APPLIED PHYSICS LETTERS

VOLUME 81, NUMBER 18

28 OCTOBER 2002
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As-grown and Zn-implanted wurtzite GaN samples have been studied by angle-dependent x-ray
absorption near edge structure 共XANES兲 measurements at the N and Ga K-edges and the Ga
L 3 -edge. The angle dependence of the XANES spectra shows that the Ga–N bonds lying in the
bilayer have lower energies than bonds along the c-axis, which can be attributed to the polar nature
of the GaN film. The comparison of the Ga L 3 -edge XANES spectra of as-grown and Zn-doped
GaN reveals significant dopant induced enhancement of near-edge Ga d-derived states. © 2002
American Institute of Physics. 关DOI: 10.1063/1.1518776兴
The potential of group III nitrides in the development of
such devices as short-wavelength lasers, blue and ultraviolet
light emitting diodes, high-temperature and high-power electronics, and magneto-electronic devices is now well
established.1–3 The successful fabrication of p-type GaN using Mg as dopant accelerated the development of GaN-based
devices.4 Recent studies of Mg-doped GaN provide an insight into the doping processes in this system.5–9 For example, incorporation of Mg has been known to increase the
defect concentration and induce the appearance of a mixture
of crystal phases in the material.6 Introducing hydrogen during the growth and doping process was found to compensate
Mg acceptors5,7 through formation of a Mg–H complex.8 A
self-compensation mechanism involving N vacancies has
also been proposed to explain the dependence of hole density
on the dopant concentration.9 In comparison, the properties
of other group II dopants like Zn are less well understood.
Doping with only Zn was observed to lead to the formation
of highly resistive material, while codoping with Mg produced a low resistive p-type GaN layer.10 A moderate
amount of Zn dopant appears to reduce the defect concentration in GaN. To better understand the properties of GaN on
incorporation of Zn dopants, we have performed angledependent x-ray absorption near edge structure 共XANES兲
measurements at the N and Ga K-edges and the Ga L 3 -edge
for as-grown and Zn implanted GaN.
X-ray absorption spectra were recorded using the facilities at the Synchrotron Radiation Research Center 共SRRC兲 at
Hsinchu, Taiwan. For all samples, the N K-edge and Ga
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L 3 -edge spectra were obtained using the high-energy spherical grating monochromator beamline in a vacuum better than
10⫺9 Torr, by the fluorescence yield method. Ga K-edge
spectra were obtained using the wiggler 17C beamline. The
direction of the electric polarization vector was varied with
respect to the orientation of the thin film specimen, and spectra were recorded for angles from 10° to 70° or 80° between
the incident photon direction and the surface normal of the
film. The GaN samples were grown by metal–oxide chemical vapor deposition on a sapphire substrate up to approximately 1400 Å followed by annealing for 5 min at 1100 °C.
The Zn-doped sample was obtained by implanting 200 KeV
Zn ions at a dose of 5⫻1014 cm⫺2 . A capping layer of Zn
was deposited to retard the decomposition of GaN during
annealing. The GaN samples were characterized by photoluminescence 共PL兲, x-ray diffraction 共XRD兲, and electrical
measurements. Details of the growth process and characterization results are reported elsewhere.11
Figure 1共a兲 shows PL spectra at 25 K of the as-grown
and Zn-doped GaN samples. The prominent feature at 3.45
eV in the spectrum of the as-grown GaN sample has been
designated as (D0 ,X). 12 The weak features at ⬃3.27 eV correspond to the (D0 -A0 ) peak. The spectrum of the Zn-doped
GaN sample has a strong broad peak centered at 2.9 eV. This
broad peak has been called the A-band, and was attributed to
the Zn complex or ZnGa . 13,14 Bands associated with ZnN ,
⫺
2⫺
and ZnN
were reported earlier at 2.6, 2.2, and 1.8 eV,
ZnN
respectively,14 for higher concentrations of Zn are absent in
the spectrum of the implanted sample shown in Fig. 1共a兲.
The XRD patterns for both as-grown and Zn-doped GaN
samples as shown in Fig. 1共b兲 have a predominant reflection
of 共002兲 at around 35°, which is consistent with the hexagonal 共wurtzite兲 structure of the specimens. The pattern of the
GaN powder specimen, which has a mixed phase of cubic
and hexagonal symmetry, is also shown for comparison. Our
© 2002 American Institute of Physics
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FIG. 1. 共a兲 PL spectra at 25 K for as-grown GaN 共dashed line兲 and Zndoped GaN 共solid line兲 samples. 共b兲 X-ray diffraction pattern for as-grown
GaN, Zn-doped GaN, and powder GaN samples.

XRD characterization shows that the Zn implanted samples
do not have a mixed phase.
Figures 2 and 3 show the XANES spectra of as-grown
and Zn-doped GaN samples at the N and Ga K-edges, respectively. The upper inset in Fig. 2 shows the incident angle
 relative to the c-axis. The dependence of the peak intensity
on the incident angle for the N K-edge 共Fig. 2兲 has been
regarded as an evidence of anisotropy in the p states and an
indicator of the wurtzite crystal phase in GaN;15 the similarity of the spectra for the as-grown and the Zn-doped samples
indicates the retention of the wurtzite structure upon doping
in consistence with our XRD result. An implantation-induced

