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Observation of highly dispersive surface states on GaN„0001…131
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The electronic structure ofn-type, Si-doped, wurtzite GaN~0001!131 surfaces has been studied using
synchrotron radiation excited angle-resolved photoemission. The GaN thin films were grown by metal-organic
chemical-vapor deposition on SiC. Two previously unobserved surface bands were measured and fully char-
acterized. One of the states is highly nonlocalized, dispersing throughout much of the valence band along the
Ḡ-K̄-M̄and Ḡ-M̄ directions of the 131 surface Brillouin zone. The identification of these states as surface
bands was confirmed both by their lack of dispersion perpendicular to the surface, and by the sensitivity of the
states to hydrogen adsorption. The symmetry properties of the states were determined using the linear polar-
ization of the incident synchrotron radiation. These states are quite distant from the localized nondispersive
surface state previously observed on GaN.@S0163-1829~99!50824-2#
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The physical properties of GaN and related wide band
nitride semiconductors are presently under intense study
to their use in optoelectronic and high-temperature semic
ductor devices.1–3 A fundamental understanding of the ele
tronic structure of these materials is required if they are
achieve their full technological potential. To this end, und
standing the electronic properties of clean and adsorbate
ered surfaces is of particular importance since it is the fi
step in understanding fundamental issues of contact for
tion, chemical reactivity, growth processes, and structu
stability. Epitaxial GaN films are commonly prepared
growth on the basal plane of sapphire or Si-termina
SiC~0001! and this is generally believed to lead to a~0001!
growth surface of the GaN overlayer.4,5 Despite numerous
studies that monitor the epitaxial process and characte
the resulting morphology of the thin films, the growth fro
is not yet understood completely.6–12 Reconstructions of
131, 232, and 434 have been reported and demonstrated
correspond to a stable growth front leading to high-qua
epitaxial GaN layers.9,13,14Recently, studies based on refle
tion high-energy electron diffraction concluded that the s
face stoichiometry depends on details of the growth par
eters such as the substrate temperature, buffer layer,
gallium and nitrogen flux, and even showed a reversible tr
sition at some growth stages by changing these paramete12

There is also much debate concerning the termination
polarization of surfaces of films grown by different metho
that are atomically cleaned following removal from th
growth chamber.15

In the present paper, we report the result of an exten
synchrotron radiation excited angle-resolved photoemiss
study ofn-type wurtzite GaN~0001!131 surfaces. The GaN
thin films were grown by metal-organic chemical-vap
deposition~MOCVD! on SiC. Two previously unobserve
surface bands were measured and fully characterized. On
the stairs is highly nonlocalized, dispersing throughout mu
of the valence band along theḠ-K̄-M̄ andḠ-M̄ directions of
the 131 surface Brillouin zone. The identification of thes
PRB 590163-1829/99/59~24!/15586~4!/$15.00
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states as surface bands was confirmed both by their lac
dispersion perpendicular to the surface, and by the sensit
of the states to hydrogen adsorption. The symmetry prop
ties of the states were determined using the linear polar
tion of the incident synchrotron radiation. These states
quite distinct from the localized nondispersive surface st
that we observed previously on molecular-beam epita
grown GaN surfaces prepared in an identical manner.

The angle-resolved photoemission~ARP! experiments
were performed at the National Synchrotron Light Sou
~NSLS!, on the Boston University/North Carolina Sta
University/NSLS bending magnet beam line U4A, which
equipped with a 6-m toroidal grating monochromator and
custom designed hemispherical electron analyzer.16 Typical
energy and full angular resolution were 150 meV and
respectively. The base pressure of the ARP chamber wa
310211 Torr. Then-type, Si-doped, wurtzite GaN film wa
grown on a AlN buffer layer on a 6H-SiC~0001! Si-face,
on-axis substrate using a low-pressure metal-organic va
phase epitaxy technique described elsewhere.17 Clean sur-
faces were prepared by repeated cycles of sputtering
500-eV N2 ions and annealing in ultrahigh vacuum
850 °C. A very sharp 131 low-energy electron diffraction
~LEED! pattern was observed from the surface after cle
ing. Auger electron spectroscopy showed a very low surf
oxygen level, less than 1%, and no other contamination.~For
a comprehensive discussion of the relative merits of vari
surface cleaning techniques for GaN, see the extensive
views by Bermudez, Koleske, and Wickenden,15 and King
et al.10! Contamination from residual gases in the UH
chamber required that the surface be cleaned every 2 h. C
tamination was monitored by the quality of the ARP spect
which were far more sensitive than AES spectra to the p
ence of adsorbate. The hydrogen exposures were perfor
with the GaN surface facing a hot, well outgassed W fi
ment, in order to chemisorb atomic hydrogen. Nominal h
drogen exposures of typically 7000–10 000 L (1 L51
31026 Torr s! were required to completely remove the su
R15 586 ©1999 The American Physical Society
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face states. Since ARP does not provide unambiguous d
information on the termination or polarization of the
samples, the film surface references as either~0001! or
~0001̄!, with the former used here for convenience.15

