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The electronic structure and chemical bonding of wurtzite-GaN investigated by N 1s soft x-ray absorption
spectroscopy and N K, Ga M,, and Ga M, 3 emission spectroscopy is compared to that of pure Ga. The
measurements are interpreted by calculated spectra using first-principles density-functional theory (DFT) in-
cluding dipole transition matrix elements and additional on-site Coulomb interaction (WC-GGA+U). The
Ga 4p-N 2p and Ga 4s-N 2p hybridization and chemical bond regions are identified at the top of the valence
band between —1.0 and —-2.0 and further down between —-5.5 and —-6.5 eV, respectively. In addition,
N 2s5-N 2p-Ga 4s and N 25-N 2p-Ga 3d hybridization regions occur at the bottom of the valence band between
—13 and —-15 eV, and between —17.0 and —18.0 eV, respectively. A bandlike satellite feature is also found
around —10 eV in the Ga M, and Ga M, ; emission from GaN, but is absent in pure Ga and the calculated
ground-state spectra. The difference between the identified spectroscopic features of GaN and Ga are discussed
in relation to the various hybridization regions calculated within band-structure methods.
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I. INTRODUCTION

Among the group III nitrides, wurtzite gallium nitride
(w-GaN) is an important wide band-gap semiconductor com-
pound for modern electronics. GaN has a relatively large
direct band gap (3.4 eV), exhibit piezoelectricity, high ther-
mal conductivity, mechanical strength, and low electron
affinity."> These properties constitute an excellent material
platform for improved performance characteristics in opto-
electronic device applications, e.g., light-emitting diodes in
the UV range, field emitters for flat displays, and high-speed
transistors. In parallel, the scientific efforts are also concen-
trated on further understanding of the fundamental electronic
structure properties of the nitrides and on improving of the
crystalline quality by physical vapor deposition (PVD) and
chemical vapor deposition (CVD) methods. However, there
is a lack of detailed understanding concerning the fundamen-
tal electronic structure and chemical bonding of wide band-
gap nitride compounds. In w-GaN, there are two different
types of Ga-N chemical bonds with 7 and o character that
have slightly different bond lengths.

Previous electronic structure measurements of GaN
mainly include valence-band x-ray photoelectron spectros-
copy (XPS), which requires preparation of atomically clean
and crystalline surfaces that are difficult to attain.> In XPS
and UPS, the superimposed total contribution from the N 2s,
N 2p and the Ga 4s, Ga 4p states of the valence band and the
Ga 3d semicore states are probed. Soft x-ray absorption
(SXA) and emission (SXE) spectroscopy employing dipole
selection rules has also been applied at the N K edge of
GaN.%® The top of the valence band in GaN is dominated by
N 2p states whereas the Ga 4s states are much weaker and
located at somewhat lower energy. SXE of GaN has been
utilized at the Ga L5 edge, but the position and shape of the
weak Ga4s valence states could not be resolved or
identified.” Contrary to the case of the wide band-gap nitride
AIN,'0 where the populated A 3d states (here A denotes the
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IIB element Al) are located at the very top of the valence
band, the Ga 3d states in GaN are located at the bottom of
the valence band and therefore the N 2p-A 3d interaction
plays a different role than in AIN. In N K emission of GaN,
a small peak structure has been observed at the bottom of the
valence band around —17 to =19 eV (Refs. 9 and 11) and its
intensity was found to depend on the Ga content.> However,
the electronic structure and chemical bonding of N with Ga
is still largely unknown in GaN. This includes, in particular,
the Ga 4p states at the top of the valence band, the N 2s
hybridization with the Ga 4s states at the bottom of the va-
lence band, and the potentially important role of the shallow
Ga 3d semicore states.

