in layer 3 of this structure, as shown in Figure
14(b), is exothermic. The energy of the reaction depends
on the N chemical potential, but is at least 0.85 eV per
vacancy. The exothermicity of vacancy formation in a
system having a full monolayer of In atomsin layer 2 is
even greater, being at least 1.07 eV per vacancy. It is
important to note that in both of these exothermic reac-
tions each of the three layer 2 sites adjacent to the
vacancy is occupied by an In atom. The relative weak-
ness of the In-N bonds compared to Ga-N is an impor-
tant component in this structural instability.

Given the above results it is quite plausible that the
vacancy islands seen in the STM images form in order
to relieve surface strain and permit the segregation of In
atoms to sites where they exhibit reduced N coordina-
tion, i.e. around the edges of the vacancy islands. This
idea was tested on a structure consisting of an array of
trenches. As shown in Figure 15(c), the trenches in this
model system are created by removal of rows of layer 3
N-atoms and layer 1 In-atoms. Total energy calculations
employing a 6x1 unit cell to model such an array of
trenches indicate that trench formation is exothermic
and leadsto strain relief [51]. It was concluded that this
type of structural instability, in which surface strain is
relieved and In segregates to the edges of the vacancy
islands, is the fundamental mechanism giving rise to the
vacancy islands.

During MBE growth of GaN, the surface undergoes
atransition from smooth to rough morphology when the
growth condition is switched from Ga-rich to N-rich, as
discussed below in Section 4. It was reported by Wid-
mann et al. for the (0001) surface that indium atoms
serve as a surfactant, keeping the growth in the smooth
regime when the gallium flux is slightly reduced beneath
the transition flux [54]. This surfactant effect was stud-
ied by Chen et d. in a study where they compared the
influence of In on the kinetics for both the (0001) and
(0001) faces [52]. A dramatic difference in the smooth/
rough behavior between the two faces was found, as
shown in Figure 16. For these experiments, the nitrogen
flux was kept constant. Then, a certain indium flux was
applied, and gallium flux was adjusted to find the
smooth/rough transition point. For comparison, dashed
lines in Figure 16 show where the total metal flux
(indium + gallium) is constant. Figure 16(a) shows that
for the (0001) face, even when a large indium flux is
applied, the gallium flux can only be reduced dlightly
before the growth becomes rough. In contrast, for the
(0001) face, it is found that when the indium flux is
applied the gallium flux can be greatly reduced (by an
amount considerably greater than that of the added
indium flux) before the growth becomes rough. Thus,
indium serves as a surfactant for the (0001) surface but

not for the (0001) surface. The interpretation of these
observationsis discussed below in Section 4.

3.2 Magnesium

Magnesium is an important p-type dopant in GaN. To
understand Mg incorporation kinetics during growth, a
determination of the Mg-induced surface reconstruc-
tions is required. In MBE growth of p-doped GaN, the
high vapor pressure of Mg at GaN growth temperatures
is an issue and dopant incorporation may be rather inef-
ficient [55] [56]. Studies have shown that the Mg con-
centration decreases from the surface to the interior of
the film [57], suggesting dopant incorporation from a
surface Mg layer. Some workers have noted Mg-induced
changesin the growth rate of GaN on different crystallo-
graphic planes [58], pointing to a surfactant effect of
Mg on GaN. The presence of Mg atoms during the
growth of GaN has also been associated with the appear-
ance of stacking faults [59].

The surface science of Mg adlayers on the
GaN(0001) surface has been studied by Ramachandran
et a. using RHEED and STM [60] [61]. During
PAMBE growth, films are briefly exposed to a Mg flux.
A surfactant effect of Mg is seen on the Ga-polar films
in the Ga-poor regime, where reducing the Ga-flux in
the absence of Mg causes the RHEED pattern to change
from streaky to spotty indicative of a growth mode tran-
sition from 2-dimensional to 3-dimensional [38].
Exposing this surface to about 0.2 ML of Mg under Ga-
poor conditions leads to a reversal of the RHEED pat-
tern to streaky. Also, when the growth is made severely
N-rich, by reducing the Gaflux to about one half of that
at the transition point, exposure to Mg often produces a
streaky 2x2 pattern, as shown in Figure 17. The origin
of this surfactant behavior of Mg has not been consid-
ered in detail, although a model has been suggested in
which 1/4 or 3/4 ML of Mg substitutes for Gain a GaN
bilayer [56] [61], yielding a surface which satisfies
electron counting and thus may produce reduced barri-
ersfor surface diffusion.

When the film is exposed to 1.2+0.4 ML or more of
Mg during growth, it is found that the polarity switches
to N-polar. After terminating the growth and cooling the
sample to below about 300°C, a 1x1 RHEED peattern is
obtained. Exposing this surface to Ga produces 3x3,
6x6, and c(6x12) surfaces with increasing Ga coverage,
as shown in Figure 17. This sequence of RHEED pat-
terns definitively indicates the N-polarity of the film.
Transmission electron microscopy (TEM) results revesl
an inversion domain boundary extending along the c-
plane, as shown in Figure 18 [60]. The inverted film
was found to contain numerous defects, perhaps arising
from small inversion domains. More recent results from
Romano et a. reveal an inverted film with fewer defects,

MRS Internet J. Nitride Semicond. Res. 7, 3 (2002). 9
© 2002 The Materials Research Society

https://doi.org/10.1557/51092578300000296 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000296

and in that case the inversion boundary occurs on facet-
ted planes [62].

