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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 structu(§ANES) measurements at the N and ®aedges and the Ga
Ls-edge. The angle dependence of the XANES spectra shows that the Ga—N bonds lying in the
bilayer have lower energies than bonds alongatais, which can be attributed to the polar nature

of the GaN film. The comparison of the Ga-edge XANES spectra of as-grown and Zn-doped
GaN reveals significant dopant induced enhancement of near-edgedédved states. €002
American Institute of Physics[DOI: 10.1063/1.1518776

The potential of group Il nitrides in the development of Ls-edge spectra were obtained using the high-energy spheri-
such devices as short-wavelength lasers, blue and ultravioleal grating monochromator beamline in a vacuum better than
light emitting diodes, high-temperature and high-power elec10 ° Torr, by the fluorescence yield method. ®Baedge
tronics, and magneto-electronic devices is now wellspectra were obtained using the wiggler 17C beamline. The
established:> The successful fabrication gi-type GaN us- direction of the electric polarization vector was varied with
ing Mg as dopant accelerated the development of GaN-basadspect to the orientation of the thin film specimen, and spec-
devices! Recent studies of Mg-doped GaN provide an in-tra were recorded for angles from 10° to 70° or 80° between
sight into the doping processes in this systethFor ex-  the incident photon direction and the surface normal of the
ample, incorporation of Mg has been known to increase thélm. The GaN samples were grown by metal—oxide chemi-
defect concentration and induce the appearance of a mixtuil vapor deposition on a sapphire substrate up to approxi-
of crystal phases in the materfalntroducing hydrogen dur- mately 1400 A followed by annealing for 5 min at 1100 °C.
ing the growth and doping process was found to compensafEhe Zn-doped sample was obtained by implanting 200 KeV
Mg acceptord’ through formation of a Mg—H complékA  Zn ions at a dose of 810 cm™2. A capping layer of Zn
self-compensation mechanism involving N vacancies hasvas deposited to retard the decomposition of GaN during
also been proposed to explain the dependence of hole densiyinealing. The GaN samples were characterized by photolu-
on the dopant concentratidrin comparison, the properties minescence(PL), x-ray diffraction (XRD), and electrical
of other group Il dopants like Zn are less well understood measurements. Details of the growth process and character-
Doping with only Zn was observed to lead to the formationization results are reported elsewhéte.
of highly resistive material, while codoping with Mg pro- Figure Xa) shows PL spectra at 25 K of the as-grown
duced a low resistivep-type GaN layet? A moderate and Zn-doped GaN samples. The prominent feature at 3.45
amount of Zn dopant appears to reduce the defect concentray in the spectrum of the as-grown GaN sample has been
tion in GaN. To better understand the properties of GaN orjesignated as (H)X).'? The weak features at 3.27 eV cor-
incorporation of Zn dopants, we have performed anglerespond to the (BA®) peak. The spectrum of the Zn-doped
dependent x-ray absorption near edge struct&NES)  GaN sample has a strong broad peak centered at 2.9 eV. This
measurements at the N and &aedges and the Glas-edge  broad peak has been called the A-band, and was attributed to
for as-grown and Zn implanted GaN. the Zn complex or Zg,.**'* Bands associated with Zn

X-ray absorption spectra were recorded using the facilizn, and zrf,” were reported earlier at 2.6, 2.2, and 1.8 eV,
ties at the Synchrotron Radiation Research Ce{8RRO at  respectively:® for higher concentrations of Zn are absent in
Hsinchu, Taiwan. For all samples, the Ktedge and Ga the spectrum of the implanted sample shown in Fig).1
The XRD patterns for both as-grown and Zn-doped GaN
dpermanent address: Department of Physics, University of Rajastha§@mples as shown in Fig(d) have a predominant reflection
Jaipur 302 004, India. of (002 at around 35°, which is consistent with the hexago-

Y0On leave from: Nuclear Science Center, Aruna Asaf Ali Marg, New nal (wurtzite) structure of the specimens. The pattern of the
Delhi 110 067, India.

9Author to whom correspondence should be addressed; electronic maif2@N powder specimen, W_hiCh has a mixed phase_ of cubic
wfpong@mail.tku.edu.tw and hexagonal symmetry, is also shown for comparison. Our
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FIG. 1. (a) PL spectra at 25 K for as-grown Gafdashed ling and Zn-
doped GaN(solid line) samples(b) X-ray diffraction pattern for as-grown
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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?® 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 broad-
ening of the XANES resonance indicates that post-
implantation annealing could reduce implantation-induced
lattice damage and defects.