In this paper, we investigate in detail the bulk electronic
structure and the influence of hybridization and chemical
bonding between the N and Ga atoms of w-GaN in compari-
son to pure Ga. We apply angle-dependent SXA in the bulk-
sensitive total fluorescence yield (TFY) mode and resonant
and nonresonant element-specific SXE spectroscopy at the
N 1s, Ga 3s, and Ga 3p absorption edges to obtain informa-
tion about the N 2p, Ga 4s, and Ga 4p valence states, the
role of the shallow Ga 3d semicore level and the hybridiza-
tion with the N 2s states. We demonstrate that the wide band-
gap behavior of GaN is connected to specific changes in the
electronic band structure, charge occupation and chemical
bond regions in comparison to pure Ga. The experimental
results are compared to electronic band-structure calculations
based on the generalized gradient approximation method of
Wu and Cohen'>!3 (WC-GGA) including the optimized Cou-
lomb interaction (U) which here accounts for the strong elec-
tronic interactions of the narrow Ga 3d band with localized
electrons. The WC-GGA+U functional method is shown
here to increase the calculated band gap and to improve con-
siderably the computed Ga M, ; emission spectra as well as
the bulk modulus of the wurtzite-GaN phase. Moreover, the
role of the N 2p-Ga 3d coupling for the magnitude of the
band gap is discussed in comparison to other wide band-gap
nitrides such as AIN.
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FIG. 1. (Color online) XRD from the GaN (0001) thin film
sample in comparison to pure Ga. The sharpness of the 0002 reflec-
tion is 60.3 arcseconds from rocking curve measurements which
shows that the GaN coating is of very high epitaxial crystal quality.

II. EXPERIMENTAL

A. Deposition and growth of GaN

A ~38 um thick single-crystal stoichiometric
w-GaN(0001) film was grown epitaxially by hot-wall metal-
organic chemical vapor deposition on a semi-insulating 4H-
SiC substrate. A monocrystalline ~100 nm AIN nucleation
layer was used to mitigate the lattice misfit between the SiC
substrate and the GaN layer. The structure was grown while
the substrate was rotating with a total reactor pressure of 50
mbar in a mixture of H, and N, carrier gases. Ammonia,
NH;, as a precursor for N and trimethylgallium (TMGa) as
precursor for Ga were supplied at a molar ratio of 385 with a
NH; flow rate of four standard liters per minute and a sus-
ceptor temperature of 1000 °C.!413

The crystal structures of the GaN and pure Ga samples
were characterized by x-ray diffraction (XRD) using Cu-K,
radiation. Figure 1 (top panel), shows XRD patterns of the
GaN sample where the main scan is an overview 6/26 scan
(in Bragg-Brentano geometry) over a wide angular range.
Due to the epitaxial nature of the material, only basal plane
w-GaN 0002 and 0004 reflections are observed along with
the SiC substrate 0004 and 0008 peaks and a single 0002
peak of the AIN seed layer. A high-resolution w scan of the
GaN 0002 peak was performed with a Philips XPERT MRD
diffractometer equipped with a symmetric 4 X Ge220 mono-
chromator and a symmetric 3 X Ge220 triple-axis analyzer.
The full width at half maximum (FWHM) of the GaN 0002
reflection in the w direction is very narrow, only 60 arcsec-
onds showing that the GaN epilayer is of very high crystal
quality. We determined the w-GaN unit cell parameters to be
€=5.1842(*+0.0009) A and a=3.19207 (+0.00004) A, by
the method of Fewster and Andrews'® using a high-
resolution asymmetric 4 X Ge220 monochromator and sym-
metric 3 X Ge220 analyzer setup.

XRD from pure Ga was performed in a Philips MRD
system operated in a low-resolution parallel-beam configura-
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tion. The Ga (99.999 99%) was cast into a flat platelet and
filed clean with a diamond file just prior to the measurement
during which it was kept at 28 °C and flushed in dry N, gas
to prevent melting and limit oxidation. The overview scan in
the lower panel of Fig. 1 shows, indexed, all reflections ex-
pected from orthorombic (0) Ga.'” The detected relative in-
tensities are generally in very good agreement with all inten-
sities in the reference powder data set with only minor
deviations around the 200, 122, and 224 reflections, showing
that the Ga sample is a randomly oriented polycrystalline
material.