Figure 1~a! presents ARP spectra from clea
GaN~0001!131 where the detector angle was varied to m
sure emission from states lying along theḠ-K̄-M̄ direction
in the surface Brillouin zone. The photon energy used
excite the spectra in Fig. 1~a! was 26 eV. Three features i
the spectra, labeledA, B, andC, can be identified as emissio
from surface states. All other features in the spectra origin
in emission from bulk states, and correspond to bulk sta
observed in an earlier ARP study of wurtzite GaN.6 The
same three surface related features can be seen in the sp
of Fig. 1~b!, where here the incident photon energyhn550
eV. StateA lies near the valence-band maximum~VBM ! at
the zone center (Ḡ point, normal emission,ue50°),and
shows only slight dispersion until far fromḠ when it dis-
perses downward by;1.5 eV~around theK̄ point, as will be
shown below!. In contrast, stateB disperses rapidly away
from the Ḡ point, extending to the bottom of the valenc
band atK̄.

Figure 2 presents equivalent sets of spectra to thos
Fig. 1, except that the detector and film are oriented such
emission from states along theḠ-M̄ direction is being mea-
sured. In this azimuth, emission featuresA and B were
clearly observed whenhn526 eV, but athn550 eV emis-
sion featureB was not visible due to stronger emission fro
an overlapping bulk state. As with emission from sta
along Ḡ-K̄-M̄ , feature A exhibits very slight dispersion
while featureB exhibits strong dispersion towards the bo
tom of the valence band away from the zone center.

Emission featureA is highly sensitive to contaminatio
from background gases, and the intensity of this featur
used as a very sensitive indicator of the cleanliness of

FIG. 1. ARP spectra recorded from the clean GaN~0001!131
surface with photon energies of~a! 26 eV and~b! 50 eV showing
emission from states along theḠ-K̄-M̄ direction. The angle of in-
cidence (u i) of the light was 45°.
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surface. FeatureB is not as sensitive to background gas co
tamination, but is a sensitive indicator to the emission o
good 131 reconstruction, as will be discussed below.
weak surface sensitive emission feature~labeledC in Fig. 1!
was also observed, appearing near the VBM close to thK̄
point. The surface sensitivity of these features is illustra
by the spectra of Fig. 3. The top pair of spectra comp
emission taken from two different surfaces: spectrum(a) was
taken from a surface with very sharp LEED 131 spots, while

FIG. 2. Same as for Fig. 1, but for states along theḠ-M̄ direc-
tion.

FIG. 3. ARP spectra recorded with different photon energ
and azimuthal directions.u i545°. Spectra(a), (c), and (e) were
recorded from the clean GaN~0001!131 surface. Spectrum(b) was
recorded from a clean surface with streaky 131 LEED pattern,
while spectra(d) and (f) were recorded after saturating the surfa
with hydrogen. See text.
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spectrum(b) was taken from a surface with streaky LEE
131 spots. Both spectra were recorded immediately follo
ing cleaning. As is clear in the figure, featureA is visible in
both spectra while featureB appears only weakly in spec
trum (b), indicating the sensitivity of this feature to the d
gree of order of the surface layer. Spectra(c) through(f) in
Fig. 3 illustrate the difference between the clean and hyd
gen saturated surfaces. Spectra(c) and (e) were recorded
from the clean surface while(d) and (f) were recorded from
the surfaces exposed to;10 000 L hydrogen. It is clear tha
featuresA and B on the clean surface are completely r
moved by the hydrogen chemisorption, and that
hydrogen-induced emission features were observed. Th
consistent with our LEED measurements: we observe diff
131 spots with higher background scattering for the hyd
gen saturated surfaces, but no reconstruction.

Assuming a free electron final state, we can use the d
of Figs. 2 and 3 to generate the measured surface band
persion as shown in Fig. 4.18,19Earlier inverse photoemissio
experiments have shown that a free-electron final state
good approximation for photon energies above 25 eV20

There are few published calculations of the surface b
structure of GaN~0001! 131 to which we can compare ou
data. A surface state has been reported for a 3/4 monol
of hydrogen on GaN~0001! by Rapcewicz, Buongiorno
Nardelli, and Bernholc,11 but this state does not correspon
to our measured dispersion.

