
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 18 28 OCTOBER 2002
Angle-dependent x-ray absorption spectroscopy study of Zn-doped GaN
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As-grown and Zn-implanted wurtzite GaN samples have been studied by angle-dependent x-ray
absorption near edge structure~XANES! measurements at the N and GaK-edges and the Ga
L3-edge. The angle dependence of the XANES spectra shows that the Ga–N bonds lying in the
bilayer have lower energies than bonds along thec-axis, which can be attributed to the polar nature
of the GaN film. The comparison of the GaL3-edge XANES spectra of as-grown and Zn-doped
GaN reveals significant dopant induced enhancement of near-edge Gad-derived states. ©2002
American Institute of Physics.@DOI: 10.1063/1.1518776#
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The potential of group III nitrides in the development
such devices as short-wavelength lasers, blue and ultrav
light emitting diodes, high-temperature and high-power el
tronics, and magneto-electronic devices is now w
established.1–3 The successful fabrication ofp-type GaN us-
ing Mg as dopant accelerated the development of GaN-ba
devices.4 Recent studies of Mg-doped GaN provide an
sight into the doping processes in this system.5–9 For ex-
ample, incorporation of Mg has been known to increase
defect concentration and induce the appearance of a mix
of crystal phases in the material.6 Introducing hydrogen dur-
ing the growth and doping process was found to compen
Mg acceptors5,7 through formation of a Mg–H complex.8 A
self-compensation mechanism involving N vacancies
also been proposed to explain the dependence of hole de
on the dopant concentration.9 In comparison, the propertie
of other group II dopants like Zn are less well understo
Doping with only Zn was observed to lead to the formati
of highly resistive material, while codoping with Mg pro
duced a low resistivep-type GaN layer.10 A moderate
amount of Zn dopant appears to reduce the defect conce
tion in GaN. To better understand the properties of GaN
incorporation of Zn dopants, we have performed ang
dependent x-ray absorption near edge structure~XANES!
measurements at the N and GaK-edges and the GaL3-edge
for as-grown and Zn implanted GaN.

X-ray absorption spectra were recorded using the fac
ties at the Synchrotron Radiation Research Center~SRRC! at
Hsinchu, Taiwan. For all samples, the NK-edge and Ga

a!Permanent address: Department of Physics, University of Rajas
Jaipur 302 004, India.

b!On leave from: Nuclear Science Center, Aruna Asaf Ali Marg, N
Delhi 110 067, India.

c!Author to whom correspondence should be addressed; electronic
wfpong@mail.tku.edu.tw
3380003-6951/2002/81(18)/3389/3/$19.00
Downloaded 22 Oct 2002 to 203.75.105.191. Redistribution subject to A
let
-

ll

ed
-

e
re

te

s
ity

.

ra-
n
-

i-

L3-edge spectra were obtained using the high-energy sph
cal grating monochromator beamline in a vacuum better t
1029 Torr, by the fluorescence yield method. GaK-edge
spectra were obtained using the wiggler 17C beamline.
direction of the electric polarization vector was varied w
respect to the orientation of the thin film specimen, and sp
tra were recorded for angles from 10° to 70° or 80° betwe
the incident photon direction and the surface normal of
film. The GaN samples were grown by metal–oxide chem
cal vapor deposition on a sapphire substrate up to appr
mately 1400 Å followed by annealing for 5 min at 1100 °C
The Zn-doped sample was obtained by implanting 200 K
Zn ions at a dose of 531014 cm22. A capping layer of Zn
was deposited to retard the decomposition of GaN dur
annealing. The GaN samples were characterized by phot
minescence~PL!, x-ray diffraction ~XRD!, and electrical
measurements. Details of the growth process and chara
ization results are reported elsewhere.11

Figure 1~a! shows PL spectra at 25 K of the as-grow
and Zn-doped GaN samples. The prominent feature at 3
eV in the spectrum of the as-grown GaN sample has b
designated as (D0,X).12 The weak features at;3.27 eV cor-
respond to the (D0-A0) peak. The spectrum of the Zn-dope
GaN sample has a strong broad peak centered at 2.9 eV.
broad peak has been called the A-band, and was attribute
the Zn complex or ZnGa.13,14 Bands associated with ZnN ,
ZnN

2 and ZnN
22 were reported earlier at 2.6, 2.2, and 1.8 e

respectively,14 for higher concentrations of Zn are absent
the spectrum of the implanted sample shown in Fig. 1~a!.
The XRD patterns for both as-grown and Zn-doped G
samples as shown in Fig. 1~b! have a predominant reflectio
of ~002! at around 35°, which is consistent with the hexag
nal ~wurtzite! structure of the specimens. The pattern of t
GaN powder specimen, which has a mixed phase of cu
and hexagonal symmetry, is also shown for comparison.

n,

il:
9 © 2002 American Institute of Physics
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XRD characterization shows that the Zn implanted samp
do not have a mixed phase.

Figures 2 and 3 show the XANES spectra of as-gro
and Zn-doped GaN samples at the N and GaK-edges, re-
spectively. The upper inset in Fig. 2 shows the incident an
u relative to thec-axis. The dependence of the peak intens
on the incident angle for the NK-edge ~Fig. 2! has been
regarded as an evidence of anisotropy in thep states and an
indicator of the wurtzite crystal phase in GaN;15 the similar-
ity of the spectra for the as-grown and the Zn-doped sam
indicates the retention of the wurtzite structure upon dop
in consistence with our XRD result. An implantation-induc

FIG. 1. ~a! PL spectra at 25 K for as-grown GaN~dashed line! and Zn-
doped GaN~solid line! samples.~b! X-ray diffraction pattern for as-grown
GaN, Zn-doped GaN, and powder GaN samples.