B. X-ray emission and absorption measurements

The SXE and SXA measurements were performed at
the undulator beamline 1511-3 at MAX II (MAX National
Laboratory, Lund University, Sweden), comprising a
49-pole undulator and a modified SX-700 plane grating
monochromator.'® The SXE spectra were measured with a
high-resolution Rowland-mount grazing incidence grating
spectrometer'® with a two-dimensional multichannel detec-
tor. The N K SXE spectra were recorded using a spherical
grating with 1200 lines/mm of 5 m radius in the first order of
diffraction. The Ga M and M, 5 spectra were recorded using
a grating with 300 lines/mm of 3 m radius in the first order of
diffraction. The SXA spectra at the N ls edges were mea-
sured both at normal incidence (90°) and 20° grazing inci-
dence with 0.08 eV resolution using the bulk-sensitive TFY
mode with a near-edge x-ray-absorption fine structure detec-
tor. During the N K and Ga M, M,; SXE measurements,
the resolutions of the beamline monochromator were 0.2,
0.3, and 0.2 eV, respectively. The N K, Ga M, and Ga M, ;
SXE spectra were recorded with spectrometer resolutions of
0.2, 0.3, and 0.2 eV, respectively. All measurements were
performed with a base pressure lower than 5X 10~ Torr. In
order to investigate the anisotropy of the occupied N 2p
states, angle-dependent SXE measurements were made both
at 20° and 70° incidence angles from the surface plane. The
x-ray photons were detected parallel to the polarization vec-
tor of the incoming beam in order to minimize elastic scat-
tering.

III. FIRST-PRINCIPLES CALCULATIONS
A. Electronic and structural properties

The SXA and SXE spectra were calculated with the
WIEN2K code?® employing the density-functional?!'*? aug-
mented plane wave plus local orbital (APW+1lo) computa-
tional scheme.?® The Kohn-Sham equations were solved for
the wurtzite (B4) GaN phase (w-GaN) using the WC-GGA
functional for the exchange-correlation potential. Our elec-
tronic band-structure calculations were carried out by em-
ploying the optimized WC-GGA a-lattice parameter and c¢/a
ratio. For the hexagonal close-packed lattice of w-GaN, we
obtained @=3.1904 A and ¢/a=1.6270, which are in excel-
lent agreement with our experimental values (a=3.1921 and
c/a=1.6241), previous experimental values (a=3.190 A and
c/a=1.627)**2 and previous theoretical works.?® The fitting
of the energy-unit cell volume data by a Birch-Murnaghan®’
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equation of state gave a bulk modulus of 193 GPa (B’
=4.464), that is also in reasonable agreement with the experi-
mental bulk modulus of 210 GPa.?®

The WC-GGA functional works well for structural prop-
erties, but it has shown important limitations in reproducing
the correct electronic band structure of w-GaN. For instance,
we compute a band-gap (E,) of 1.83 eV, which is clearly
underestimated with respect to the reported experimental
value of 3.4 eV.2* We have also found noticeable deficiencies
in reproducing the correct energy position of the Ga 3d semi-
core states. This latter shortcoming is of major importance
for this study as a nonadequate description of the occupied
3d-states energy position implies a mismatch with the mea-
sured Ga M, ; edges. However, such a specific DFT-WC-
GGA deficiency can be overcome by introducing a strong
on-site Coulomb interaction in the localized Ga 3d bands. An
effective Coulomb exchange interaction U, =U-J was
therefore used in these calculations, where U is the Coulomb
energetic cost to place two electrons at the same site and J is
an approximation of the Stoner exchange integral. We treated
the U,/ value as a tunable parameter within the WC-GGA
+U method and found that a value of 10 eV is needed to
match up the theoretical Ga M, ; edges together with the
experimental SXE spectra. Our optimized U, parameter
agrees fairly well with the U value (11 eV) proposed by
Cherian et al.? for the zinc-blende GaN structure. An ad hoc
U-searching procedure was performed by first anchoring the
computed Ga 4s states to the energy positions of the same
states in the experimental spectrum, and then varying the U
parameter up to the point when the theoretical Ga 3d doublet
coincides with the measured one. The repositioning of the
Ga 3d bands by about 4.0 eV downward in energy leads to a
perfect agreement with the experimental binding energy of
17.5%0.1 eV.> The same energy movement was also de-
tected at the bottom of the valence band for the N K edge
when adding the same Coulomb exchange interaction to the
N 2p states, thus pointing to an important degree of hybrid-
ization between the Ga 3d and N 2p states. For the pure Ga
system, we applied the same U-searching procedure as for
GaN in order to correct for the wrong WC-GGA positioning
of the 3d states and obtained an U, of 6.0 eV. This smaller
value can be understood in terms of the more delocalized
(i.e., metallic) nature of pure gallium, where the DFT-WC-
GGA method works better.