To understand the origin of the polarity inversion,
first principles pseudopotential calculations were per-
formed of the total energy of various possible inverted
structures. An IDB may form if, for a Mg concentration
above a certain threshold, it is energetically favorable to
form a Mg-terminated (0001) surface atop an IDB
instead of a Mg-terminated (0001) surface. One such
structure which was found is shown in Figure 19(a)
[60Q]. In this case the IDB consists of a plane of Ga-Ga
bonds and the surface is terminated by a monolayer of
Mg in H3 sites. The N atoms in the outermost layer are
six-fold coordinated with a local structure that is more
like that of bulk MgsN, than bulk GaN. It is found that
this inverted structure is more stable (by 0.05 eV/1x1
cell) than the non-inverted, stoichiometrically identical,
structure shown in Figure 19(b). It was conjectured that
the inverted structure forms the template for subsequent
growth of GaN, with the IDB frozen in place as a thicker
N-face film grows on top. It may also be possible that a
few layers of bulk MgsN, form abovethe IDB. Therole

of Mg in the formation of inversion domain boundaries
on the facetted planesis discussed in Ref. [62].

3.3 Arsenic

As discussed above, the role of arsenic on the surface of
GaN is controversid. A number of workers have
reported an intense 2x2 diffraction observed during and
after PAMBE growth on Ga-polar surfaces, and they
interpret that in terms of a 2x2 arrangement of Ga ada-
toms. However, Ramachandran et a. [19] have pre-
sented convincing evidence that this structure arises, in
fact, from arsenic atoms which are unintentionally
present in the MBE growth systems. The presence of the
arsenic may actually be beneficial for growth (it has a
surfactant effect, described below), although the possi-
bility remains of point defects arising from arsenic
incorporation.

To understand the effect of arsenic, it is necessary to
first describe the RHEED patterns observed on bare
GaN(0001). During PAMBE growth under Ga-rich con-
ditions, the RHEED pattern is generally 1x1 (occasion-
ally 5x5 can be seen) and streaky, indicating smooth
growth. If one changesthe Ga/N flux ratio so that N-rich
conditions are obtained, the pattern quickly changes to
spotty, indicating rough growth, as shown in Figure
20(a)-(c). This smooth/rough transition is a hallmark of
PAMBE growth, and its origin is discussed below in
Section 4.

The effect of arsenic on the RHEED patterns during
growth is dramatic, as shown in Figure 20(d)-(f) [19].
Arsenic was introduced by resistive heating of a GaAs
wafer located in the growth chamber about 5 cm from

the substrate holder. For arsenic beam equivalent pres-

sure (BEP) below 1x107° Torr, no change is detected in
the RHEED sequence mentioned above. However, for
higher arsenic BEP, as the Ga flux is reduced, a bright
streaky 2x2 RHEED pattern is observed as shown in
Figure 20(e). This transition to a 2x2 pattern is revers-
ible, and it provides an unambiguous signature of the
surface arsenic. Upon cooling, the 2x2 surface persists
down to room temperature. Subsequent mild annealing
of such a surface can cause the 2x2 pattern to switch to
4x4 [19]. This same 2x2/4x4 behavior was reported by
previous workers (who did not attribute the patterns to
arsenic [37] [39]), and provides evidence that the 2x2
and 4x4 patterns they observe are indeed due to the
presence of arsenic on the surface.

The streaky 2x2 pattern, occurring for a Ga/N flux
ratio near unit, demonstrates a surfactant nature of the
arsenic adatoms. The window for this streaky 2x2 pat-
tern in terms of fluxes is relatively broad and easily
achieved during PAMBE growth. In contrast, if one
wants to grow precisely at the Ga/N=1 point in the
absence of arsenic (where the 1x1 RHEED pattern
shows some brightening), the growth window is vanish-
ingly small. Concerning the structure of the arsenic-
induced 2x2, it seems likely that it arises simply from a
2x2 arrangement of arsenic adatomswhichisavery low
energy surface as described below. This surface satisfies
electron counting (i.e. anion dangling bonds are doubly
occupied and cation dangling bonds are empty [33]),
and thus, qualitatively, it is expected to have relatively
low diffusion barriers which may account for its surfac-
tant behavior.

Possible models for the As-induced 2x2 structure
include the adatom model aswell asthe As-trimer struc-
ture [19]. In both structures As atoms are bonded to Ga
atoms in the layers below. A comparison of the stability
of the possible structures as a function of the As chemi-
cal potential can be made and indicates that both adatom
and trimer models can be stable with respect to the clean
surfaces, depending on the chemica potentials of As
and Ga. The As-adatom structure is preferred over the
As-trimer structure for low values of the As chemical
potential. Specifically, when Uag < Has(bulk) — 0.49 eV
the As-adatom model is favored. For higher values of
the chemical potential the As-trimer structure would be
preferred. Because the surface energies of the Ga-rich
surfaces are lower than those for N-rich conditions, the
formation of As-terminated surfaces is more likely to
occur under N-rich conditions. An analysis of the rela-
tive stability of Asterminated surfaces compared to
clean surfaces [19] indicates that As-terminated sur-
faces are likely to be more stable than clean GaN sur-
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faces under the As deposition conditions employed in
the experiments discussed above.

3.4 Silicon

3.4.1 Experiment

Silicon is commonly used as a n-type dopant in GaN.
Asin the case of Mg discussed above, aspects of its sur-
face science can determine limits on the incorporation
efficiency and structural quality of the resulting films.
In addition, it has been shown that silicon has a strong
effect on the surface morphology of GaN films: small
amounts of silicon on GaN modify the growth mode
from step-flow to 3-dimensional giving rise to the for-
mation of small islands in MOVPE and gas source
molecular beam epitaxy (GSMBE) [63] [64].

