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Abstract. We have investigated structural and chemical properties of heteroepitaxial films of GaN
on Al2O3(0001) using low energy electron diffraction (LEED), x-ray photoelectron spectroscopy
(XPS) and high resolution electron energy loss spectroscopy (HREELS). Depending on the
preparation conditions, two faceted surfaces with different morphologies and a flat, (3× 3)-
reconstructed surface were obtained. For one of the faceted surfaces a(1012) orientation of
the facet planes could be determined. For a sample grown by metal–organic chemical vapour
deposition (MOCVD) N-termination and(0001̄) polarity could be established by a combination
of HREELS and angle-resolved XPS. For a different sample grown by molecular beam epitaxy
(MBE) the same(0001̄) polarity could be identified, this time concluded from the observation
of the (3× 3) reconstruction in LEED, which moreover is shown to be Ga rich by the present
XPS measurements. Furthermore, we find the(0001̄) surface to be highly reactive, causing water
from the residual gas to adsorb dissociatively. Finally, exposure to atomic hydrogen leads to the
observation in HREELS of N–H and Ga–H stretching vibrations at 403 meV and 227–247 meV,
respectively, as expected for a faceted surface. Based on these observations, a structural model for
the facets is proposed.

1. Introduction

GaN and its ternary alloys have recently received considerable attention in view of their useful
optoelectronic properties. Due to the direct band gap of GaN bright light-emitting diodes [1]
and laser diodes [2] in the blue and ultraviolet range can be fabricated from this material. It
is also possible to take advantage of the large band gap of GaN in the engineering of high
temperature semiconductor devices [3]. One should expect that the performance of these
devices can be further improved once even better epitaxial layers of the material can be grown.
Growth methods which have been successfully applied so far are molecular beam epitaxy
(MBE) and metal–organic chemical vapour deposition (MOCVD) on various substrates. For
both of these techniques several fundamental issues concerning the growth process remain
unresolved. First of all, the polarity of the material obtained is often unknown and indeed
difficult to determine [4–7]. In fact, for the epitaxial polarity relationship on sapphire (Al2O3)
substrates, contradicting reports have been given [8, 9]. Secondly, due to large lattice and
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thermal expansion misfit values, a high dislocation density is always present in heteroepitaxial
layers [10]. An established method to improve the quality of heteroepitaxially grown layers
is the generation of GaN buffer layers on Al2O3, as well as GaAs or 6H-SiC substrates prior
to growth [11]. An improved control of the surface properties could not only enhance the
quality of the epitaxial films grown on these buffer layers, but would also be beneficial for
the homoepitaxial growth of layers on GaN bulk material which—at present at least—show
a polarity dependent (rough) surface morphology [8, 12]. Smooth surfaces are of particular
importance when layered structures such as in laser devices are fabricated. In the present
paper we show that detailed studies of GaN surfaces can provide a better understanding of
their atomic structure and reactivity, which in turn may facilitate a better control of the surface
properties necessary to improve the growth results.

Sapphire is a substrate commonly used for heteroepitaxial growth of GaN. On its(0001)
surface, the hexagonal wurtzite polytype (2H) of GaN can be grown epitaxially even though
the lattice mismatch is 14.8% [10], provided a GaN buffer layer is grown first, on which the
nucleation density for the subsequent layer growth is enhanced [13]. However, the growth
direction, i.e. the polarity of GaN layers obtained on Al2O3(0001), is still far from clear
[4, 5]. This holds even more for the detailed surface structure of the GaN films obtained. In
this paper we report new experiments probing the surface properties of GaN layers grown
on Al2O3(0001) by means of MOCVD. We present structural results as revealed by low
energy electron diffraction (LEED) as well as chemical aspects, namely the interaction of
these surfaces with gases, as revealed by high resolution electron energy loss spectroscopy
(HREELS). In addition we use x-ray photoelectron spectroscopy (XPS) results to monitor the
composition of the surfaces prepared. We show that after preparation in ultra-high vacuum
(UHV) the MOCVD sample used in this study is primarily nitrogen terminated. However, the
nominally hexagonal surface of the sample is faceted immediately after the initial preparation,
such that also Ga dangling bonds exist. The clean faceted(0001̄) surface is very reactive
towards hydrocarbons and water (which dissociates) from the residual gas present in the UHV
chamber. Hydrogen etches the initially well ordered facet planes, leaving behind an atomically
rough GaN(0001̄) surface. Finally, if the surface is heated in Ga flux it is possible to bypass
the facetting and to obtain Ga-rich surfaces with (3× 3) LEED symmetry as shown for an
MBE grown sample.