B. Theoretical SXA and SXE spectra

The computations of the SXE spectra were carried out
within the so-called final-state rule,’® where no core hole
was created at the photoexcited atom. Theoretical emission
spectra were computed at the converged WC-GGA+U
ground-state density by multiplying the orbital projected par-
tial density of states (pDOS) with the energy-dependent di-
pole matrix element between the core and the valence-band
states.3! A comparison with the experimental spectra was
achieved by including an instrumental broadening in the
form of a Gaussian function and a final-state lifetime broad-
ening by convolution with an energy-dependent Lorentzian
function with a broadening increasing linearly with the dis-
tance from the Fermi level.
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The N K SXA spectra were calculated within the WC-
GGA functional by including core-hole effects, thus specifi-
cally considering a crystal potential created from a static
screening of the core hole by the valence electrons. Such a
self-consistent-field potential was generated in a 2X2X2
hexagonal supercell of 32 atoms (16 independent) containing
one core hole on the investigated element. The electron
neutrality of the system was kept constant by means of a
negative background charge. By this procedure we explicitly
include the excitonic coupling between the screened core
hole and the conduction electrons, which is an important
requisite for simulating absorption edges in wide band-gap
semiconductors.!" The N 1s absorption spectra were gener-
ated by weighting the empty pDOS with the dipole matrix
element between the core and the conduction-band states.
The instrumental and lifetime broadening was applied ac-
cording to the same methodology used for the SXE spectra.
Finally, in order to study possible anisotropy effects in the
w-GaN phase, the theoretical SXE and SXA spectra were
also computed for the N p, and N p,, components separately.

IV. RESULTS

A. N K x-ray emission

Figure 2 shows N 1s SXA-TFY spectra (top-right curves)
following the N 1s—2p dipole transitions. By measuring in
both normal and grazing incidence geometries, a strong in-
tensity variation in the unoccupied 2p,, and 2p, orbitals of
o* and 7" symmetry are probed, respectively. The w-GaN
crystalline film has the ¢ axis oriented parallel to the surface
normal. Consequently, for SXA measured in grazing inci-
dence geometry when the E vector is almost parallel to the ¢
axis, the unoccupied out-of-plane single 2p, orbitals of =*
symmetry are preferably excited and projected at the N 1s
edge. On the other hand, for SXA at normal incidence geom-
etry, when the E vector is orthogonal to the ¢ axis, the three
tetrahedrally coordinated unoccupied 2p, , orbitals of ¢
symmetry in the x-y plane are preferably excited and probed.
The N Is SXA spectra exhibit three distinguished peaks,
each corresponding to the unoccupied 2p,, and 2p, orbitals
of different weights with 7* and ¢* symmetry. At grazing
incidence, three peak structures are observed at 400.3, 402.8,
and 405.0 eV with 2p,— 7" symmetry. The measured aniso-
tropy of the unoccupied 2p,, and 2p, orbitals is in good
agreement with the calculated SXA spectra shown at the bot-
tom of Fig. 2 although the peak intensities of the first two
peaks at 400.3 and 402.8 eV are somewhat different. At nor-
mal incidence, the intensity of the central peak at 402.8 eV
of o™ symmetry is much more intense than the other peaks
and the 400.3 eV peak has turned into a low-energy shoulder
of the main peak. The SXA spectra were used to identify at
which photon energy the anisotropy is largest. The largest
anisotropy is found at the main absorption peak maximum at
the N 1s threshold which is used as excitation energy for the
resonant SXE measurements (vertical tick).

N K SXE spectra following the N 2p — 1s dipole transi-
tions of w-GaN, excited at 402.8 and 430.0 eV photon ener-
gies are shown in the left part of Fig. 2 measured at 20° and
70° incidence angles. The zero on the energy scale at the
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FIG. 2. (Color online) Top right: N 1s SXA-TFY spectra and
left: resonant and nonresonant N K SXE spectra of GaN. The SXA
spectra were normalized by the step edge below and far above the
N 1s absorption thresholds. All spectra are plotted on a photon en-
ergy scale (top) and a relative energy scale (bottom) with respect to
the top of the valence band. The SXE spectra were resonantly ex-
cited at the N 1s absorption peak maximum at 402.8 eV and non-
resonant far above the N 1s absorption threshold at 430.0 eV. The
excitation energy (402.8 eV) of the resonant SXE spectrum is indi-
cated by the vertical tick at the main peak in the SXA-TFY spectra
and by the very weak elastic peak enlarged by a factor of 10. To
account for the experimental bandgap, the calculated SXA-TFY
spectra were shifted by +1.84 eV. The calculated N 2p charge oc-
cupation of w-GaN is 2.858e.