Leeet a. studied the effect of silicon adlayers on the
surface structures of GaN(0001) surfaces [65]. Deposit-
ing Si on a Garrich (0001) surface, displaying a "1x1"
reconstruction in RHEED, resulted in no change in the
surface structure. The Si appears not to have modified
the surface structure, as further discussed below. If,
alternatively, Si isdeposited on a (0001) surface display-
ing a 5x5 reconstruction, a Si-induced 2x2 reconstruc-
tion results. Figure 21(a) shows a STM image of
neighboring areas of the 2x2 and 5x5 reconstructions.
Silicon exposure was performed at a temperature near
300°C. With sufficient silicon exposure, a 2x2 pattern
appears gradually. The temperature window for forma-
tion of the 2x2 reconstruction is quite narrow. With
increasing substrate temperature the 2x2 disappears
after it has formed, implying that it is metastable, and
for lower temperatures no ordered surface structure is
found. AES indicates a saturated 2x2 intensity for a Si
coverage of roughly 0.5 ML.

Surfaces containing the Si-induced 2x2 structure
also invariably display small regions of "1x1" structure.
As the amount of 2x2 structure increases (due to addi-
tional Si deposition), the total area "1x1" regions aso
increases. When additional Si, above=0.5 ML, is depos-

ited on the surface, the Y/5-order diffraction lines seenin

RHEED become dim. The resulting surface appears in
STM to be disordered, with small domains of well-
ordered 2x2 reconstructions surrounded by disordered
regions, and containing as well numerous islands with
"1x1" reconstruction.

Upon continuing the silicon exposure up to = 1 ML
at 300°C, the 2x2 reconstruction becomes weak and a
new 4x4 pattern appears. This RHEED pattern is dif-
fuse, indicating some surface disorder. In addition to
4x4, RHEED also shows aweak "1x1" pattern at room
temperature. After annealing at around 350°C for 2 min-
utes, RHEED shows a clear 4x4 reconstruction. A large
scale STM image for this sample is shown in Figure
22(a), and a detailed view of the 4x4 is shown in Figure

22(b). As seen there, the featureless "1x1" region is
dominant and the 4x4 region is seen only near step
edges. With increasing anneal temperature, the 4x4
RHEED pattern disappears completely, and at room
temperature only the "1x1" pattern is seen. This indi-
cates that the whole surface is covered by =2 ML Gaand
the silicon atoms have moved to subsurface sites. Thus,
based on these experimental observations it was con-
cluded that the silicon adatoms tend to reside in subsur-
face sites on the Ga-polar surface.

3.4.2 Theory

In order to identify the atomic structure of the Si
induced reconstructions density-functional theory calcu-
lations for a large number of possible geometries had
been employed [66]. Specifically, starting from the
known structures for bare GaN(0001) Si atoms were
systematically added on top of the surface or replaced
Ga/N atomsin thefirst, second and third layer. Si cover-
ages 0<Og<2 ML have been considered. To determine

the stability of the different configurations the surface
energy had been calculated as function of nitrogen (uy)

and silicon (ug) chemical potential. Using these results

a surface phase diagram had been derived which shows
what surface is stable for a given set of chemical poten-
tials (see Figure 23). The corresponding surface struc-
tures are shown in Figure 24. At low Si concentrations
the incorporation of Si atoms into the surface is energet-
icaly unfavorable and only bare GaN surfaces are sta-
ble. Indeed going from Ga to N rich conditions the
phase diagram reproduces the above described bare
GaN surface structures (Ga-bilayer, Ga-adatom, N-ada-
tom). When going towards more Si-rich conditions
(close to the formation of Si-precipitates, i.e,
Hsi=Hsiouk)) @ Number of Si-induced reconstructions
are found. At Ga-rich conditions the Ga-bilayer struc-
turewith a Si in the third layer (Figure 24(c)) is energet-
icaly preferred. Going towards more N-rich conditions
a structure with IML of Si is energetically most favor-
able (Figure 24(a)). At extreme N and Si rich conditions
a structure with two Si and N layers is energetically
favorable (Figure 24(g)). An important result of the
phase diagram is that all Si induced surface reconstruc-
tions are thermodynamically unstable against the forma-
tion of SigNy,.

Based on these cal culations, the structures and struc-
tural changes observed in STM have been explained as
follows. If Si adsorbs on the surface it kicks out surface
Ga atoms and induces a 2x2 reconstruction (Figure
24(f); experiment: Figure 21). It isimportant to note that
this Si induced 2x2 structure is metastable and therefore
does not appear in the phase diagram. The metastability
of the 2x2 structure is aso found experimentally: The
structure disappears if the sample is annealed above

MRS Internet J. Nitride Semicond. Res. 7, 3 (2002). 11
© 2002 The Materials Research Society

https://doi.org/10.1557/51092578300000296 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000296

350°C. To create the 2x2 structure two Ga atoms per
2x2 cell have to be kicked out. These excess Ga atoms
cluster in islands and increase locally the Ga-chemical
potential. Based on the phase diagram one finds that
under these conditions a Ga-bilayer with a pseudo-1x1
structure stabilized by Si in thethird layer is most stable.
With increasing Si coverage more and more excess Ga
atoms are created and the area covered by the Ga-bilayer
will increase until eventualy it covers the entire surface
(asin Figure 22).