The exact origins of the observed surface states are d
cult to determine due to uncertainties in the structure, ter
nation, and stoichiometry of the surface. However, the ch
acteristics of these surface bands give some important c
The most notable aspect of the surface state correspondi
emission featureA is the fact that it is highly sensitive to
surface contamination. It also shows very little dispers
throughout the 131 SBZ until it approaches theK̄ point,
where a downward dispersion of;1.5 eV is observed. The
lack of dispersion indicates that stateA is quite localized,
probably corresponding to the dangling-bond surface s
observed in earlier studies. The reactivity of this state is c

FIG. 4. Measured two-dimensional band structure for the cl
GaN~0001!131 surface in the 131 surface Brillouin zone. The re
cording geometry is indicated in the inset.
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sistent with this assignment. The band corresponding
emission featureB shows a strong downward dispersio
when moving away from theḠ point. As noted earlier, this
state is less sensitive than featureA to background gas con
tamination and is well resolved only when the surface exh
its a sharp 131 LEED pattern. A plausible assignment is th
this state is a back-bonding state, which generally displa
high degree of dispersion.

Further information on these surface states can be
tained by taking advantage of the linearly polarized nature
the synchrotron radiation used to excite the spectra.
symmetry properties of the states can be determined by
enting the synchrotron radiation relative to a high symme
direction containing a mirror plane of the surface, and app
ing conventional selection rules. The results for emiss
featuresA andB are shown in Fig. 5. Three sets of spec
are presented with different recording geometries. The
permost pair of the spectra were recorded with the dete
along theḠ-M̄ direction, i.e.,@112̄0#, and the polarization
vector in the plane defined by the@0001# direction and the
emission direction, which contained@112̄0#. The remaining
spectra were recorded along theḠ-K̄-M̄ direction and the
polarization vector in the~1̄21̄0! plane. According to mirror
plane selection rules, the initial states must have a defi
even or odd parity with respect to the mirror planes.21 The
requirement of even final states for electrons emitted in
mirror plane implies that only even initial states will be o
served with the above recording geometry. Thus, both thA
andB states are even with respect to the~1̄100! and ~1̄21̄0!
mirror planes. By changing the angle of incidence of t
synchrotron radiation, it is clear that the intensity of featu
A increases with increasing incident angles with respec
the ~1̄100! mirror plane, while the intensity of both theA and

n

FIG. 5. ARP spectra recorded from the clean GaN~0001!131
surface with different photon energies and azimuthal directionsu i

545°. The details of the symmetry properties of theA andB states
are discussed in the text.
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B features increases with respect to the~1̄21̄0! mirror plane.
The increase of the emission intensities with increasing an
of incidence suggests a strong dependence on thez compo-
nent of the electric-field vector of the synchrotron radiatio
thus indicating a strongpz character with respect to the co
responding mirror planes. However, a full calculation of t
surface electronic structure is required to test the origin
these states further.

Finally, the results of this study can be compared direc
to our earlier study of the surface electronic structure
GaN.8 The wurtzite GaN films used in that study was grow
by molecular beam epitaxy~MBE!, and although the films
were cleaned in an identical manner, the surface electr
structure is quite different. No back-bonding dispers
states were observed at all in the earlier study. A dangli
bond state was observed on the surface of the MBE-gro
films, but it did not show significant dispersion aboutK̄. It is
likely that this localized state is related to surface defe
The different surface electronic structure between
MOCVD and MBE materials cleaned in an identical fashi
is probably not related to the growth mode, but rather
differences in surface termination. It should also be noted
this context that although both types of surfaces gave 131
LEED patterns, the patterns from the MOCVD surfaces w
of higher quality, with sharper smaller spots and a low
background than we were able to achieve in the earlier stu
This is consistent with the sensitivity of the back-bondi
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state ~feature B! to the surface ordering observed in th
present study.

To summarize, the surface electronic structure of a w
ordered wurtzite GaN~0001!131 surface has been studied b
polarization-dependent angle-resolved photoelectron s
troscopy using synchrotron radiation. Two distinct surfa
bands are observed. The identification of these surface s
was confirmed by the photon energy independence of t
dispersion, as well as their sensitivity to hydrogen adso
tion. One state(A), near the valence-band maximum, w
found to be weakly dispersive and very sensitive to hydrog
adsorption, suggesting it is a dangling-bond state. The
ond observed state(B) displayed strong dispersion through
out the two-dimensional 131 surface Brillouin zone and wa
found to depend strongly on the quality of the 131 recon-
struction. Both states are of even symmetry with respec
the ~1̄21̄0! and~1̄100! mirror planes. Moreover, both show
strong dependence on thez component of the electric-field
vector of the synchrotron radiation with respect to the~1̄21̄0!
mirror plane indicating a strongpz character.
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