bottom of Fig. 2 was set by aligning the experimental and
calculated N K SXE spectra, whereas the relative position
between the experimental SXA and SXE spectra was fixed
using the elastic peak in SXE corresponding to the excitation
energy at the main absorption feature (vertical tick). Calcu-
lated N K SXE spectra with projected 2p,, and 2p_ symme-
tries are shown at the bottom left of Fig. 2. At 20° incidence
angle, the SXE spectra of w-GaN probes the three occupied
N 2p,, orbitals with o symmetry. On the contrary, at 70°
incidence, the single occupied 2p, orbital with 7 symmetry
is probed. The main 2p,, (2p,) peak with o (7) symmetry
is sharp and located at —1.5 eV relative to the top of the
valence band and is due to N 2p-Ga4p hybridization.
A well-separated and prominent low-energy shoulder located
at —6.5 eV below the top of the valence band is related
to N 2p-Ga4s hybridization as shown in Fig. 2. The
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broad structure between —13 and —15 eV is due to
N 25-N 2p-Ga 4s hybridization. A low-energy peak at
—17.5 eV (enhanced by a factor of 10) is due to
N 2p-N 2s-Ga 3d hybridization.®!!

The magnitude of the Rayleigh elastic scattering prima-
rily depends on the surface roughness and the experimental
geometry. Note that the elastic scattering (enhanced by a
factor of 10) at the resonant excitation energy (402.8 eV) is
very weak which is a sign of low surface roughness.> The
calculated SXE spectra are in excellent agreement with the
experimental data although the —6.5 eV low-energy shoul-
der is located at —6.0 eV in the WC-GGA+ U calculations.
The intensity of the calculated 2p, SXE spectrum with a
single occupied 7 orbital is lower than the 2p,, spectrum
containing three o orbitals with further reduced intensity be-
tween the main peak and the shoulder.

Note that in w-GaN, the 7 and o bond distances between
Ga and N are comparable, where the single N-Ga bond of 7
symmetry along the ¢ axis is slightly longer (1.9021 A) in
comparison to the three N-Ga bonds with o symmetry
(1.8902 A). This is an indication that the in-plane o bonding
is somewhat stronger than the out-of-plane 7 bonding lead-
ing to anisotropy in the electronic structure. The estimated
band gap between the valence and conduction-band edges of
SXE and SXA is 3.4*0.2 eV, in good agreement with op-
tical absorption measurements.>> Our WC-GGA-DFT calcu-
lations of the computed direct band gap [E,(I'~I")] amounts
to 1.83 eV, which is 1.57 eV smaller than the experimental
value (3.4 eV). This general deficiency of both LDA- and
GGA-DFT methods has been extensively studied in the
past,*3% and it is now well-accepted that it can be partly
overcome by introducing a specific on-site Coulomb
interaction.2® However, for semiconductors, additional con-
tribution also comes from the electron exchange-correlation
discontinuity through the band gap.’® Due to the underesti-
mation of the ab initio band gap, the calculated SXA spectra
were rigidly shifted by +1.84 eV in Fig. 2 to account for the
experimental band gap and core level shift.