2. Sample preparation and surface morphology

One of the samples studied in this work was grown by MOCVD in a horizontal flow
reactor, which is inductively heated and operated at a pressure of 200 mbar. Ammonia
and trimethylgallium are used as component precursors, while silane and biscyclopentadienyl
magnesium provide Si and Mg dopants. Purified hydrogen is used as carrier gas. Growth
on the Al2O3(0001) substrate polished to optical grade was initiated at 500–600◦C by the
formation of a low temperature GaN buffer layer, followed by epitaxial growth at 1040◦C,
which was terminated after 2 to 4µm had been grown.

After the growth process the sample was exposed to air for transfer to the analysis chamber,
equipped with a Delta 0.5 HREEL spectrometer, an ErLEED two grid low energy electron
diffraction optic and a hemispherical analyser for XPS. A first check of the surface condition of
the sample, applied immediately after introduction into UHV, revealed a 1× 1 LEED pattern.
A HREELS spectrum recorded at this stage is shown in figure 1(a). Clearly the dominant
features are the well known Fuchs–Kliewer surface phonon polariton (FK1) at 87.3 meV
[14, 15] and its multiples (FK2 and FK3) at 174.6 and 262 meV, respectively. In addition,
one observes a strong loss peak at 361 and a double peak at 444/453 meV. The strong peak
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Figure 1. HREEL spectra obtained from the GaN(0001̄) surface. Primary beam energy
E0 = 10 eV, incidence angle with respect to surface normalθi = 55◦. FWHM of the elastic
peak amounts to 8.4 meV for (a) and 5.6 meV for (b) to (d). (a) sample as built in, (b) sputtered and
subsequently annealed sample, spectrum recorded 20 min after preparation, (c) spectrum recorded
after 2:15 h in UHV, (d) spectrum recorded after 19 h in UHV. FK= Fuchs–Kliewer phonon. In
(b) and (c) the×1600 and×400 curves have been smoothed.

at 361 meV is due to CHx vibrations [16], while the peak at 453 meV can be attributed to
the O–H stretching vibration mode [16]. The origin of the 444 meV loss feature appears
ambiguous. In figure 1(a), the 444 meV mode might be assigned to a combination loss of the
CHx mode and a Fuchs–Kliewer phonon. In the spectra shown in figures 1(c) and 1(d) we
also observe a characteristic double structure at 444/453 meV. In these cases, however, it is
impossible to assign the lower feature to a combination loss of a Fuchs–Kliewer phonon and
the CHx mode, since the latter, if present at all, has lower intensity than the 444 meV mode.



8038 F S Tautz et al

55 eV 60 eV

45 eV 50 eV

50 eV 70 eV

26 eV 44 eV

a

b

c

Figure 2. LEED patterns of differently prepared GaN(0001̄) surfaces. (a) (1× 1) symmetry
with horseshoe facets appearing after heating to 1050 K, (b) (1× 1) symmetry with(1012)-type
facets obtained on N-sputtered and annealed (950 K) surfaces. (c) (3× 3) symmetry obtained on
N-sputtered sample after 850 K annealing in Ga-flux. Images (a) and (b) have been obtained from
the MOCVD sample, (c) from the MBE sample. Primary beam energies are indicated. Normal
incidence was qualitatively adjusted.



