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Electronic structure of cubic gallium nitride films grown on GaAs
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O. Brandt, H. Yang, and K. Ploog
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The composition, surface structure, and electronic structure of zinc blende–GaN films grown on
GaAs ~100! and ~110! by plasma-assisted molecular beam epitaxy were investigated by means of
core and valence level photoemission. Angle-resolved photoelectron spectra~photon energy 30–110
eV! exhibited emission from the Ga 3d and N 2s levels, as well as a clear peak structure in the
valence band region. These peaks were found to shift with photon energy, indicative of direct
transitions between occupied and unoccupied GaN bands. By using a free electron final band, we are
able to derive the course of the bands along theG-X andG-K-X directions of the Brillouin zone and
to determine the energy of critical points at theX point. The relative energies of the Ga 3d and
nitrogen 2s bands were also studied, and a small amount of dispersion was detected in the latter. The
resulting band structure is discussed in relation to existing band structure calculations. ©1996
American Vacuum Society.

I. INTRODUCTION

The group III nitrides have received renewed attention in
recent years because of their potential for short-wavelength
optoelectronic applications, as demonstrated by the imple-
mentation of efficient blue light-emitting diodes.1 These ma-
terials, with their direct band gaps of 6.2 eV~AIN !, 3.4 eV
~GaN!, and 1.9 eV~InN!, offer the possibility of tailoring the
photoresponse or emitted wavelength through alloying. High
quality bulk samples are difficult to produce. Most studies
thus deal with thin films grown on either SiC or sapphire.
Progress has recently been made in preparing thin films of
GaN on gallium arsenide surfaces by plasma-assisted mo-
lecular beam epitaxy~MBE!,2,3 metalorganic vapor-phase
epitaxy~MOVPE!,4 and similar techniques, which is surpris-
ing in view of the large~20%! lattice mismatch between
these materials.

While the lowest energy structure of the group III nitrides
is the hexagonal~wurtzite! phase, it was recently demon-
strated that cubic GaN films can also be grown~see Ref. 5,
and references therein!, although it seems that the hexagonal
phase often coexists with the cubic one. Recently, Brandt
et al.5 have demonstrated that purely cubic GaN films of
high quality can be grown on GaAs~100!, which the authors
ascribe to a control of surface stoichiometry. They have also
succeeded6 in stabilizing cubic GaN~110! films on GaAs
~110! substrates having a similar quality as the GaN~100!
films. The resulting GaN films are stable in air, and after
exposure to air the clean surface can be recovered by heating
in ultrahigh vacuum to about 700 °C. This offers the possi-

bility to study cubic GaN by surface spectroscopies and other
experimental methods. Here we report a study of the elec-
tronic band structure of~100!- and ~110!-oriented films of
cubic GaN films using angle-resolved photoelectron spec-
troscopy along the~001! and ~110! crystallographic direc-
tions.

II. EXPERIMENT

The experiments were carried out in an angle-resolved
photoelectron spectrometer~ADES 400, VG Scientific, UK!
with a base pressure of 1310210 mbar that was equipped
with a sample introduction lock, sample heating and cooling
facilities, low energy electron diffraction~LEED! optics, and
a moveable hemispherical electron energy analyzer. Photo-
electrons were excited by light from the BESSY~Berliner
Elektronen-Speicherrings-Gesellschaft fu¨r Synchrotron-
strahlung! storage ring and dispersed by the toroidal grating
monochromators TGM 4 and TGM 6. GaN~100! and ~110!
samples that were grown by plasma-assisted MBE onn-type
GaAs~100! and~110! substrates in a separate chamber5 were
loaded into the vacuum chamber after a brief etch in HCl
with subsequent rinsing in distilled water. Clean surfaces
were prepared by annealing to 700 °C. The surfaces were
found to be free from contaminating species such as oxygen
or carbon as determined from a separate x-ray photoelectron
spectroscopy experiment where the intensity of the C 1s and
O 1s lines was measured before and after heating. Annealing
resulted in~131! LEED patterns with a rather high diffuse
background. The surface Fermi level after annealing was
about 1.2 eV above the valence band maximum in both GaN
~100! and ~110! films.