FIG. 2. Dependence of the NK-edge XANES spectra on the photon inc
dent angle for Zn-doped GaN. The upper inset defines the photon inc
angle. The lower inset shows the corresponding as-grown GaN spectr
Downloaded 22 Oct 2002 to 203.75.105.191. Redistribution subject to A
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broadening of the XANES feature and the appearance
pre-edge feature were reported in GaN implanted with N a
O ions.16 This finding was attributed to lattice damage o
implantation and to vacancies and interstitial. Figures 2 a
3 show that implantation did not alter the absorption ed
The absence of a pre-edge structure or any additional br
ening of the XANES resonance indicates that po
implantation annealing could reduce implantation-induc
lattice damage and defects.

The orientation dependence of theK-edge spectra for the
as-grown and Zn-doped samples may provide a pointe
changes in the electronic property as a result of Zn impl
tation. For GaN films grown on sapphire, the surface is p
pendicular to thec-axis. For each atom, there are thr
Ga–N bonds lying in the bilayer, which may be called b
layer bonds~s bond in Ref. 17!, and one Ga–N bond alon
the c-axis, which may be called thec-axis bond~p bond in
Ref. 17!. The bilayer- andc-axis-bond states are prefere
tially probed at small and large incidence angles, resp
tively. This is because the polarization of photons is para
with the bilayer andc-axis bonds at small and large incide
angles, respectively.

The variations in peak positions with the photon incide
angle are similar for both as-grown and Zn-doped G
samples and for both the N and GaK-edge spectra, which
are similar to previous observations for undoped GaN.15,17

Further, for the GaK-edge spectra~Fig. 3!, a ;2 eV differ-
ence in the position of the dominant peak between the
layer ~s! andc-axis ~p! spectra observed earlier for undope
GaN17 is also seen for both the as-grown and Zn-implan
spectra. The small difference between thec-axis and bi-layer
bond lengths is unlikely to be the origin of this shift. Wurt
ite GaN has lattice constants ofa53.190 Å and c
55.189 Å. Thec/a ratio of 1.627 is slightly smaller than th
ideal ratio of 2&/)51.633 by 0.4%. Sincea is larger than
1.633 times the Ga–N bond length of 1.95 Å by about 0.2

nt
FIG. 3. Dependence of the GaK-edge XANES spectra on the incident ang
for Zn-doped GaN. The lower inset shows the corresponding as-grown
spectra.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the c/a ratio of 1.627 implies that thec-axis-bond length is
only slightly smaller than the bi-layer-bond length by abo
0.01 Å. The difference between the electronic properties
the bilayer andc-axis bonds may arise from the electri
dipole-layer array along thec-axis. GaN is a relatively ionic
material. Ga and N ions have substantial effective char
Along thec-axis each Ga–N bilayer is a dipole layer. Thu
the GaN film forms an array of dipole layers, which giv
rise to a polarization field.18 Either for an N-terminated
GaN(0001I ) or a Ga-terminated GaN(0001I ) film, the polar-
ization field pushes thec-axis-bond electronic charge to
wards the negative N ion, which raises the energies
c-axis-bond states. This effect is much smaller and in op
site direction for bilayer-bond states because these bo
have a large angle from thec-axis. Thus, the observed asym
metric electronic property betweenc-axis- and bilayer-bond
states is likely to be due to the polar nature of the film.

The anisotropy arising from this asymmetry of electron
properties is illustrated by the angle dependence of the s
tra in Figs. 2 and 3. At the NK-edge~Fig. 2!, features A1 to
D1 can be correlated with the four features in the calcula
N derived p partial density of state~PDOS!.17 The spectra
for u5100 andu5700, shown in Fig. 2, agree well, respe
tively, with the s bond ~bilayer bond! and p bond (c-axis
bond! XANES spectra for undoped GaN.17 Variations of the
intensities of features A1 to D1 from u5100 to u5700 are
consistent with a shift of the bilayer-bond spectrum contin
ously to the higher energyc-axis-bond spectrum described
the previous paragraph. The GaK-edge spectra~Fig. 3! are
similar to those of undoped GaN observed previously.3,17

Figure 3 shows that the weight of the spectrum shifts
higher energies fromu5100 to u5800, which is consistent
with the N K-edge results, showing that thec-axis bond
states have higher energies than the bilayer bond states

Figure 4 shows the GaL3-edge XANES spectra of Zn
doped and as-grown GaN. The inset in Fig. 4 shows that
spectrum of the as-grown GaN is insensitive to the pho
incident angle, which suggests that the states contributin
the spectrum are dominantlys-like in agreement with previ-
ous observations.17,19 Since GaL3-edge XANES measure
unoccupieds andd derived states, this result shows that t
conduction band near conduction band minimum does
contain significant Gad-orbital contribution. This is becaus
the Ga 3d band is well below Fermi energy or valence ba
maximum. In contrast, the GaL3-edge XANES spectra o
Zn-doped GaN show significant dependence on the pho
incident angle, which suggests that Zn dopants induce
nificant near-edged-like states. An alternative explanation
that Zn dopants induce asymmetry in the crystal field
enhance the Ga–N coupling, which lowers energies of so
higher-energy Gad orbitals, so that they contribute to th
near-edge GaL3-edge spectra in addition to thes-orbital
contribution and enhance features A3 and B3 , as shown in
Fig. 4.

In conclusion, the angle-dependent XANES measu
ments at the N and GaK-edges and the GaL3-edge show
that the Ga–N bonds lying in the bilayer have lower energ
than those lying along thec-axis. The GaL3-edge XANES
spectra indicate significant Zn-dopant induced enhancem
of near-edge Gad-derived states.
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