Reactivity and morphology of GaN(001) epilayers 8039

The origin of the latter is therefore unclear, and may be related to two different adsorption
sites of the OH group. Heating the sample to 950 K reduces the presence of hydrocarbons
(disappearance of the 361 meV mode in HREELS) and leads to an increase of the elastic
peak intensity in the HREELS experiment by almost two orders of magnitude (not shown
here), indicating improved smoothness and order of the surface (the sample temperature was
measured by a thermocouple in contact with the titanium support onto which the sample was
clamped). However, it does not remove the carbon from the surface completely as can be
concluded from glancing incidence XPS measurements (not shown here). Nevertheless, in
contrast to sputter-cleaned surfaces discussed below, the sample is now passivated against
uptake of CHx and OH from the residual gas. Heating to even higher temperatures (1050 K)
leads to a characteristic and reproducible facetting of the surface, identified in LEED by a
characteristic horseshoe pattern (see figure 2(a)), which has also been reported in [17] and
[18]. In order to remove the remaining contamination we employed nitrogen sputtering which
was reported to produce stoichiometric surfaces [4], followed by subsequent annealing at
950 K. By this procedure the sample could be sufficiently cleaned as concluded from HREELS
and XPS. The reduction of the CHx contamination is particularly obvious in the HREEL
spectrum in figure 1(b). Moreover, the strong background in HREELS present in figure 1(a)
has disappeared, indicating good local order on these sputter-cleaned surfaces. These surfaces
show a tendency to form different types of facets which occur in six equivalent planes as
deduced from the star-type features in the LEED pattern (cf figure 2(b)). The tilt direction of
the facets can be determined from the fact that the additional spots occur along the lines from
the specular reflection towards the position of the first order spots of the unfaceted surface
areas (see the sequence in figure 2(b)). The direction of the specular reflection measured for
the tilted planes indicates a facet-normal angle of∼40◦ against the surface normal which is
in reasonable agreement with a theoretical value of 43.2◦ for planes in [1012] orientation (by
designating the facet as(1012) rather than(1012), we anticipate the polarity of the epitaxial
layer as being(0001̄). This is determined in the next section). It should be noted that the facet
spots are not very sharp and vanish for rather broad energy ranges so that more sophisticated
methods of determining the facet angle [19] cannot be applied. Of course, all six symmetry
equivalent facet surfaces are present on the sample as immediately obvious from the sixfold
rotational equivalency of the facet spots. Thus, one can envisage the faceted areas of the
surface as either triangular (in two rotational orientations) or hexagonal and possibly truncated
pyramids or pyramidal depressions.

We note that under many growth conditions samples show the formation of nanopipes and
pinholes [20]. A systematic investigation of these defects using cross-sectional transmission
electron microscopy (TEM) [21] has revealed that nanopipes and pinholes generally have
V-shaped cross-section, the V-angle being∼60 or∼90◦. Note that(1011) facets and(1012)
facets show theoretical V-angles of 56.1 and 93.6◦ respectively. Apparently, the(1012) facet
orientation, which we find on our surfaces as a result of the UHV preparation, also plays some
role during the growth process in the formation of pinholes, indicating a certain propensity
of the system towards this surface. It may even be the case that the facets of the present
sample decorate planar defects of similar character as the pinholes. The horseshoe pattern also
observed in this work (figure 2(a)) and in [17, 18] shows additional facetting apart from the
three(1012) directions, indicating a still more complex surface morphology. These horseshoe
LEED patterns have been interpreted as indication of the existence of steps, and both step
height and terrace width have been calculated from the LEED patterns [18]. We note that in
the case of regular step arrays one can equally well speak of facets. Meanwhile, the fact that
one observes high order diffraction spots belonging to these ‘steps’ points to a high degree of
regularity of the step array. Therefore we prefer to speak of facets.
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Table 1. Change of the XPS intensity ratiosr1 = IGa 2p/IGa 3d and r2 = IGa 2p/IN 1s as a
function of detection angle relative to the surface normal. Experimental values are an average over
six independent sample preparations. Standard deviation is given as error. Model calculations are
based on exponential damping of photoelectrons during their escape from a layered structure which
represents the wurtzite GaN crystal. Ga and N layer thicknesses ofd = 1.3 Å have been chosen,
four of these layers (i.e. two GaN bilayers) adding up to thec-axis lattice constant of 5.185 Å.
Inelastic electronic mean free paths ofλ = 6 Å, λ = 16 Å andλ = 20 Å were used for Ga 2p3/2,
N 1s and Ga 3d electrons, respectively. The sensitivity of the results to the exact value ofλ and
d was checked, yielding the same qualitative behaviour for a broad range of values around the
adopted ones.

Calculated

Intensity ratios (0001) (0001̄) Experimental

r1(80◦)/r1(0◦) 1.19 0.57 0.6± 0.1
r2(80◦)/r2(0◦) 1.72 0.40 0.5± 0.1

Once a surface was faceted, we found it difficult to find preparation conditions under which
the facetting could be removed. For that reason, we started on a fresh sample with a different
preparation scheme. The new sample had been grown without nucleation layer in a plasma
induced MBE process on sapphire at approximately 800◦C. After initial nitrogen sputtering
the sample was annealed in Ga flux at 850 K. After annealing times of approximately one hour
we found in LEED a (3× 3) pattern (figure 2(c)). From its occurrence we can conclude that
the MBE sample has(0001̄) polarity [22], in agreement with a polarity assignment for MBE
samples from the same source made on the basis of the x-ray standing wave technique [23].