From the phase diagram trends concerning the incor-
poration of Si on GaN surfaces have also been deduced.
For more N-rich conditions surface reconstructions with
high Si-concentrations in the surface layer are found.
Therefore, under those conditions, the Si concentration
at the surface may be significantly higher than in GaN
bulk and surface segregation might be an important
issue. For more Ga-rich conditions, however, a funda-
mentally different behavior can be deduced from the
phase diagram: Under these conditions Si prefers sub-
surface configurations rather than surface sites, i.e., sur-
face segregation does not occur and Si can be efficiently
incorporated in GaN bulk.

The above discussion gives also insight why in some
experiments (employing MOV PE or GSMBE [63] [64])
Si acts as antisurfactant and roughens the surface while
in others (PAMBE) it does not have this effect. Themain
difference between the two cases is that in MOV PE and
GSMBE growth hydrogen is highly abundant while in
PAMBE it is virtualy absent. As will be shown in the
next Section, hydrogen stabilizes N on the surface mak-
ing the surface more N-rich. The structures found under
these conditions (Figs. 24(a) and (g)) have in the top
surface layers exclusively S and N atoms and the acti-
vation barrier to form SizNy is thus expected to be rather
low. In fact, calculations for an isolated Si-N double
layer indicate that the surface layer of these structuresis
rather unstable and under large tensile strain: Going
from an in-plane lattice constant of 3.19 A for GaN to
the smaller value of 2.86 A leads to a reduction in
energy of 0.92 eV per N atom. The formation of SigN,4
has important consequences. On one side, it explainsthe
antisurfactant behavior of S on GaN(0001). SigN4
islands/precipitates are well known to chemically passi-
vate the GaN surface and to block growth [67]. Since
growth occurs then only on areas not covered by SigNy
three-dimensional growth results.

Under Ga-rich conditions (which are characteristic
for PAMBE growth), the Si induced surfaces are essen-
tialy free of Si in the top surface layer. Since for these
structures Si is aready incorporated in a bulk-like GaN
environment the formation of SigN, is expected to be
largely suppressed by kinetic barriers. Further, since the

topology of these surfacesis very similar to the bare sur-
faces Si has no effect on the adatom kinetics or the
growth mode. Ga-rich conditions are therefore expected
to be the optimum regime to incorporate Si in GaN.

3.5 Hydrogen

Hydrogen is present in high concentrations in com-
monly used growth techniques for nitride semiconduc-
tors, including MOV PE, hydride vapor-phase epitaxy
(HVPE) and GSMBE (using an NH3 source). Hydrogen
has been observed to have important effects on the
growth of GaN. For example, Yu et a. [68] observed
that the introduction of H during MBE growth of GaN
using an RF-plasma source can increase the growth rate
by as much as a factor of two. Hydrogen has been also
found to improve the quality of GaN in PAMBE [69].

Experimental investigations of how hydrogen modi-
fiesthe GaN surfaces and surface kinetics are rare. Sung
et al. [20] investigated the composition and structure of
GaN(0001) surfaces grown by MOVPE using time-of-
flight scattering and recoiling spectrometry, LEED, and
thermal decomposition mass spectrometry. Based on
these studies they concluded that hydrogen is on the sur-
face, that it removes surface states, and facilitates auto-
compensation (i.e. partially occupied dangling bonds
are passivated by hydrogen). Hydrogen desorption was
studied by severa groups [70] [71]. Bellitto et a. [71]
demonstrated by high resolution electron energy loss
spectroscopy, electron energy loss spectroscopy, and
LEED that hydrogen desorption from Ga sites occurs
between 250 and 450°C. Vibrational modes of hydrogen
on GaN have been observed by several groups. Bellitto
et al. [71] and Grabowski et a. [72] observed Ga-H

modes at 1880 cm™! and 1900 cm™L, respectively. N-H
modes where found at 3255 cm™ [70].

All of the above described studies were performed
far away from realistic growth conditions. Using ther-
mal desorption mass spectrometry Held et a. [73]
determined surface reactivity and growth kinetics during
RMBE growth. A model for the observations was devel-
oped involving multiple adsorption states for Ga on the
surface. Based on the structural studies of Smith et al.
[30] discussed above the origin of these adsorption
states can be identified. Additional models for surface
kinetics during RMBE growth have aso been reported
[12] [74] [75]. Those models assume, in general, the
existence of surface layers of particular typesin order to
match the observed kinetic data, thereby gaining valu-
able insight concerning the composition of the surface
layers. Nevertheless, it should be noted that the detailed
structures and composition of such surface layers for
RMBE are not yet well understood on the basis of inde-
pendent surface structural studies.
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Using grazing incidence x-ray scattering Munkholm
et a. [14] performed in situ studies of surface recon-
structions on GaN(0001) surfaces in an MOV PE envi-
ronment. In that study it was found that the surface
equilibrium phase diagram as a function of temperature
and ammonia partial pressure shows a transition
between two phases: at high temperatures, a 1x1 recon-
struction was observed, while at lower temperatures and
sufficiently low NH3 pressures, a different reconstruc-
tion with 2V3x2V3-R30° periodicity was seen. From the
temperature dependence of p(NHj) at the transition, an
activation energy of 3.0+0.2eV was extracted.

Early theoretical studies of H on GaN(0001) and/or
(0001) surfaces gave important insight but were
restricted on a few selected structures and did not
include temperature and pressure dependence [76] [77]
[78]. A main conclusion from these studies was that H
strongly binds to GaN surfaces. Further studies by
Northrup et al. [79] for GaN(1100) and by Van de Walle
et a. [80] however showed that at typica MOVPE or
HV PE conditions (T=1050°C, p~1atm) hydrogen is only
weakly bound to the surface and affects the surface
energy only slightly.