B. Ga M, and M, ; x-ray emission

The top panel of Fig. 3 shows experimental Ga M; SXE
spectra, probing the Ga 4p states and following the 4p — 3s
dipole transitions of GaN and pure Ga. Calculated spectra are
shown by the full and dashed curves for the 4p valence band.
As the probability for the Ga M transitions is about two to
three orders of magnitude lower than the Ga M, ; emission
the data collection time per spectrum is about 20 h. For Ga in
GaN and pure Ga, the 4p valence band consists of the
Ga 4p,,—o and 4p,— orbitals, oriented in- and out-of-plane
(perpendicular and parallel to the surface normal ¢). Starting
with GaN, the M, spectrum (within 12 eV from the top of
the valence band) exhibit two main peaks observed at —1.5 to
-3 eV, a shoulder at -6 eV and a peak at —10 eV which is
not observed in the ground-state calculations. For compari-
son, the M, spectrum of pure Ga shown below, exhibit a
broad peak at +0.5 eV and a shoulder at -3 eV relative to
the top of the valence band of GaN. The calculated Ga M,
spectra of GaN and pure Ga are consistent with the measured
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FIG. 3. (Color online) Experimental and calculated Ga M, and
Ga M, 3 SXE spectra of GaN in comparison to pure Ga. The ex-
perimental M, and M, 3 spectra were excited nonresonantly at 180
and 145 eV, respectively. For GaN, resonant spectra excited at the
3p3n (107.8 eV) and 3p;, (110.8 eV) edges are also shown. A
common energy scale with respect to the top of the valence-band
edge of GaN is indicated in the middle (vertical dotted line). The
calculated Ga4s, 4p, and 3d charge occupations of GaN: 4s:
0.515e, 4p: 0.474e, 3d: 9.847e and for pure Ga 4s: 0.693e, 4p:
0.307e, 3d: 9.766e. The area for the M, component was scaled
down by the experimental branching ratio and added to the Mj
component. The calculated Ga M spectrum of pure Ga was shifted
by +1.71 eV corresponding to the calculated core-level shift be-
tween GaN and pure Ga.

data including the shift to lower energies of the GaN valence
band in comparison to pure Ga. In the calculated spectra, two
small peak structures are visible around —13 and —17.5 eV.
These peaks are due to Ga 4p-N 2s and Ga 4p-Ga 3d hybrid-
ization at the bottom of the valence band, respectively.

The bottom panel of Fig. 3 shows experimental and cal-
culated Ga M, ; SXE spectra of GaN and pure Ga probing
the occupied 4s and 3d states. Calculated spectra are shown
by the full and dashed curves, both for the 4s states (full
curves) and the 3d spin-orbit split semicore level (dashed
curves). The 4s states within 12 eV from the top of the va-
lence band, consists of a double structure with the M5z and
M, emission of the valence band identified in the resonant
spectra which are enhanced by a factor of 5. The M and M,
emission peaks (FWHM=1.4 eV) are located at -9 eV
(M3) and =6 eV (M,), respectively. As in the case of the M
emission in the upper panel, a satellite peak structure also
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occurs at —10 eV in GaN for the nonresonant excitation
which is absent in pure Ga. As is evident from the resonant
spectrum excited at 107.8 eV, the satellite appears at —1 eV
below the M5 emission peak and has another origin than the
normal emission as discussed in section V. The position of
the Ga 4s states indicate hybridization between the Ga 4s
and the N 2p states corresponding to the —6 eV peak in the
N K emission. Note the intensity between —12 to —16 eV in
the M5 spectrum excited at 107.8 eV which may be attrib-
uted to N 2s-Ga 4s hybridization. The spin-orbit split 3d
level at the bottom of the valence band consists of the
Ga M4’5—>M3 and M4—>M2 (3d5/2’3/2—>3p3/2’1/2) transitions
with energies of —19 and —16 eV relative to the top of the
valence band. Note that the 3d semicore level occurs at the
same emission energy for both GaN and Ga with the same
spin-orbit splitting of 3.1=0.1 eV. The measured Ga M, 3
spin-orbit splitting (3.1 eV) is smaller than the calculated
WC-GGA value of 3.629 eV and the calculated 3d core lev-
els (dashed curves) are also closer to the Er by 4.0 eV. By
applying WC-GGA+U with a U value of 10 eV, the spin-
orbit splitting was optimized according to the experimental
value (3.1 eV) and the 3d core level was shifted down by
—4.0 eV. The measured M;/M, branching ratio of Ga in
GaN is 1.285:1 and for pure Ga it is 1.674 which are both
smaller than the statistical single-particle ratio of 2:1. The
L5/ L, branching ratio is a signature of the degree of ionicity.
For conducting and metallic systems the L;/L, ratio is usu-
ally higher than the statistical ratio 2:1, but for the GaN
semiconductor, the Coster-Kronig process is quenched by the
band gap.’’-3° The larger M5/ M, ratio for pure Ga is thus a
signature of better conductivity than for the GaN semicon-
ductor.