3. Surface polarity

Figure 1(b) shows the HREEL spectrum of the surface subsequent to the treatment described
above. The modes at 361, 444 and 453 meV have practically disappeared indicating a
clean surface. Due to the improved quality of the surface (lower background, reduced
peak broadening) three multiple losses (at 174.6, 262 and 348 meV) of the Fuchs–Kliewer
phonon (87.3 meV) can be resolved. Weak N–H [24] and O–H stretching vibrations can be
observed at 403 and 453 meV, respectively. The still weaker features at 489 and 540 meV
correspond to combination losses of respectively the N–H and the O–H stretching vibration
and a Fuchs–Kliewer phonon.

Subsequently left in UHV for some hours, the surface undergoes characteristic changes
as monitored in the HREEL spectra shown in figures 1(c) and 1(d): both the O–H (453 meV)
and the N–H peak (403 meV) increase in parallel, while the Ga–H vibration, which is
expected around 230 meV, does not show a similar effect (note the different scaling factors in
figures 1(b)–(d)). In figure 1(d) the FK4 can no longer be resolved from a neighbouring mode
at∼360 meV, the latter indicating that also CHx has accumulated on the surface. Obviously,
the surface is reactive to both water and hydrocarbons, and water adsorbs dissociatively, the
products OH and H binding separately to the surface. Noteworthily, hydrogen predominantly
binds to N and not to Ga, proving that the sample contains N-terminated areas.

Since it cannot be decided from HREELS alone whether these are terraces or facets, we
additionally conducted glancing-angle XPS experiments and evaluated the integral intensities
of N 1s, Ga 2p and Ga 3d lines at normal and 80◦ detection angle. The results are shown
in table 1. By quotingri(80◦)/ri(0◦), wherer1 = IGa 2p/IGa 3d and r2 = IGa 2p/IN 1s ,
rather than the intensity ratiosr1 and r2 themselves, it is possible to compare to model
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calculations without the necessity to know the energy dependent analyser transmissionT (E),
the photoionization cross sectionsσ and the asymmetry factorL(γ ) which depends on the
(here constant) angleγ between exciting photons and detected electrons. Table 1 also includes
calculated values for these photoelectron ratios. These calculations are based on the following
equation for the photoelectron intensity [25]:

I (θ) = T (E)A(E)σL(γ )
∫ ∞

0
c(z) exp

(
− z

λ cosθ

)
dz (1)

wherec(z) is the depth-dependent concentration of atoms,A is the sample area being analysed,
λ is the inelastic mean free path andθ is the detection angle measured with respect to the surface
normal. In a layered structure where the concentration of a particular emitter is constant in the
rangez1 = nd to z2 = (n + 1)d, d being the layer thickness, the intensity of photoelectrons
from this layer at the surface becomes:

I (θ) = TAσLλ cosθe−
nd

λ cosθ (1− e−
d

λ cosθ ). (2)

If the GaN wurtzite crystal is modelled by alternating Ga and N layers perpendicular to the
c-axis (and surface normal), one has to sum the contributions for each layer according to
equation (2) until convergence is achieved. Both a(0001)and a(0001̄)oriented bulk terminated
crystal were thus simulated, the latter predicting intensity ratios in excellent agreement with
experimental values. This result in combination with the direct evidence for N-termination
provided by HREELS alone is good evidence that the (main) growth direction for the present
sample is(0001̄).

Of course, our model calculation does not take into account the presence of surface
facetting. Therefore, the experiments should in principle be repeated on samples with flat
surfaces. Unfortunately, the surface quality of currently available epilayers and/or the known
preparation techniques do not allow such experiments at present. There is, however, a ‘hand
waving’ argument explaining why the measured intensity ratios are apparently not affected by
the presence of the facets. Firstly, the facet angle is about 40◦ such that 0 and 80◦ detection
relative to the surface normal lead—to zeroth order—to identical escape anglesfrom the facets.
Secondly, we note that perpendicular to the facet planes the crystal lattice cannot be modelled
by a layered structure (the terminating layer for example contains both N and Ga atoms,
see figure 5). Therefore, beneath the facet surface the crystal is much better modelled by a
homogeneous mixture of Ga and N atoms. In our model calculation, such a homogeneous
system willnot lead to angle dependentri(80◦)/ri(0◦) ratios.