Van deWalle et al. [80] investigated over 30 differ-
ent surface reconstructions of hydrogenated GaN(0001)
including structures with 1x1, 2x2 and 3 xV'3 periodic-
ity. An important conclusion of this study was that only
structures obeying the electron counting rule are ener-
geticaly favorable, i.e. hydrogen efficiently removes
surface states and compensates partially occupied sur-
face states. All hydrogen terminated surfaces are there-
fore semiconducting, in contrast to bare GaN(0001)
where metallic structures (such as the Ga bilayer [33])
are found. Based on the calculated surface energies a
surface phase diagram (Figure 25) has been constructed
that shows which surface is energetically most stable for
agiven set of Gaand H chemical potentials. The corre-
sponding reconstructions are shown in Figure 26. For H
poor conditions (low uy) the phase diagram reproduces

the reconstructions as calculated [30] [46] for bare
GaN(0001): Going from N-rich to Ga-rich conditions a
N adatom, a Ga adatom and a Ga-hilayer structure are
most stable. In the presence of hydrogen the structure
most favorable at zero temperature (uy = 0 eV) is the
NH3+3NH, reconstruction. In this structure one NH3
and three NH, molecules are attached on the Ga-termi-

nated surface in on-top positions (i.e. with the N atoms
of the molecules above the Ga surface atoms). It can
thus be concluded that at low temperatures NH4/NH,
molecules are thermodynamically stable — dissociation
of these molecules is forbidden. Going towards less
hydrogen rich conditions not all the N atoms can be kept
at the surface and Ga-H bonds are formed. Examples are

the NH3+3Ga-H structure (where compared to the
NH3+3NH, surface the 3 NH, molecules have been

replaced by H atoms), the 3Ga-H structure (where all
NH2/NH, have been removed), or the Ny-H+Ga-H
structure (where only a single NH group remains). An
important conclusion that can be drawn from these
results is that dissociation of the NH; molecule is only
possible at sufficiently low hydrogen chemical potential
and that the tendency to dissociate is strongly enhanced
when going towards Ga-rich conditions.

Van deWalle et a. [80] also give an explicit depen-
dence of the hydrogen chemical potential on tempera-
ture and pressure which allows to relate experimental
growth conditions to surface structures in the phase dia-
gram. For redlistic growth conditions (between 700 and
1100°C) and not too N-rich conditions surfaces with
only NH3/NH, molecules are unstable, i.e., a dissocia-
tion of ammonia molecules is thermodynamically favor-
able. The explicit knowledge of the hydrogen chemical
potential made it also possible to include in the phase
diagram the above mentioned and thus far only experi-
mentally observed transition between two surface recon-
structions (see the dotted line in Figure 25) [14]. Ascan
be seen the experimental data are (within the estimated
error bar of 0.1 eV) consistent with atransition between
the NH3+3Ga-H and the 3Ga-H structure, i.e., with add-

ing/removing a NH3; molecule.

4 Surface Kinetics

A major goal of the surface science studies presented
above is to serve as a basis for developing an under-
standing of surface kinetics. With the detailed knowl-
edge of surface structures gained over the past number
of years, realistic models of kinetic processes are now
becoming possible. Several such studies of kinetics dur-
ing RMBE were mentioned in the previous Section on
hydrogen adsorbates. For the case of PAMBE of GaN,
as discussed above in Section 3.1, a hallmark of that
growth process is a smooth to rough transition which
occurs with decreasing Ga flux [38] [81] [82] [83] [84].
This behavior isillustrated in Figure 27. Similar behav-
ior occurs for both (0001) and (0001) surfaces. The tran-
sition from rough to smooth morphology occurs when
the Ga flux exceeds some critical flux, which itself
scales with the incident N flux. (The absolute Ga to N
flux ratio is generally not quoted due to difficulties in
measuring the active N flux, but often the flux ratio is
simply defined to be unity at the transition point [38]).
Given this smooth/rough growth behavior, PAMBE
growth is nearly aways performed under Ga-rich condi-
tions. For very Garich conditions Ga droplets are
observed to form on the surface, whereas for less Ga-
rich conditions pits form on the surface in the vicinity of
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threading dislocations [82] [83] [84]. Achieving an
operating point between these regimes is generaly
believed to provide an optimal growth condition.

The origin of this smooth to rough behavior of the
GaN surface has been discussed by Zywietz et a. [85].
They computed surface diffusion barriersfor Ga- and N-
adatoms on Ga-terminated (0001) and (0001) surfaces,
finding much larger barriers for the N-adatoms on both
surfaces. It was argued that this limited diffusivity of the
N-adatoms will lead, under growth conditions, to a sig-
nificant surface coverage of N (although in general one
does not expect a significant coverage of N atoms on the
surface since the stable reconstructions are almost all
terminated by Ga atoms, the N adatoms may kinetically
accumulate during growth under N-rich conditions). It
was furthermore found that on N-terminated surfaces,
the diffusion barrier for Ga adatoms increases to about
1.8 or 1.0 eV for (0001) or (0001) surface respectively.
These barriers are believed to be large enough to pro-
duce a rough growth morphol ogy.

