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Observation of highly dispersive surface states on Gaf000)1x 1
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The electronic structure oifi-type, Si-doped, wurtzite GaR00)1x1 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
I-K-MandTI'-M directions of the X1 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 GaBD163-1829)50824-3

The physical properties of GaN and related wide band gagtates as surface bands was confirmed both by their lack of
nitride semiconductors are presently under intense study dugispersion perpendicular to the surface, and by the sensitivity
to their use in optoelectronic and high-temperature semicorsf the states to hydrogen adsorption. The symmetry proper-
ductor devices™® A fundamental understanding of the elec- ties of the states were determined using the linear polariza-
tronic structure of these materials is required if they are tdion of the incident synchrotron radiation. These states are
achieve their full technological potential. To this end, under-quite distinct from the localized nondispersive surface state
standing the electronic properties of clean and adsorbate cothat we observed previously on molecular-beam epitaxy
ered surfaces is of particular importance since it is the firsyrown GaN surfaces prepared in an identical manner.
step in understanding fundamental issues of contact forma- The angle-resolved photoemissigARP) experiments
tion, chemical reactivity, growth processes, and structuralvere performed at the National Synchrotron Light Source
stability. Epitaxial GaN films are commonly prepared by (NSLS), on the Boston University/North Carolina State
growth on the basal plane of sapphire or Si-terminatedUniversity/NSLS bending magnet beam line U4A, which is
SiC(000)) and this is generally believed to lead tq@G001)  equipped with a 6-m toroidal grating monochromator and a
growth surface of the GaN overlay®t.Despite numerous custom designed hemispherical electron analjZd@ypical
studies that monitor the epitaxial process and characterizenergy and full angular resolution were 150 meV and 1°,
the resulting morphology of the thin films, the growth front respectively. The base pressure of the ARP chamber was 8
is not yet understood completély'® Reconstructions of %10~ Torr. Then-type, Si-doped, wurtzite GaN film was
1X1, 2X2, and 4<4 have been reported and demonstrated tgyrown on a AIN buffer layer on a 6H-S{G00]) Si-face,
correspond to a stable growth front leading to high-qualityon-axis substrate using a low-pressure metal-organic vapor
epitaxial GaN layer§:'*!Recently, studies based on reflec- phase epitaxy technique described elsewhe@lean sur-
tion high-energy electron diffraction concluded that the surfaces were prepared by repeated cycles of sputtering with
face stoichiometry depends on details of the growth param500-ev N, ions and annealing in ultrahigh vacuum at
eters such as the substrate temperature, buffer layer, a®$0 °C. A very sharp X1 low-energy electron diffraction
gallium and nitrogen flux, and even showed a reversible tran EED) pattern was observed from the surface after clean-
sition at some growth stages by changing these paramétersing. Auger electron spectroscopy showed a very low surface
There is also much debate concerning the termination angxygen level, less than 1%, and no other contaminatieor:
polarization of surfaces of films grown by different methodsa comprehensive discussion of the relative merits of various
that are atomically cleaned following removal from the surface cleaning techniques for GaN, see the extensive re-
growth chambet?® views by Bermudez, Koleske, and Wickend@rand King

In the present paper, we report the result of an extensivet al1%) Contamination from residual gases in the UHV
synchrotron radiation excited angle-resolved photoemissioghamber required that the surface be cleaned every 2 h. Con-
study ofn-type wurtzite GaND001)1Xx1 surfaces. The GaN tamination was monitored by the quality of the ARP spectra,
thin films were grown by metal-organic chemical-vaporwhich were far more sensitive than AES spectra to the pres-
deposition(MOCVD) on SiC. Two previously unobserved ence of adsorbate. The hydrogen exposures were performed
surface bands were measured and fully characterized. One @jfith the GaN surface facing a hot, well outgassed W fila-
the stairs is highly nonlocalized, dispersing throughout mucliment, in order to chemisorb atomic hydrogen. Nominal hy-
of the valence band along theK-M andI’-M directions of  drogen exposures of typically 7000-10000 L (=1
the 1x1 surface Brillouin zone. The identification of these X 10 ® Torr s) were required to completely remove the sur-
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FIG. 1. ARP spectra recorded from the clean G00)1x1 g g (V)
surface with photon energies () 26 eV and(b) 50 eV showing L
emission from states along theK-M direction. The angle of in- FIG. 2. Same as for Fig. 1, but for states along Ih#/ direc-

cidence @;) of the light was 45°. tion.