III. RESULTS AND DISCUSSION

The valence level spectrum from the valence band maxi-
mum ~VBM ! down to the region about 4 eV below the gal-
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lium 3d level is shown for a clean surface of GaN~100! in
Fig. 1, recorded in normal emission at photon energies of 44
and 72 eV. The region down to about 8 eV below the VBM
is characterized by three closely spaced peaks that corre-
spond to the Gas-p/N p-derived valence bands. These peaks
exhibit clear changes in intensity and position with photon
energy by comparison between the lower and the upper spec-
trum. The intense peak at a binding energy of 17.7 eV below
the VBM is due to the Ga 3d core level. In the region be-
tween the valence bands and the 3d peak, a broad peak is
seen close to the Ga 3d peak in the spectrum at 44 eV pho-
ton energy, which develops into a clearly separated peak at
72 eV photon energy. This peak is due to the nitrogen 2s
level at a binding energy of 14.2 eV below the VBM. The
binding energies of the Ga 3d and N 2s peaks are similar to
those observed in an angle-integrated photoemission study of
wurtzite GaN~0001! by Huntet al.7 As will be discussed in
more detail below, all of these peaks form part of the elec-
tronic structure that must be considered in a treatment of the
valence bands.

The experimental determination of electronic band
structures8 by angle-resolved photoemission, which has been
an important tool for the study of the electronic structure of
a wide variety of solids, is based on the determination of
photoelectron momentum ink-conserving band-to-band tran-
sitions. Electron momentum can be varied through a choice
of emission angle and electron kinetic energy according to
the free electron energy–momentum relationEkin
5\2k2/2mel , wherek is the electron wave vector andmel its

mass. In a direct transition from an occupied to an unoccu-
pied band, the momentum of the electron in the final state
kfinal is related to the momentum in the initial statek initial as
follows. The component of momentum parallel to the surface
ki is conserved modulo a reciprocal lattice vector in the pho-
toemission process, whereas the normal componentk' is af-
fected by the potential step at the surface, which is taken into
account by introducing an ‘‘inner potential’’V0, that defines
the zero of energy for the free electron final state and is
subtracted when evaluating the electron momentum normal
to the surface through

kfinal5
A2mel

\
AEkin1V0. ~1!

This simple approach, which amounts to taking a free elec-
tron parabola as the final band, has yielded remarkable suc-
cess in the evaluation of band structures of metals and semi-
conductors and is the basis for an evaluation when
calculations of final bands are not available, as in the present
case. Often, normal emission spectra, corresponding toki50,
from low index faces are recorded for a wide range of photon
energies such that onlyk' is changed along a particular line
of high symmetry in the three-dimensional Brillouin zone
~BZ!. This procedure, which necessitates the use of synchro-
tron radiation, provides a test of the validity of the above
approach since the influence of direct transitions on the va-
lence band spectrum can be identified through a continuous
shift of peaks with photon energy. This is readily seen for
strongly dispersing peaks.

In order to systematically analyze the changes in energy
of the topmost valence band peaks, let us consider the set of
valence band spectra~excluding Ga 3d and nitrogen 2s!,
recorded from GaN~001! and shown in Fig. 2. Three sepa-
rate peaks are visible at intermediate photon energies, e.g., at
38–44 eV. Except for the peak at highest binding energy
~about 6 eV!, all peaks exhibit clear shifts in energy. Binding
energies in photoelectron spectra from semiconductors are
usually related to the VBM, which is determined by extrapo-
lating the main low binding energy slope of the leading peak
to zero intensity, for example, in the spectrum at 31 eV. The
problem when using such binding energy values for band
structure determinations is that the volume of states ink
space becomes infinitesimally small as one approaches theG
point, such that band-to-band transitions are only detected
close to this point due to the limited energy and angular
resolution as well as initial and final state broadening. Thus
the intercept of the tangent to the leading peak is chosen as
the zero of binding energies, e.g., when referencing the bind-
ing energy of core levels, while the valence band maximum
for the band structure diagrams~Figs. 4 and 6! is referenced
with respect to the leading peak position for photon energies
near theG point ~see below!, which differ by 1.1 eV in the
present case.