An dternative model for the smooth to rough behav-
ior has been suggested by Chen et al. [52] based on
kinetic effects in the presence of indium. As described
above in Section 3.1, the addition of indium to the sur-
face produces much different behavior of the smooth to
rough transition for (0001) and (0001) surfaces. In the
former case the transition point (i.e. flux ratio at which
the transition occurs) is nearly unchanged as additional
indium is added, whereas in the latter case the addition
of only a small amount of indium leads immediately to
smooth growth even under N-rich conditions. This
behavior has been correlated with the amount of metal
(In or Ga) on the surface. Under N-rich conditions, the
N-polar surface is terminated by only 1 ML of metal,
with this metal layer being bonded to underlying N-
atoms. N-adatoms are expected to diffuse on top of this
metal layer, with relatively large diffusion barriers. In
contrast, on the Ga-polar surface there are two layers of
metal even under N-rich conditions. N-adatoms can then
diffuse in between these metal layers. The top meta
layer is bonded with metallic bonds to underlying metal
atoms and is thus relatively easy to move. The double
layer of metal can thus rearrange to accommodate the N
atoms, thereby producing substantially reduced diffu-
sion barriers for the N.

Thismodel of enhanced N diffusivity in the presence
of multiple metal layers also is applicable to the case of
bare GaN growth, under Ga-rich conditions. Indeed, Ga
has been argued to provide a surfactant effect for the
growth of GaN [43]. For both the (0001) and (0001)
surface, there are excess metal atoms on the surface, and
these atoms may act to provide greater coordination to
diffusing N adatoms, thereby enhancing their diffusivity.
It should be noted that the two model s described above —

reduced Ga diffusivity in the presence of an accumula-
tion of N (N-rich conditions) or enhanced N diffusivity
in the presence of excess Ga (Ga-rich conditions) — both
act in the same direction to produce the observed
smooth/rough behavior of the surface morphology.
Indeed, since excess Ga atoms present under Ga-rich
conditions will necessarily act to suppress any accumu-
lation of N-atoms, it is not completely clear whether
both models are required to produce the observed
behavior. Further study is required to alow discrimina-
tion of the various kinetic mechanisms.

Growth at reduced temperature is a commonly used
technique in the study of growth kinetics. This method
has been used by Zheng et al. to elucidate some kinetic
aspects of GaN growth [86]. Using PAMBE, they
deposit GaN on GaN(0001) surfaces at temperatures of
about 400°C. Small, isolated islands are formed on the
surface (at higher growth temperature, the growth pro-
ceeds by step flow so that islands are not formed). It is
found that two types of islands form: "normal" islands
which display aregular bilayer (2.6 A) step height, and
"ghost" islands which in STM image display a distinct
boundary around the island but have a island height
much less than 1 bilayer. AFM studies revealed that the
ghost islands do in fact have height of nearly 1 bilayer,
so that their different appearance in STM images could
be ascribed to electronic effects (i.e. implying different
structure for those islands) [86]. It was noted that for
ideal growth, N atoms should substitute for the Ga
atoms in the second layer of the Ga double layer termi-
nating the surface [86]. To achieve the different struc-
ture of the ghost islands, it was thus proposed that the N-
atoms substituted instead for Ga atoms in the first layer
of the Ga double layer. The resulting structure would
then have this N-layer bonded on top of two layers of Ga
atoms (i.e. the lower layer of the double layer plus the
Ga-layer of the uppermost GaN bilayer). These two Ga
layers have a Ga-Ga bonding arrangement similar to that
shown in Figure 19 above; this arrangement provides a
relatively low energy structure. The ghost islands are
thus seen to constitute regions of inverted polarity on the
surface [86].

5 Summary

In summary, we have reviewed here most of the studies
reported to date concerning the surface structures of
GaN(0001) and (0001) surfaces. Structures of the bare
surfaces, as a function of surface stoichiometry, are now
fairly well understood. The surface structures of InGaN
are also largely understood, and good progress has also
been made in determining the structure and energetics
for adsorbed atoms of Mg, As, Si and H. A defining fea-
ture of many of these surface structures, as they occur
during PAMBE, is the occurrence of one or more layers
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of metal atoms on the surface. This is contrary to what
occurs on most other semiconductor surfaces (where
non-metallic surfaces generaly have lower energy, i.e.
due to the opening of a band gap), but it occurs in the
case of GaN due in part to the large difference in size
between Ga and N so that monolayers of Ga (or In) can
more or less fit onto the GaN surface. These metallic
layers then have great influence on the surface kinetics.
An open guestion at this time is whether or not similar
metallic layers also exist during growth by other meth-
ods such as MOVPE, RMBE or HVPE. Future work
should lead to a greater understanding of the stable sur-
face structures during growth by those methods, thus
enabling a comparison of the relative efficacy of the dif-
ferent methods for processes such as aloy formation
and dopant incorporation.
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Figure 1. Cross-sectional view of a wurtzite GaN crystal in a
(1120) projection, indicating the inequivalent (0001) and
(0001) directions.

Figure 2. STM images of the GaN(0001) surface displaying (a) 1x1, (b) 3x3, (c) 6x6, and (d) ¢(6x12) reconstructions. Sample bias
voltagesare—0.75, —0.1, +1.5, and +1.0V, respectively. Tunnel currentsarein therange 0.03—-0.11 nA. Gray scalerangesare 0.17,
0.88, 1.33, and 1.11 A respectively. Unit cells are indicated with edges along <1120> directions. (From [30]).
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Figure 3. (8) The relative energies calculated for possible
models of the GaN(0001) surface are shown asafunction of the
Ga chemical potential. (b) Relative energies for GaN(0001)
surfaces. The zeroes of energy in (a) and (b) are not related.
(From [30]).
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Figure 4. Schematic view of structures determined for the (a)
1x1 Gaadlayer and (b) 3x3 adatom-on-adlayer reconstructions
of GaN(0001). For the 3x3 structure, the lateral (in-plane)
displacement of the adlayer atoms bonded to the Ga adatom is
0.51 A away from the adatom. All other lateral or vertical
displacements of the adlayer atoms are less than 0.1 A. (From
[30D).

reconstruction. Sample biasesare +1.0V and —1.0 V with gray
scale ranges of 0.5 A and 0.9 A for (a) and (b), respectively.
(From [36]).