FIG. 2. Dependence of the N K-edge XANES spectra on the photon incident angle for Zn-doped GaN. The upper inset defines the photon incident
angle. The lower inset shows the corresponding as-grown GaN spectra.
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broadening of the XANES feature and the appearance of a
pre-edge feature were reported in GaN implanted with N and
O ions.16 This finding was attributed to lattice damage on
implantation and to vacancies and interstitial. Figures 2 and
3 show that implantation did not alter the absorption edge.
The absence of a pre-edge structure or any additional broadening of the XANES resonance indicates that postimplantation annealing could reduce implantation-induced
lattice damage and defects.
The orientation dependence of the K-edge spectra for the
as-grown and Zn-doped samples may provide a pointer to
changes in the electronic property as a result of Zn implantation. For GaN films grown on sapphire, the surface is perpendicular to the c-axis. For each atom, there are three
Ga–N bonds lying in the bilayer, which may be called bilayer bonds 共 bond in Ref. 17兲, and one Ga–N bond along
the c-axis, which may be called the c-axis bond 共 bond in
Ref. 17兲. The bilayer- and c-axis-bond states are preferentially probed at small and large incidence angles, respectively. This is because the polarization of photons is parallel
with the bilayer and c-axis bonds at small and large incident
angles, respectively.
The variations in peak positions with the photon incident
angle are similar for both as-grown and Zn-doped GaN
samples and for both the N and Ga K-edge spectra, which
are similar to previous observations for undoped GaN.15,17
Further, for the Ga K-edge spectra 共Fig. 3兲, a ⬃2 eV difference in the position of the dominant peak between the bilayer 共兲 and c-axis 共兲 spectra observed earlier for undoped
GaN17 is also seen for both the as-grown and Zn-implanted
spectra. The small difference between the c-axis and bi-layer
bond lengths is unlikely to be the origin of this shift. Wurtzite GaN has lattice constants of a⫽3.190 Å and c
⫽5.189 Å. The c/a ratio of 1.627 is slightly smaller than the
ideal ratio of 2&/)⫽1.633 by 0.4%. Since a is larger than
1.633 times the Ga–N bond length of 1.95 Å by about 0.2%,

FIG. 3. Dependence of the Ga K-edge XANES spectra on the incident angle
for Zn-doped GaN. The lower inset shows the corresponding as-grown GaN
spectra.
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the c/a ratio of 1.627 implies that the c-axis-bond length is
only slightly smaller than the bi-layer-bond length by about
0.01 Å. The difference between the electronic properties of
the bilayer and c-axis bonds may arise from the electricdipole-layer array along the c-axis. GaN is a relatively ionic
material. Ga and N ions have substantial effective charges.
Along the c-axis each Ga–N bilayer is a dipole layer. Thus,
the GaN film forms an array of dipole layers, which gives
rise to a polarization field.18 Either for an N-terminated
GaN(0001គ ) or a Ga-terminated GaN(0001គ ) film, the polarization field pushes the c-axis-bond electronic charge towards the negative N ion, which raises the energies of
c-axis-bond states. This effect is much smaller and in opposite direction for bilayer-bond states because these bonds
have a large angle from the c-axis. Thus, the observed asymmetric electronic property between c-axis- and bilayer-bond
states is likely to be due to the polar nature of the film.
The anisotropy arising from this asymmetry of electronic
properties is illustrated by the angle dependence of the spectra in Figs. 2 and 3. At the N K-edge 共Fig. 2兲, features A1 to
D1 can be correlated with the four features in the calculated
N derived p partial density of state 共PDOS兲.17 The spectra
for  ⫽100 and  ⫽700 , shown in Fig. 2, agree well, respectively, with the  bond 共bilayer bond兲 and  bond (c-axis
bond兲 XANES spectra for undoped GaN.17 Variations of the
intensities of features A1 to D1 from  ⫽100 to  ⫽700 are
consistent with a shift of the bilayer-bond spectrum continuously to the higher energy c-axis-bond spectrum described in
the previous paragraph. The Ga K-edge spectra 共Fig. 3兲 are
similar to those of undoped GaN observed previously.3,17
Figure 3 shows that the weight of the spectrum shifts to
higher energies from  ⫽100 to  ⫽800 , which is consistent
with the N K-edge results, showing that the c-axis bond
states have higher energies than the bilayer bond states.
Figure 4 shows the Ga L 3 -edge XANES spectra of Zndoped and as-grown GaN. The inset in Fig. 4 shows that the
spectrum of the as-grown GaN is insensitive to the photon
incident angle, which suggests that the states contributing to
the spectrum are dominantly s-like in agreement with previous observations.17,19 Since Ga L 3 -edge XANES measures
unoccupied s and d derived states, this result shows that the
conduction band near conduction band minimum does not
contain significant Ga d-orbital contribution. This is because
the Ga 3d band is well below Fermi energy or valence band
maximum. In contrast, the Ga L 3 -edge XANES spectra of
Zn-doped GaN show significant dependence on the photon
incident angle, which suggests that Zn dopants induce significant near-edge d-like states. An alternative explanation is
that Zn dopants induce asymmetry in the crystal field or
enhance the Ga–N coupling, which lowers energies of some
higher-energy Ga d orbitals, so that they contribute to the
near-edge Ga L 3 -edge spectra in addition to the s-orbital
contribution and enhance features A3 and B3 , as shown in
Fig. 4.
In conclusion, the angle-dependent XANES measurements at the N and Ga K-edges and the Ga L 3 -edge show
that the Ga–N bonds lying in the bilayer have lower energies
than those lying along the c-axis. The Ga L 3 -edge XANES
spectra indicate significant Zn-dopant induced enhancement
of near-edge Ga d-derived states.
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FIG. 4. Dependence of the Ga L 3 -edge XANES spectra on the incident
angle for Zn-doped GaN. The lower inset shows the corresponding as-grown
GaN spectra. The spectral features B3 and C3 in the Zn-doped GaN spectra
shift to higher energies with decreasing incident angle.
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