Appreciable intensity in the spectra occurs even above the
extrapolated leading edge, extending about 1.6 eV into the
band gap, which is most likely related to defect-induced
states caused by disorder on the surface. The peak at highest

FIG. 1. Comparison of valence band spectra of GaN~100! from the valence
band maximum to the Ga 3d region for photon energies of 44 and 72 eV.
Note the emergence of the N 2s peak in the top spectrum.

820 Ding et al. : Electronic structure of c -GaN films 820

J. Vac. Sci. Technol. A, Vol. 14, No. 3, May/Jun 1996



binding energy~approximately 6.8 eV! consists of a station-
ary part and a superimposed dispersing peak, most clearly
seen in the spectra at 49, 52, and 55 eV. The structure most
difficult to follow by direct inspection is the one between the
topmost peak and the peak at 6.7 eV. However, it can be
distinguished as a filling up of the valley and a broadening of
the leading peak. The overall width of the upper valence
band range is similar to the width of the emission in this
range in angle-integrated spectra from wurtzite-GaN~0001!
reported by Huntet al.7

In the extended Brillouin zone scheme, the lineG-X-G is
sampled when analyzing normal emission spectra from a cu-
bic ~100! surface. For the range of photon energies used in
our experiments~31–99 eV! and a value for the inner poten-
tial of V0510 eV, the values fork' range from 3.27 to 5.32
Å21. Based on the lattice constant of cubic GaN of 4.52 Å,
this means that theG point is reached atk' values of 2.78
and 5.56 Å21, while theX point is reached at 4.17 Å21, i.e.,
at a photon energy of about 77 eV forX5; here the binding
energy of all three peaks has its maximum as expected.
Along the G-K-X direction, the X point is reached at
k'51.97 Å21, K at 2.47 Å21, G at 3.94 Å21, andK again at
5.88 Å21. Spectra along this direction were recorded through
normal emission from the~110! oriented GaN film for a
range of photon energies from 25 to 110 eV, corresponding
to k' values from 3.02 to 5.59 Å21. These spectra are shown
in Fig. 3. The spectra are somewhat less structured than those
from the~100! oriented GaN film, but several features can be

clearly seen just as well. At photon energies around 50 eV
where, according to the evaluation of electron wave vectors
above, theG point is reached, a sharp and asymmetric peak
close to the VBM dominates the spectrum. This shifts to
lower energies. A second peak at higher binding energy de-
velops for increasing photon energies and disperses to a final
binding energy of about 6.7 eV below the VBM. Finally, a
third peak can be seen as a shoulder~spectrum at 100 eV!
between the top and bottom peaks.

The experimental band structure can now be evaluated
from the energies of peaks in the spectra in Figs. 2 and 3,
based on the free electron final state formula. This is shown
in Fig. 4 for theG-X and G-K-X directions. Each datum
point corresponds to a peak position in one of the spectra.
The lines indicating the dispersion of the different bands are
from a calculated band structure of cubic GaN by Fiorentini,
Methfessel, and Scheffler.9 As is evident from a comparison
of the experimental and theoretical data in Fig. 3, there is
reasonable agreement between the results of the evaluation
of the angle-resolved photoelectron spectra and the calcula-
tions as far as the strongly dispersingD1 band alongG-X is
concerned. Except for two data points near the VBM that
arise from spectra at lower photon energy, the theoretical
curve matches the experimental data points. This agreement
can in part be improved by adjusting the inner potentialV0.
Instead of performing this adjustment by eye, the strongly
dispersing theoreticalD2 band was approximated by a fourth-
order polynomial, and the agreement between the data points
and this band was optimized by means of a least-squares

FIG. 2. Set of valence band spectra from GaN~100!, recorded in normal
emission for photon energies from 31 to 80 eV. Peak positions used in band
determinations are indicated by markers underneath each spectrum. The
location of the VBM was evaluated from an extrapolation of the leading
edge of the spectrum.

FIG. 3. Set of valence band spectra from GaN~110!, recorded in normal
emission for photon energies from 45 to 100 eV.
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method withV0 as a free parameter. A value forV0510.4 eV
was thus obtained and was used in all further evaluations.