V. DISCUSSION

From the SXE spectra in Figs. 2 and 3 we distinguished
several hybridization regions giving rise to the N 2p-Ga 4p
and N 2p-Ga 4s bonding at —1.0 to —2.0 eV and -5.5 to
—6.5 eV below the top of the valence band, respectively. In
addition, N 2s-N 2p-Ga 4s and N 25-N 2p-Ga 3d hybridiza-
tion regions are found at the bottom of the valence band
between —13 and —15 eV and between —17 and —18 eV,
respectively. The N 2s-N 2p-Ga4s and N 2s-N 2p-Ga 3d
hybridization and covalent bonding are both deeper in energy
from the top of the valence band than the N 2p-Ga 4p and
N 2p-Ga 4s hybridization regions indicating relatively strong
bonding although the intensities are lower. The peak features
that we identified in the SXE spectra agree very well with
those from the theoretical calculations. As observed in Figs.
4(a) and 4(b), the occupied states are dominated by the N 2p
orbitals while the unoccupied states are mainly due to the
Ga 4s and N 2p states. Electronic dipole transitions over the
band gap thus essentially involve the N 2p states of the va-
lence band and the unoccupied Ga 4s states of the conduc-
tion band. In comparison to AIN, !0 the Ga 3d semicore level
generally stabilizes the crystal structure of w-GaN as no 3d
states are located at the very top of the valence-band edge in
GaN. Furthermore, by looking at Fig. 4(a) and 4(b) we ad-
dress the peak feature denoted “satellite” in the Ga M, ; SXE
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FIG. 4. (Color online) (a) Calculated ground-state band disper-
sions in GaN along the ' =M —K—I"—A direction for U
=0 eV (black solid lines) and U=10 eV (red/gray dashed lines).
(b) Partial density of states as computed for the U=10 eV case by
using the relaxed unit-cell geometry.

spectrum of GaN (Fig. 3, bottom panel) as a feature with
nonground-state property. Figure 4(a) (left panel) clearly
shows that there are no calculated bands in the energy region
around —10 eV. We suggest that the satellite peak observed
in the experimental Ga M, ; spectrum may be attributed to
ionic Ga 4s states due to charge transfer to the N 2p band.
The ionic bonding in GaN thus causes a low-energy charge-
transfer satellite excitation as previously observed in insulat-
ing systems such as NiO and CoO.*>* This type of satellite
can be reproduced using a ligand field treatment within the
single impurity Anderson model (STAM) including full mul-
tiplet configuration interaction to the Ga 4s*L~! state, where
L~! denotes a hole in the N 2p ligand. The energy position of
charge-transfer satellites appears about —1 eV lower than the
normal emission band with the characteristics of delocalized
states with almost constant emission energy as the excitation
energy is changed. Due to hybridization with the Ga 4p
level, the satellite also appear as a peak feature in the Ga M,
spectrum of GaN in the top panel. Note that the satellite
hardly appears in the spectra of pure Ga where the ionicity
and charge transfer is much smaller or negligible.

Figure 4(a) shows the differences between the calculated
band structure of GaN by using both the U=0 and 10 eV
treatment on the Ga 3d states. The two sets of band disper-
sions were obtained at their corresponding ground-state ge-
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ometries. For U=10 eV, the equilibrium lattice constant and
c/a ratio were completely redetermined and found to be
slightly smaller (a=3.1565 A, c¢/a=1.626) with respect to
the U=0 eV case. The set of crystal parameters lead to a
theoretical bulk modulus of 206 GPa, which is about 13 GPa
larger than the value computed within the U=0 eV method.
As a result, the introduction of an additional potential on the
Ga 3d level within the WC-GGA+U formalism permits an
excellent reproduction of the measured GaN SXE spectra
and also improves considerably the agreement with the re-
ported experimental elastic properties.