face states. Since ARP does not provide unambiguous direstirface. FeaturB is not as sensitive to background gas con-
information on the termination or polarization of thesetamination, but is a sensitive indicator to the emission of a
samples, the film surface references as eitf@01) or  good 1x1 reconstruction, as will be discussed below. A
(0001, with the former used here for convenierice. weak surface sensitive emission feat(lebeledC in Fig. 1)
Figure 1a) presents ARP spectra from clean ywas also observed, appearing near the VBM close tckthe

GaN(0001)1x1 where the detector angle was varied to meapgint. The surface sensitivity of these features is illustrated
sure emission from states lying along theK-M direction by the spectra of Fig. 3. The top pair of spectra compare
in the surface Brillouin zone. The photon energy used taemission taken from two different surfaces: spect(aywas
excite the spectra in Fig.(d) was 26 eV. Three features in taken from a surface with very sharp LEEX 1 spots, while
the spectra, labelefl, B, andC, can be identified as emission

from surface states. All other features in the spectra originate —— T T T

in emission from bulk states, and correspond to bulk states o A
observed in an earlier ARP study of wurtzite GANhe along T' -M ,B 1

same three surface related features can be seen in the spectra g":zzgfv P, “.‘J"'“ \
of Fig. 1(b), where here the incident photon enetgy=50 € _,,.,fr" - \

eV. StateA lies near the valence-band maximyBM) at
the zone centerI{ point, normal emissiong,=0°),and
shows only slight dispersion until far froi when it dis-
perses downward by 1.5 eV (around theK point, as will be
shown below. In contrast, statd3 disperses rapidly away
from the I' point, extending to the bottom of the valence
band atK.

Figure 2 presents equivalent sets of spectra to those of
Fig. 1, except that the detector and film are oriented such that
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emission from states along theM direction is being mea- S (©

sured. In this azimuth, emission featur@sand B were @

clearly observed whehv=26 eV, but athv=50 eV emis- P P ! . :

sion featureB was not visible due to stronger emission from 12 0 8 6 4 2 0

an overlapping bulk state. As with emission from states Binding Energy Relative to Fermi (¢V)

along I'-K-M, feature A exhibits very slight dispersion, FIG. 3. ARP spectra recorded with different photon energies
while featureB exhibits strong dispersion towards the bot- and azimuthal directionsd,=45°. Spectra(a), (c), and (e) were
tom of the valence band away from the zone center. recorded from the clean G&0D01)1x1 surface. Spectrurtb) was

Emission featureA is highly sensitive to contamination recorded from a clean surface with streaky 1L LEED pattern,
from background gases, and the intensity of this feature ishile spectra(d) and (f) were recorded after saturating the surface
used as a very sensitive indicator of the cleanliness of theith hydrogen. See text.
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FIG. 4. Measured two-dimensional band structure for the clean
GaN0001)1x1 surface in the X1 surface Brillouin zone. The re- [ T T S R TR
cording geometry is indicated in the inset. 12 10 -8 -6 -4 -2 0
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spectrum(b) was taken from a surface with streaky LEED
1X1 spots. Both spectra were recorded immediately follow- F|G. 5. ARP spectra recorded from the clean @0011x1