Simple analyses of photoelectron intensity in terms of direction cosines need to be
taken with caution because of the possibility of intensity modulation through photoelectron
diffraction. Usually the intensity is integrated over the azimuthal angle in order to average out
photoelectron diffraction effects. Due to instrumental limitations, we could not carry out such
a procedure. However, 2π -scans of the photoelectron intensity both from the N 1s and the
Ga 3p levels in GaN(0001̄) have been published [26] and do not show appreciable variation of
intensity with azimuthal angle at 80◦ polar angle, so that one can be confident that the results
of table 1 are not affected by photoelectron diffraction to a significant degree. Furthermore,
we note that two independent intensity ratios are evaluated using three different core levels.
Thus, with different electron energies employed, we would expect photoelectron diffraction
to affect our results for these two intensity ratios differently, which is obviously not the case.

For several reasons we reject the possibility that N-sputtering artificially terminates a
(0001) surface with an adlayer of nitrogen. Firstly, since we observe a (1× 1) surface,
this would mean a complete and unreconstructed monolayer of N on the Ga face of the
topmost bilayer. In such a configuration, each N-atom would be onefold coordinated and
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on an unreconstructed (1× 1) phase have three dangling bonds if charge redistribution effects
are neglected, a configuration which for obvious reasons would be highly unstable. Secondly,
Bermudez [5] has compared the preparation of GaN surfaces byin situdeposition of Ga metal
followed by thermal desorption with the N-sputtering and annealing method. No difference
was found in Auger electron spectroscopy (AES), XPS, ultraviolet photoelectron spectroscopy
(UPS) and electron energy loss spectroscopy (ELS), even for termination-sensitive quantities
such as work function and band bending.

Using LEED and time-of-flight ion scattering and recoil spectroscopy (TOF-SARS)
surfaces of (1× 1) symmetry exhibiting both(0001) and(0001̄) orientation were found for
different GaN epilayers on sapphire(112̄0) [27] and(0001) [9]. In agreement with the present
results, it was also found there that the(0001̄) surface shows a tendency towards hydrogen
termination. Our observation of water dissociation explains the origin of hydrogen which in
[27] was present on all(0001̄) surfaces. In that study, the(0001̄) surface appeared less reactive
towards residual gas (carbon and oxygen components) than the(0001) surface, while the latter
never took up as much hydrogen, even after long standing times, which confirms our main
polarity assignment. In further agreement with the present work, Ahnet al [27] and Ponce
et al [8] have observed a tendency towards facet formation during UHV annealing exclusively
for the (0001̄) GaN surface. Finally, a plateau and valley morphology, though somewhat
irregularly shaped, has been found for MBE-grown GaN(0001̄) on sapphire(0001) [22]. In
this context it is worth mentioning that by wet chemical etching in basic aqueous solutions
only the GaN(0001̄) is attacked [28], a fact which has been used as a chemical means for
polarity determination [22]. In fact, even though our faceted surface has unsaturated Ga atoms
at the vacuum interface (see below), the water dissociation apparently takes place almost
exclusively on the N-terminated areas. Photoelectron diffraction from GaN samples showing
hexagonal columns, grown by MOCVD on sapphire(0001) without a buffer layer, has also
shown N-termination of the surface [16]. In contrast to our results and those published in
[9] and [27], different epitaxial GaN layers on Al2O3(0001) were monitored by convergent
beam electron diffraction and exclusively showed(0001) orientation [8]. In ion channelling
experiments, on the other hand,(0001) orientation was found for flat GaN films grown on
(0001) sapphire, while rough pyramidal films tended to have small(0001) inversion domains
in a (0001̄)matrix [29]. Finally, first-principles calculations of surface properties have shown
that 1× 1 symmetries are only expected for the(0001̄) orientation [30], a result consistent
with our observation but contradicting the findings by Ahnet al [27]. However, in a recent
publication [22] a pseudo-1× 1 phase with satellites was identified on the(0001) Ga face,
making a polarity assignment based on the occurrence of the (1× 1) phase ambiguous. It
should also be mentioned that the 1× 1 phase on the(0001̄) face is from a first-principles
calculation thought to be terminated by a Ga-adlayer on top of the topmost N-face bilayer [30],
while our experimental results are inconsistent with acompleteGa-termination. However, the
hydrogenation experiments to be described in the next section show the formation of Ga–H
bonds most likely evenbeforethe surface is etched. While it would thus be consistent with
our HREELS experiments if the N-polar surface waspartially Ga covered, the grazing angle
XPS results limit the Ga coverage to much less than a monolayer (cf the section on the 3× 3
phase below).