The peak at about 6.7 eV that does not exhibit dispersion
is due to indirect emission from the high density of states
near theX3 point. A stationary peak in this region is gener-
ally found in photoemission spectra from III–V
semiconductors.10–12Agreement is slightly worse for the up-
per D3 band. Here the data indicate a dispersion that is
smaller than the calculated one by about 0.7 eV, with a value
for theX5 point of 2.0 eV. This value will be compared with
other existing band structure calculations in Table I below.
There is also some deviation at smallk' values that may be
connected to the problem of finding the band location close
to the VBM nearG. For theG-K-X direction, good agree-
ment is also found. Unfortunately, due to the limitations of
the monochromator, it was not possible to use photon ener-
gies high enough in order to reach theX point along the
G-K-X and thus to provide an independent test of theX
point energies. However, calculated second and thirdS1 and
S2 bands closely match the experimental data points, al-
though for the lower band the data would indicate a rather

stronger dispersion at smallk' values. The topmost band is
only represented by a few data points because of the width of
the peaks and the overlap with other features.

The energies of critical points and their comparison with
calculations are the most important results of the experimen-
tal band structure determination. One has to distinguish be-
tween those calculations which treat the Ga 3d electrons as
inert core electrons and those which explicitly include them.
It has been shown that, because of the close proximity of the
Ga 3d and N 2s levels, hybridization occurs and, conse-
quently, these levels have to be considered on an equal foot-
ing with the other valence electrons.9 We thus restrict our
comparison with the calculations to those that include the Ga
3d levels.9,13–16Values from these calculations are collected
for the lowests band and the upper bands in Table I. The
general agreement between the different calculations is ad-
equate and, apart from the band energy atX5, also between
the calculations and experiment. For the latter, all calcula-
tions give a dispersion consistently larger by about 0.7 eV
than our experimental results, such that a lack of resolution
of the top band within the peak near the VBM may be
blamed for this discrepancy, which may be improved once a
better sample preparation procedure is available.

The behavior of the lower Ga 3d and N 2s states has
received particular attention in view of the proximity of the
N 2s and Ga 3d levels that are expected to lead to strong
hybridization. A close-up set of spectra of this region is
shown in Fig. 5. The Ga 3d peak is rather featureless and
shows very little change when excited with different photon
energies. The smaller peak, shown enlarged, exhibits an in-
tensity maximum with increasing photon energies and also
suggests a small amount of energy shift with photon energy.
Since this is difficult to determine in a small peak adjacent to
a strong feature, a series of line shape analyses based on
least-squares~x2! optimization was carried out for this set of
spectra; an example of this is found in the bottom spectrum.
Here, Lorentzians convoluted by a Gaussian were used to
model both the Ga 3d and the N 2s peaks, and a second-

FIG. 4. Experimental band structure ofc-GaN along theG-X andG-K-X
directions in the Brillouin zone; single group symmetry labels are used
throughout. Diamonds indicate the location of peaks in the spectra, where
the magnitude of thek vector was evaluated based on a free electron final
state~see the text!. Energy scale has been adjusted to zero for transitions at
theG point.

TABLE I. Critical points in the cubic GaN band structure from different calculations, compared with results from
angle-resolved photoemission~this work!.

Critical point

Ga 3d–N 2s derived Ga 4s/4p–N 2p derived Band energies at theK point

G1v X1v X1 X4 Lowest Center Upper

Rubioet al. ~Ref. 13! 216.3 213.0 26.5 22.8 26.2 24.7 22.8
~LDA ! ~LDA ! ~LDA ! ~LDA ! ~LDA ! ~LDA ! ~LDA !
217.8 214.8 26.9 23.0
~GW! ~GW! ~GW! ~GW!

Fiorentiniet al. ~Ref. 9! 215.64 213.73 26.02 22.67 25.73 24.39 21.95
Wenchanget al. ~Ref. 15! 216.0 210.7 26.0 22.8 25.75 24.6 22.7
Wright and Nelson~Ref. 14! 215.0 211.3 26.2 22.7 26.0 24.5 22.2
Christensen and Gorczyca~Ref. 16! 215.7 212.7 26.5 22.7 25.5 24.5 22.0
Lambrechtet al. ~Ref. 17! 213.3 26.0
Experimental results
~this work!