[1120]
[1700]

Figure 6. Structural model for the 5x5 reconstruction. Ga-
adatoms in T4 sites and N-adatoms in H3 sites are shown by
large black and large grey circles respectively. The small open
circles in the diagram represent the Ga rest atoms in the 2nd
layer. In the locations where the small open circles are missing,
Ga vacancies occur. The N atoms in the 3rd layer are not
shown. The light grey circle labelled DB (dangling bond) is a
particular Ga rest atom site. In an aternative model, this site
could conceivably contain another adatom in anearby T4 or H3
site. (From [36]).
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Figure 7. Dual biasimages of the 5x5 and 6x4 reconstructions.
The average height difference between the two reconstructions
is0.3 A for empty states (+1.0 V sample voltage) shown in (&)
and 0.4 A for filled states (—1.0 V sample voltage) shownin (b),
with the 5x5 being higher in each case. In both images the total
gray scalerangeis about 1.3 A. (From [36]).
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Figure 8. 1x1 RHEED pattern for GaN(0001) during growth,
(a), and after cooling to below 350°C, (b), where it convertsto
a 1+1/6 pattern. The 1+1/6 LEED pattern (E;,,;=100 €V) is

shown in (c). For most “1x1” surfaces (see text), a 1+1/12
pattern is observed below 200°C, as shownin (d) (E;,c=40 eV).

LEED in vicinity of (0,1) spot (Ej,=40 eV) at various
temperatures: (€) RT-100°C, (f) 100-150°C, (g) 150-200°C,
and (h) above 350°C. (From [33]).

[0001]

[1120]

® o 900 0 % ® |Ga
TEEEERE N Bilayer

E -w -

Figure 9. Sideview of apossible structural model for the“ 1x1”
surface (at a given instant in time) consisting of 2.7 ML of Ga
sitting on top of the Ga-terminated bilayer. The empty circles
represent the various possible positions of first-layer Ga atoms
plotted with respect to each of several GaN unit cells, illustrate
thetime-averaged height of thefirst layer Gaatomsand thusthe
1x1 contour which the STM tip will follow. At a given instant
in time, however, this incommensurate structure will manifest
itself in diffraction as satellites surrounding the integral order
peaks. (From [33]).

(a) Laterally contracted bilaver model (time average)

Ga layer ()

Ga layer 1

Ga layer 2
N layer 3

{a

Figure 10a. A schematic representation of alaterally contracted
Ga bilayer above a Gaterminated (0001) substrate. The
average separations between layers are z;, = 2.54 A and zg; =
2.37 A. Thefilled and open circles in layer O represent atime
averaged image of the Ga atoms. The filled circlesin layer O
correspond to the positions at a particular time. The time
averaged vertical corrugation of layer O is approximately 0.16
A. Note: In this projection the laterally contracted monolayer
(layer 0) has been rotated by 30° for ease of viewing. (From
[46]).

(b) registry 3
o} N©

Laterally contracted

® ®—=0c. overlayer (layer 0)

O @ O+ 1xl Galayer
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Figure 10b. Projection on the c-plane of the top two layers for
the registry B structure discussed in the text. Open circles
represent a 1x1 adlayer of atoms located in T1 sites. (From
[46]).
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h,=-0.14 A Figure 13. Schematic view of the InGaN surface in an (1100)
h. . —-0.06 A projection, showing theoretical results for atomic positions.

B The surface adlayer consists of 75% In plus 25% Ga, in a 2x2
[ 9] O arrangement. (From [50]).
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Figure 10c. Projection on the c-plane of the top two layers for
registry A. The heights (h) of the Ga atomsin layer O, relative
to that of atom 1 in registry B are listed. (From [46]).
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Figure 11. Relative energies of the surfaces are plotted as a
function of the Ga chemical potential. For Ga-rich conditions
the most stable structure is the laterally contracted Ga bilayer.
(From [46]).
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Figure 12. STM image of the InGaN(0001) surface, obtained
from asample with negligibleindium incorporation in the bulk.
Theimage was acquired with sample bias voltage of -0.5V and
tunnel current of 0.075 nA. The grey scale range is 0.6 A for
each terrace. A line cut, taken at the position of the arrows in
thefigure, isshown on theright side of thefigure. (From [50]).
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Flgure 14. STM images of InGaN(0001) surface: (a) surface
containing 0.9+0.2 ML of indium. Image was acquired at a
sample voltage of +1.0 V. Grey scale range is 0.6 A. Different
regions of the sample are labeled according to their In
occupation, layer 1 or layer 1+2, as pictured below on the
image on the right- and left-hand sides respectively. (b) and (c)
Surface containing 1.4+0.2 ML of indium. Images were
acquired at sample voltages of (a) 2.0V and (b) +1.5V. The
entire surface consists of the vacancy island structure. Grey
scalerangeis 0.6 A for (b) and (). Tunnel current is 0.075 nA
for al images. (From [51]).