4. Surface hydrogenation

The polarity assignment can be further corroborated by atomic hydrogen adsorption
experiments, using the hot filament technique. Recently, hydrogen adsorption studies have
been performed both with TOF-SARS on polycrystalline GaN [31] and by temperature
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Figure 3. HREEL spectra for hydrogenated GaN surfaces prepared with (a) 2 L, (b) 10 L, (c) 50 L
and (d) 2000 L hydrogen exposure. Experimental parameters as in figure 1. FWHMs of the elastic
peaks range from 5.6 to 6.0 meV. All surfaces show 1× 1 LEED symmetries. In (a) to (c) the
(1× 1) LEED pattern shows facets, while in (d) the facets have disappeared.

programmed desorption spectroscopy (TPD) on the hexagonal face of single-crystalline GaN
grown by MOCVD on sapphire [32]. Not surprisingly, on polycrystalline samples adsorption
on both N- and Ga-sites was observed. With respect to adsorption-site determination, the
results of the TPD study were inconclusive. Here, we study hydrogen adsorption on the star-
type faceted surface by HREELS. As shown in figure 3(a), even for low hydrogen exposures
(2 Langmuir (= L)) the N–H vibration (403 meV) is now more intense than the O–H vibration
(453 meV), indicating that hydrogendirectly reacts with the N-terminated surface regions.
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Figure 4. Integrated intensities of the Ga–H and N–H stretch frequencies in HREELS, normalized
to the elastic peak and then plotted against hydrogen exposure in Langmuirs such that maximum
intensity of each line corresponds to 1. Inset: Ga–H stretch frequency versus hydrogen exposure.

The presence of the O–H vibration, however, indicates that the surface still dissociates small
amounts of water, either during the hydrogenation or afterwards. From 2 L onwards, the
Ga–H mode at 227 meV together with its combination with a Fuchs–Kliewer phonon at
314 meV is discernable [33], but its intensity is considerably smaller than that of the N–H
mode (figure 3(a)). The evolution of the integrated N–H and Ga–H intensities with H-exposure
in the range 1 to 2000 L is plotted in figure 4, each normalized to maximum intensity, since
the intensities of the vibrations of different surface molecules generally carry no quantitative
information with regard to their relative abundance. Around 10 L hydrogen exposure the
situation changes, and the Ga–H peak rises quickly to larger intensities than the N–H mode
(figure 3(b) and 3(c)), while the latter’s intensity barely changes, now indicating the preferred
formation of Ga–H. Thereafter both peaks increase in intensity, eventually saturating in the
range around 50 L (figure 4), before dropping off slightly at the highest exposures. While the
LEED pattern still shows facetting of the surface up to 100 L, exposing the surface to 2000 L
leads to a near complete disappearance of the facets which may be taken as indicating some
kind of etching of the surface.

As far as the peak energies are concerned, the behaviour of the N–H and the Ga–H modes
is very different. While the N–H mode shows no systematic frequency shift, the Ga–H mode
shifts over the whole range of exposures studied here, starting at 227 meV and eventually
occurring at 247 meV (inset to figure 4). Frequency shifts for surface adsorbed atoms or
molecules are commonly observed if a strong dynamic or static dipole–dipole interaction
between neighbouring adsorbate complexes exists [34]. Apparently this is the caseonly for
the Ga–H mode. We note that in many cases the frequency shift is accompanied by a non-linear
variation of the intensity with coverage, such that reliable estimates of the relative coverages
become difficult.