Our band-structure calculations with U=10 eV shows
two important differences in comparison to the U=0 eV
case, (i) the repositioning of the Ga 3d states to lower ener-
gies and (ii) a band-gap opening at the I' point by 0.57 eV.
As mentioned in Sec. III A, we explicitly used the
WC-GGA+U potential to move the position of the Ga 3d
semicore states down to —17.2 eV, in comparison to the
value of —13.2 eV given by both WC-GGA and LDA
functionals.?® The introduction of the Coulomb interaction
makes the Ga 3d band broader (1-2 eV width) and more
delocalized around the Ga atoms [see Fig. 4(a)]. This is a
direct consequence of the weakening of the N 2p-Ga 3d cou-
pling in both the WC-GGA+U and the LDA+U (Ref. 26)
approaches. Although it does not fully account for the
energy-gap discrepancy, the WC-GGA+U method also
opens up the theoretical E, to 2.40 eV, thus slightly improv-
ing the agreement with the experimental band gap.

The WC-GGA (LDA) E, shortcoming can thus mainly be
attributed to an incorrect positioning of Ga 3d levels, which
are not deep enough in energy and therefore cannot be con-
sidered chemically inert. As a consequence, the 3d levels
overinteract with the valence-band states implying an
energy-gap closing.*>** Not even quasiparticle calculations
within the GW approach® involving essentially long-range
dynamic correlations can fully correct for the low binding
energy of the shallow 3d semicore level. For other wide
band-gap semiconductors such as AIN,'” the p-d interaction
plays a smaller role due to the fact that the 3d band is only
partially occupied and the main reason for the underestima-
tion of the band gap therefore occurs from a discontinuity in
the electron exchange-correlation potential.*® For more exact
addressing to what extent the Coulomb interaction affects the
valence-band maximum and the conduction-band minimum,
the same calculation procedure used for band lineups in
semiconductor heterojunctions needs to be performed.** Re-
cently, a few studies made use of this methodology and tried
to address the DFT + U band-gap opening in GaN via either a
modified screening effect, that essentially moves the
conduction-band minimum,?® or through a mere shifting of
the valence band alone.? The position of the valence-band
maximum and the influence of the screening effect can be
systematically studied by substitution and alloying of Ga in
GaN to Al in AIN that withdraws charge in the sp valence
band. This kind of studies needs further work and may be
addressed in the future. As in the case of Ge,* the shallow
Ga 3d semicore level at —17.5 eV interacts with the 4sp
valence band and withdraws charge density that opens the
band gap.
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VI. CONCLUSIONS

The electronic structure and chemical bonding of (0001)-
oriented single-crystal wurtzite-GaN in comparison to pure
Ga has been investigated. The combination of element selec-
tive soft x-ray absorption, soft x-ray emission spectroscopy,
and electronic structure calculations show that in GaN, the
main N 2p-Ga 4p and N 2p-Ga 4s hybridization and bond
regions appear —1.0 to —2.0 eV and -5.5 to —6.5 eV below
the top of the valence band, respectively. In addition,
N 2p-N 25s-Ga4s and N 2s-N 2p-Ga 3d hybridization re-
gions are found at the bottom of the valence band between
—13 and -15 eV and -17 to —18 eV. The Ga M, ; emission
spectra of GaN as compared to pure Ga exhibit a bandlike
charge-transfer satellite feature at —10 eV which does not
exist in the calculated ground-state spectra. A strong polar-
ization dependence in both the occupied and unoccupied
N 2p states is identified as due to different weights of the
2p,, and 2p, orbitals of ¢/¢" and /7" symmetry, respec-
tively. The major materials property effect of the change in
the electronic structure, charge occupation, and the chemical
bond regions in comparison to pure Ga is the opening of the
wide band gap of 3.4 eV in GaN. Including on-site Coulomb
correlation interactions for the 3d semicore states using the
WC-GGA+U functional with U=10 eV we were able to
improve the description of the spectral peak positions and the

PHYSICAL REVIEW B 81, 085125 (2010)

hybridization regions of GaN and thus determine a widening
of the GaN band gap at the I point. Moreover, by using a
finite U value we also compute the bulk modulus of GaN to
be in better agreement with the experimental hardness. Our
calculations show that the Coulomb interaction lowers the
energy of the 3d states by about —4 eV implying a certain
weakening of the N 2p-Ga 3d coupling. It also makes the
width of the semicore 3d states broader as the 3d electrons
become more delocalized around the Ga atoms. These two
effects can explain the energy-gap opening in Ga-based
semiconductors.
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