layer 2,7 i 4
\ Ali— 0.85 s\f”’
; , \‘f/
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74 structure 7/4 + N-vacancy slruclure
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() o O © O

Figure 15. (a) Top view of the 7/4 structure comprised of 7/4
ML of In. Inthis2x2 structurethereis 3/4 ML of Inand /4 ML
Gainlayer 2. Layer 1 (not shown) contains 1 ML of In atoms.
(b) Top view of the 7/4 + N-vacancy structure, obtained from
the 7/4 structure by removing N atoms from layer 3. (c) Side
view of a trench created by removing three rows of N atoms
(layer 3) and two rows of In atoms (layer 1). Formation of this
trench leads to substantial lateral displacements of the atomsin
layers 2 and 3, shown in A. Indium atoms in sites 1 and 2 are
bonded to 1 and 2 N-atoms respectively. (From [51]).
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Figure 16. Smooth/rough transition on (a) (0001) face (N-
polar) and (b) (0001) face (Ga-polar). Nitrogen flux was fixed
in both experiments. Substrate temperature was 600°C.
Experimental datais shown with dots, each with an error bar. A
dashed lineis shown in each figure for comparison denoting the
line with constant total metal flux. To the right of the transition
lines (solid lines) the growth is smooth. (From [52]).
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Figure 17. RHEED patterns seen after cooling of GaN films.
Non-inverted surface: (a)“1x1” and (b) 2x2. After Mg
exposure, inverted surface: (c) 3x3 and (d) 6x6. (From [60]).
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Figure 18. (a) Bright field TEM image in (0002) two-beam condition of a MBE-grown GaN film grown on SiC showing inversion
boundary labeled with solid arrowheads and growth interrupts labeled with hollow arrowheads. (b) High-resolution image of the
same sample as in (a). Brackets indicate the region of the inversion boundary. (c) Bright field (0002) two-beam TEM image of a
MOCV D-grown GaN film showing inversion domains (1D). Regrowth interface isindicated by arrows. (From [60]).
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Mg

Ga

Figure 19. (a) Structural model of a c-plane inversion domain
boundary (IDB) induced by Mg atoms. (b) Noninverted
structure. Both modelsare shownin a(1120) projection. Height
of the Mg layer above the underlying atomic plane is 1.29 A
and 2.43 A for inverted and noninverted structures respectively.
(From [60]).

a) b) c)
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d) e) 1)
with
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~——— (a flux

Figure 20. (8)—(c) RHEED patterns of Ga-polar films during
growth without any arsenic, asafunction of decreasing Gaflux.
(d)—(f) A similar progression of RHEED patterns in the

presence of arsenic with a BEP of 1x107° Torr. (From [19]).
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Figure 21. STM images of GaN(0001) surface exposed to = 0.5 ML of silicon. (a) Surface region showing Si-induced 2x2
reconstruction and the 5x5 reconstruction of the bare surface. (b) Two different types of domains (seen on the left and right sides of
theimage) of the 2x2 structures. Images were acquired with sample bias voltages of —2.5V and 2.0V, respectively, and are shown
with gray-scale ranges of 1.3 and 1.0 A, respectively. (From [65]).
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Figure 22. STM image of a GaN(0001) surface following =~ 1
ML silicon exposure. (a) Large scale image displaying terraces
of “Ix1” reconstruction with 4x4 structure seen at the terrace
edges. (b) High resolution view of 4x4 structure near a terrace
edge. Images were both acquired with asample bias voltages of
+2.0V, and are shown with gray-scale ranges of 13 and 2.1 A,
respectively. (From [65]).
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Figure 23. Phase diagram showing the energetically stable
structures determined from first-principles calculations as a
function of both Si (ug) and N (1) chemical potentials. The
atomic geometry of these structuresis shown in Figure 24. The
limit at N-rich conditions is ug = 1/3 AH¢(Si3N,) and at Ga-
rich conditions is pg = 1/3 AH(SigN,) — 4/3 AHy(GaN).
AH¢(SigNy) = —3.32 eV and AH¢(GaN) = —-1.24 eV are the
calculated formation enthalpies of SizN, and GaN bulk,
respectively. The shaded area shows the region where al
structures are unstable against the formation of SigN,. (From
[66]).
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Figure 24. Schematic sideview of the energetically favorable
structures for bare and Si-covered GaN(0001) surfaces. (a) N
terminated with a Si subsurface, (b) Ga bilayer, (c) Ga bilayer
with a Si subsurface, (d) Ga adatom, (€) N adatom, (f) Ga
adatom with a Si subsurface, and (g) 2 ML of Si. See, aso,
Figure 23. (From [66]).
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Figure 25. (a) Phase diagram for the GaN(0001) surface in the
presence of H, asafunction of pg, and py. uy = O corresponds
to H molecules at T=0; pg, = O corresponds to bulk Ga. Dots
indicate experimental data from Ref. [14]; within the error
bars, these data agree with the calculated NH3 + 3Ga-H / 3Ga-
H phase boundary highlighted by the thicker line. Note that the
Vga + 6H structure is stoichiometrically and energetically
equivalent to NH3 + 3Ga-H. (b) temperature dependence of py
for two different pressures. (From [80]).
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-
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Figure 26. Schematic top view of prevalent 2x2 reconstructions
for GaN(0001) surfaces. Large open circles represent Ga
atoms, solid circles N, and small open circlesH. (From [80]).
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Figure 27. AFM images of GaN films grown under (a) Ga-rich
conditions, and (b) N-rich conditions. The insets shows the

corresponding RHEED patterns with the electron beam along
(1120). (From [61]).
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