ing cleaning. As is clear in the figure, featukds visible in  surface with different photon energies and azimuthal directiéps.
both spectra while featurB appears only weakly in spec- =45°. The details of the symmetry properties of thandB states
trum (b), indicating the sensitivity of this feature to the de- are discussed in the text.
gree of order of the surface layer. Spedirathrough(f) in ] . ] ] ]
Fig. 3 illustrate the difference between the clean and hydrosistent with this assignment. The band corresponding to
gen saturated surfaces. Spectcy and (€) were recorded €mission featureB shows a strong downward dispersion
from the clean surface whil@d) and (f) were recorded from when moving away from thé& point. As noted earlier, this
the surfaces exposed 010 000 L hydrogen. It is clear that State is less sensitive than featuxeo background gas con-
featuresA and B on the clean surface are completely re-tamination and is well resolved only when the surface exhib-
moved by the hydrogen chemisorption, and that ndts asharp X1 LEED pattern. A plausible assignment is that
hydrogen-induced emission features were observed. This §is state is a back-bonding state, which generally display a
consistent with our LEED measurements: we observe diffusBigh degree of dispersion.
1x1 spots with higher background scattering for the hydro- Further information on these surface states can be ob-
gen saturated surfaces, but no reconstruction. tained by taking advantage of the linearly polarized nature of
Assuming a free electron final state, we can use the datde synchrotron radiation used to excite the spectra. The
of Figs. 2 and 3 to generate the measured surface band disymmetry properties of the states can be determined by ori-
persion as shown in Fig. #:'°Earlier inverse photoemission enting the synchrotron radiation relative to a high symmetry
experiments have shown that a free-electron final state is @irection containing a mirror plane of the surface, and apply-
good approximation for photon energies above 252%V. ing conventional selection rules. The results for emission
There are few published calculations of the surface bandeaturesA andB are shown in Fig. 5. Three sets of spectra
structure of GaXD001) 1x1 to which we can compare our are presented with different recording geometries. The up-
data. A surface state has been reported for a 3/4 monolay@ermost pair of the spectra were recorded with the detector
of hydrogen on Gak000l) by Rapcewicz, Buongiorno along thel-M direction, i.e.,[1120], and the polarization
Nardelli, and Bernholé! but this state does not correspond vector in the plane defined by t§8001] direction and the
to our measured dispersion. emission direction, which containdd120]. The remaining
The exact origins of the observed surface states are diffispectra were recorded along tReK-M direction and the
cult to determine due to uncertainties in the structure, termipolarization vector in th¢1210) plane. According to mirror
nation, and stoichiometry of the surface. However, the charplane selection rules, the initial states must have a definite
acteristics of these surface bands give some important cluesven or odd parity with respect to the mirror plaRédhe
The most notable aspect of the surface state corresponding t@quirement of even final states for electrons emitted in the
emission featureé\ is the fact that it is highly sensitive to mirror plane implies that only even initial states will be ob-
surface contamination. It also shows very little_dispersionserved with the above recording geometry. Thus, bothAthe
throughout the X1 SBZ until it approaches th& point, andB states are even with respect to #1400 and(1210)
where a downward dispersion 6f1.5 eV is observed. The mirror planes. By changing the angle of incidence of the
lack of dispersion indicates that stafeis quite localized, synchrotron radiation, it is clear that the intensity of feature
probably corresponding to the dangling-bond surface staté increases with increasing incident angles with respect to
observed in earlier studies. The reactivity of this state is conthe (1100) mirror plane, while the intensity of both theand
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B features increases with respect to {i210) mirror plane. state (feature B) to the surface ordering observed in the
The increase of the emission intensities with increasing anglpresent study.
of incidence suggests a strong dependence oz twnpo- To summarize, the surface electronic structure of a well-
nent of the electric-field vector of the synchrotron radiation,ordered wurtzite Gaf0001)1x 1 surface has been studied by
thus indicating a strong, character with respect to the cor- polarization-dependent angle-resolved photoelectron spec-
responding mirror planes. However, a full calculation of thetroscopy using synchrotron radiation. Two distinct surface
surface electronic structure is required to test the origin ohands are observed. The identification of these surface states
these states further. _ ~was confirmed by the photon energy independence of their
Finally, the results of this study can be compared directlyyispersion, as well as their sensitivity to hydrogen adsorp-
to o%r earlier st_udy of the surfacg electronic structure of; n  one state(A), near the valence-band maximum, was
GaN." The wurtzite GaN films used in that study was 9roWN 5und to be weakly dispersive and very sensitive to hydrogen
by molecular peam gpltaxWIBE), and although the films adsorption, suggesting it is a dangling-bond state. The sec-
were cleaned in an identical manner, the surface electronl8nd observed stat@®) displayed strong dispersion through-

structure is quite different._ No back_-bonding dispers_iveout the two-dimensionalX1 surface Brillouin zone and was
states were observed at all in the earlier study. A dangl'ngfound to depend strongly on the quality of the 1 recon-

bond state was observed on the surface of the MBE'grOWQtruc_tio_n. Both_states are of even symmetry with respect to

films, but it did not show significant dispersion ab&utlt is the (1210) and (1100 mirror planes. Moreover, both show a
likely that this localized state is related to surface defectsstrong dependence on tlzecomponent of the electric-field

The different surface electronic structure between thgacior of the synchrotron radiation with respect to th210)
MOCVD and MBE materials cleaned in an identical fashionrror plane indicating a strong, character.

is probably not related to the growth mode, but rather to

differences in surface termination. It should also be noted in This work was supported in part by the National Science
this context that although both types of surfaces gavd 1 Foundation under Grant No. DMR-95-04948. Experiments
LEED patterns, the patterns from the MOCVD surfaces weravere performed at the NSLS which is supported by the U.S.
of higher quality, with sharper smaller spots and a lowerDepartment of Energy, Division of Materials and Chemical
background than we were able to achieve in the earlier studysciences. We gratefully acknowledge numerous helpful dis-
This is consistent with the sensitivity of the back-bondingcussions with V. M. Bermudez.
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