212.5 211.85 26.1 22.0 25.8 24.0 2.1
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order polynomial was added to take the background~shown
as a dashed line in Fig. 5! into account. The widths of the
peaks were kept constant, and the intensity and peak energy
were allowed to vary between different spectra. In this fash-
ion the energy separation between the Ga 3d and the smaller
peak was established. Since the Ga 3d peak had been found
to be stationary in binding energy in separate experiments,
this yields the dispersion of the smaller feature. Figure 6
shows a comparison of calculated bands in this region and
our experimental results. The error bars represent the confi-
dence intervals for the peak position that correspond to an

increase of 1 in thex2 value. Theoretical data were taken
from Fiorentini, Methfessel, and Scheffler.9 The experimen-
tal data yield a dispersion of the N 2s band of about 0.65 eV,
and a separation between Ga 3d and N 2s of about 3.5 eV.

The calculated critical point energies of the Ga 3d–N
2s-derived bands are compared with the experimental results
in Table I. There are discrepancies of up to about 4 eV in the
position of these bands below the VBM. The general trend in
the band calculations also shows a marked disagreement
with experiment; agreement is good as far as the upper band
edge is concerned, but the total amount of dispersion is over-
estimated by a factor 4–5 in the calculations. The close prox-
imity of the N 2s and Ga 3d levels leads to a lower branch
of the N 2s-derived band that disperses upwards and inter-
acts with the Ga 3d level and an upper branch that continues
the s-like dispersion of the N 2s level, such that emission
from the N 2s-derived band is expectedbelow and abovethe
main Ga 3d peak~see Figs. 3 and 4 of Ref. 9!.

However, this is not observed experimentally. Instead, a
peak is only observedabovethe main Ga 3d peak; no inten-
sity was detected below this peak~see Fig. 1!. This can be
explained in a simple two-level molecular orbital consider-
ation by an energy separation of the Ga 3d and the N 2s
levels; the separation is much larger than that resulting from
the pseudopotential calculations, such that the hybridization
is smaller, and due to the fact that the lower part of the
hybrid state is close to the location of the Ga 3d peak, while
the upper level is well separated from this level and only
weakly interacts with thed states.

One has to keep in mind, however, that the above discus-
sion neglects a vital point: the calculations report a ground
state situation, while in the photoionization process correla-
tion effects can play an important role, in particular for the
flat Ga 3d bands. Lambrechtet al.17 have suggested that dis-
crepancies may be due to self-energy corrections in these flat
bands; however, Rubioet al.,13 in their comparison of the
normal local density approximation~LDA ! and quasiparticle
~GW! calculations, arrive at self-energy corrections of about
1.5 eV for these bands~see Table I! that explain only part of
the discrepancy. The small dispersion in the N 2s band also
indicates that the separation between N 2s and Ga 3d is
underestimated in the calculations: since the large dispersion
is attributed not to direct overlap between adjacent N 2s
orbitals but rather to an indirect interaction involving the Ga
3d levels, a larger separation and consequently a reduction in
N 2s–Ga 3d interaction would lead to a smaller N 2s dis-
persion, as is found experimentally.

IV. SUMMARY

Angle-resolved photoelectron spectra from cubic GaN
~100! and~110! films on GaAs~100! and~110! exhibit clear
peak structure in the valence band region that is found to
shift with photon energy, indicative of direct transitions be-
tween occupied and unoccupied GaN bands. The valence
band dispersion along theG-X andG-K-X directions and the
energy of critical points at theX point were determined. The
relative energies of the Ga 3d and nitrogen 2s bands were

FIG. 5. Spectra in the Ga 3d/N 2s region from GaN~100!. Also shown is a
fit to the data based on two Lorentzian lines convoluted by Gaussians, with
polynomial background~dashed line!.

FIG. 6. Band structure alongG-X in the region of the Ga 3d/N 2s bands.
Lines are from the calculation of Ref. 9, while data points are evaluated
from spectra similar to those in Fig. 5. Error bars represent the confidence
intervals resulting from the fit~see the text!.
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also studied, and a wider separation as well as a smaller
amount of band dispersion than expected on the basis of
calculations were found in the latter.
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