The orientation dependence of tkeedge spectra for the
as-grown and Zn-doped samples may provide a pointer to
changes in the electronic property as a result of Zn implan-
tation. For GaN films grown on sapphire, the surface is per-
pendicular to thec-axis. For each atom, there are three
Ga—N bonds lying in the bilayer, which may be called bi-
layer bondgo bond in Ref. 17, and one Ga—N bond along
the c-axis, which may be called the-axis bond(7 bond in
Ref. 17. The bilayer- andc-axis-bond states are preferen-
tially probed at small and large incidence angles, respec-
tively. This is because the polarization of photons is parallel
with the bilayer anct-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

XRD characterization shows that the Zn implanted Samplegamples and for both the N and ®aedge spectra, which

do not have a mixed phase.

are similar to previous observations for undoped GaN.

Figures 2 and 3 show the XANES spectra of aS-groWN iher for the Ga-edge spectréFig. 3, a~2 eV differ-

and Zn-doped GaN samples at the N and KGadges, re-
spectively. The upper inset in Fig. 2 shows the incident angl

ence in the position of the dominant peak between the bi-

?ayer((r) andc-axis () spectra observed earlier for undoped

0 relative to thec-axis. The dependence of the peak intensityGaNn is also seen for both the as-grown and Zn-implanted

on the incident angle for the M-edge(Fig. 2) has been

spectra. The small difference between thaxis and bi-layer

reg_arded as an evidgnce of anisotropy in hetates .an.d an  pond lengths is unlikely to be the origin of this shift. Wurtz-
indicator of the wurtzite crystal phase in GaRthe similar- " 5 \" has lattice constants cli=3.190 A and ¢

ity of the spectra for the as-grown and the Zn-doped samples 5.189 A. Thec/a ratio of 1.627 is slightly smaller than the
indicates the retention of the wurtzite structure upon dopingya.a/ ratio of 3/2/v3 = 1.633 by 0.4%. Sinca is larger than

in consistence with our XRD result. An implantation-induced | g2 times the Ga—N bond Ienéth of 1.95 A by about 0.2%
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FIG. 2. Dependence of the K-edge XANES spectra on the photon inci- FIG. 3. Dependence of the Gaedge XANES spectra on the incident angle
dent angle for Zn-doped GaN. The upper inset defines the photon inciderfor Zn-doped GaN. The lower inset shows the corresponding as-grown GaN

angle. The lower inset shows the corresponding as-grown GaN spectra. spectra.
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the c/a ratio of 1.627 implies that the-axis-bond length is
only slightly smaller than the bi-layer-bond length by about
0.01 A. The difference between the electronic properties of
the bilayer andc-axis bonds may arise from the electric- 1.0
dipole-layer array along the-axis. GaN is a relatively ionic
material. Ga and N ions have substantial effective charges.
Along thec-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 fiel Either for an N-terminated
GaN(000) or a Ga-terminated GaN(00DTilm, the polar-
ization field pushes the-axis-bond electronic charge to-
wards the negative N ion, which raises the energies of
c-axis-bond states. This effect is much smaller and in oppo-
site direction for bilayer-bond states because these bonds
have a large angle from thleeaxis. Thus, the observed asym-
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metric electronic property betweenaxis- and bilayer-bond
states is likely to be due to the polar nature of the film. 0.0 st .
The anisotropy arising from this asymmetry of electronic 10 115 1120 1125 1130
properties is illustrated by the angle dependence of the spec- 1o 1115 1178 175 1o

train Figs. 2 and 3. At t_he X -edge(Fig. 2), fe_zatures Ato Photon Energy (eV)

D, can be correl_ated W|th the four features in the calculateqt, . , Dependence of the Ga-edge XANES spectra on the incident

N derived p partial density of stat¢PDOS."’ The spectra angle for Zn-doped GaN. The lower inset shows the corresponding as-grown

for §=10° and =70, shown in Fig. 2, agree well, respec- GaN spectra. The spectral featuresadhd G in the Zn-doped GaN spectra

tively, with the o bond (bilayer bond and 7 bond (c-axis shift to higher energies with decreasing incident angle.

bond XANES spectra for undoped GalN Variations of the

intensities of features Ato D; from #=10° to =70 are This work was supported by the National Science Coun-

consistent with a shift of the bilayer-bond spectrum continu<il of the Republic of China under Contract No. NSC-90-

ously to the higher energy-axis-bond spectrum described in 2112-M-032-019.

the previous paragraph. The Gaedge spectréFig. 3 are

similar to those of undoped GaN observed previodgly.
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