Based on these observations, we thus propose the following model of the hydrogenation
process. The N-terminated(0001̄) terraces are hydrogenated first (figure 3(a)), which can be



Reactivity and morphology of GaN(001) epilayers 8045

Figure 5. Atomic model of two possible(1012) facet surfaces (a and b). Large spheres (light
grey): Ga atoms, small spheres (black): N atoms. The surface is shown unreconstructed with all of
its dangling bonds (dark grey). The arrows indicate rows of Ga atoms having two dangling bonds
each, as well as the length of the surface unit mesh parallel to the projection plane(112̄0).

understood in terms of the larger enthalpy of formation of the N–H bond as compared to the
Ga–H bond [31]. The subsequent rise in the Ga–H intensity can be explained by saturation of
Ga dangling bonds on the facet planes and possibly by the onset of etching on the terraces. In
figures 5(a) and 5(b) we show sketches of the atomic arrangement of two feasible terminations
of a (1012) surface, the facet orientation deduced from LEED experiments. In both cases the
surface contains N atoms with a single dangling bond and two types of Ga atom, one with a
single and another (indicated by the arrows) with a pair of dangling bonds. It is not surprising,
therefore, that the unetched, still faceted(0001̄) surface can accommodate Ga–H species, as
seen in the spectrum of e.g. figure 3(b). Because of their higher reactivity it is expected that the
double-valent Ga atoms are hydrogenated before the monovalent ones, the former eventually
leading to N2GaH2 complexes as compared to N3GaH for the latter. The number of backbonds
in a N2GaH complex may explain the initially relatively low Ga–H stretching frequency of
227 meV, if compared to the calculated value of 250 meV for an N3GaH unit on the(1010̄)
GaN surface [35], since it is well known that backbonds to electronegative partners stiffen the
stretching vibrations [36].

The strong coverage dependent frequency shift of the Ga–H line is also observed for
GaAs(100) [33] and GaAs(111) [37]. While we cannot at present give a final explanation for
this phenomenon, the shift does fit in well with our model if we assign it to the dense packing
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Figure 6. XPS spectra of the Ga 2p line of the GaN(0001̄) surface of the MBE grown sample:
(a) experimental spectra for the 3× 3 (solid) and 1× 1 (dashed) phases, (b) difference spectrum
(3× 3) − (1× 1), (c) spectrum detected at 0◦ from a surface with excess Ga (no 3× 3 LEED
pattern visible), (d) as (c) but 80◦ detection.

of Ga–H bonds along the rows of double-valent Ga atoms on the facets (cf arrows in figure 5)
and the resultant strong interaction between neighbouring bonds. This could be responsible
at least for the shift from 227 meV to 236 meV at 50 L and 100 L exposures. Note that
for the highest Ga–H intensities at 50 and 100 ML, the frequency no longer shifts (figure 4).
From then on the interpretation of the shift is more difficult. While it is not uncommon for
the intensity to saturate or even fall off while the frequency keeps shifting, a behaviour which
may also apply to the present case (figures 3(c) and 3(d)), the gradual disappearance of the
facets in LEED points towards major topographic changes of the surface. It is therefore also
conceivable that the Ga–H line position at 247 meV indicates a different hydrogen adsorption
site on the etched surface. In this context we moreover note a considerable increase of the
diffuse background scattering in HREELS characteristic for disordered surfaces (figure 3(d))
and a broadening of the N–H vibration (figure 3(d)) which may also indicate the simultaneous
occupation of different N–H adsorption sites on an etched surface.
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5. (3× 3) phase

Finally, we note the appearance of a (3× 3) phase on our MBE grown sample. Several
superstructure phases have been observed by scanning tunnelling microscopy (STM) on both
hexagonal surfaces of GaN [22, 30]. The (3× 3) phase only occurs on GaN(0001̄). In
figure 6(a) we show XPS intensities for Ga 2p emission compared for the initial (1× 1) phase
with facets and the (3× 3) phase which clearly is Ga enriched. To further exemplify this
observation we inspect a difference spectrum of the two phases as shown in figure 6(b). The
Ga 2p spectrum from the (3×3) phase obviously contains two additional components denoted
S1 and S2 in the figure. In order to identify these components we have evaporated an excess
of Ga onto the 3×3 surface such that the 3×3 LEED patterns disappears. The corresponding
spectra at 0 and 80◦ detection angle are shown in figure 6(c) and (d). They allow us to identify
S2 with Ga in the environment of metallic Ga. S1 could thus be connected to Ga atoms
terminating the uppermost GaN bilayer of the(0001̄) surface. For the 3× 3 surfaces we have
also evaluated the intensity ratiosri(80◦)/ri(0◦) as discussed above. The experimental ratios
determined arer1(80◦)/r1(0◦) = 0.8 andr2(80◦)/r2(0◦) = 1.4. These values are in between
the two extremes of complete N- and complete Ga-termination, a result which is consistent
with Ga-adatom coverage. However, the theoretical evaluation of specific adatom models is
beyond the scope of the currently employed model calculation.
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