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Abstract. ZnO is a wide band gap, naturally n-type semiconductor with great promise for optoelectronic applications. To
date, however, it has proven difficult to dope p-type, a prerequisite for device fabrication. Nitrogen is widely believed to be
one of the most promising dopant candidates, however, experimental results to date have been inconsistent; recent theoretical
formation energy calculations have indicated that Nitrogen preferentially incorporates into the ZnO lattice in the form of a N,
molecule at an O-site when a Nitrogen plasma source is used, leading to compensation rather than p-type doping. We show by
a combination of X-ray absorption spectroscopy at the N K-edge of plasma-assisted molecular beam epitaxy grown ZnO and
ab-initio simulations that in as-grown material, Nitrogen incorporates substitutionally on an O-site where it is expected to act
as an acceptor. We have also observed the distinctive formation of molecular nitrogen bubbles upon rapid thermal annealing.
These results suggest that effective p-type doping of ZnO with N may only be possible for metastable low-temperature growth

processes.
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INTRODUCTION

Zinc Oxide (ZnO) has been the subject of renewed re-
search over the past several years in large part to its sim-
ilarities to GaN. Both crystallize in the wurtzite structure
(P63mc) and have comparable lattice constants (GaN: a=
0.3189, ¢ = 0.5185, ZnO: a= 0.3250, ¢=0.5207 A) and
bandgaps (GaN:3.36 eV, ZnO: 3.35 eV). ZnO, however,
has several advantages not shared by GaN or its alloys
including the facts that its constituents are plentiful and
inexpensive, bulk substrates are available and it can be
allowed with Mg to form the pseudobinary MgxZn;_,O
alloy allowing the growth of single-phase alloys with
bandgaps up to 4.0 eV.

Much of the utility of ZnO in optoelectronic or spin-
tronic applications lies requires the fabrication of p-type
material, a property that has proven to be elusive. Reports
to date on the fabrication of p-type ZnO have not been
reproduced by other groups and the lack of a broadly
accepted technique for p-type doping is limiting the ap-
plications of ZnO. The combination of very low activa-
tion energy for n-type dopants, the existence of several
dominant native defect and hydrogen related donor lev-
els [1] located within 0.01-0.05 eV of the conduction
band edge combined with the anticipated relatively high
activation of p-type dopants leads to ambiguity in elec-
trical results in the study of p-type doping due to strong

carrier compensation effects. Nitrogen is widely consid-
ered to be the most promising p-type dopant due to its
similar size to oxygen, resistance to forming AX cen-
ters [2], and its successful use in other II-VI compounds
such as ZnSe [3].

In situations such as the above, theoretical results can
often provide insight. Recently, density functional the-
ory (DFT) has been applied to determine the forma-
tion energy of various types of compensating defects
for nitrogen-doped ZnO in the presence of a plasma
source[4]. By using a value for the N chemical poten-
tial that took into account the presence of a mixture
of ground and excited state N, in the doping flux, it
was shown that the calculated N maximum solubility in-
creased over eight orders of magnitude with the use of a
plasma N source. Concomitant with the use of a plasma
N source, it was also found that the N-related defect with
the lowest formation energy was a N, defect at an O-
site. The conclusion drawn was that compensation ef-
fects from the double donor N, defect would dominate
and lead to electron-based conduction. Since these cal-
culations depend strongly on the atomic chemical po-
tentials and the fermi level and would seem to rule out
the efficacy using Nitrogen as a p-type dopant, confirma-
tion by experiment is desirable. To this end, we have ap-
plied soft x-ray absorption at the K-edge of N (403 eV)
and first-principles real-space scattering simulations to



directly observe the location of N in the ZnO lattice both
in as-grown and thermal annealed states.

EXPERIMENT

Although epitaxial ZnO has been grown by a variety of
techniques including RF sputtering[5], MO-chemical va-
por deposition[6], and laser-ablation[7] among others,
we focus here on radical source-molecular beam epitaxy
(RS-MBE)[8]. In RS-MBE, Zn flux is provided by an
elemental (7N) effusion cell while O and N fluxes orig-
inate from RF-radical (gas) cells. Details of the growth
procedure have been described previously [9]. The film
growth temperature was fixed at 450° C for all samples;
the sample thickness was approximately 1 um. Samples
with a variety of N, flow rates with differing II/VI ratios
were grown. For the as-grown samples, calibrated SIMS
depth profiling measurements indicated a nearly constant
N signal with average N concentrations approaching 1%
(9 x 10*°cm™3). This value may be compared with the
electron densities < 1 x 107 cm? and < 10'2cm? for an
undoped ZnO film and the hydrothermal ZnO substrates,
respectively.

After growth, all samples were divided into two
pieces: one half was retained as an as-grown standard,
while the other half underwent rapid thermal anneal-
ing (RTA) to investigate thermal stability. All RTA sam-
ples were heated to 800° C for three minutes. It was
noted that as-grown samples appeared transparent, but
yellow in color, while the same samples after RTA treat-
ment were perfectly transparent. Hall effect electrical
measurements made using the Van der Pauw geome-
try revealed for a typical N-doped sample grown on
the Zn face of a ZnO wafer, the initial carrier concen-
tration was <5 x 105 cem? (1 ~ 10cm?/Vs), rising to
~6x 10" em™3 (1 ~ 70 cm?/Vs) after RTA process-
ing.

The N-doped ZnO samples were measured at two lo-
cations the ELETTRA synchrotron in Trieste, Italy and
the Advanced Light Source at Lawrence Berkeley Na-
tional Laboratory. The ELETTRA measurements were
carried out at beamline ALOISA. ALOISA is an un-
dulator beamline with a photon flux of approximately
10'! photons/sec. The beam was linearly polarized and
was incident upon the sample at approximately 50° de-
grees. X-ray fluorescence radiation was detected us-
ing a windowless single element Ge solid-state detec-
tor (SSD). The use of photon counting allowed mea-
surement of samples from the high 10! cm~3 concentra-
tion range. Due to the close proximity of the O K-edge
(~540eV), only near-edge (< 100eV) measurements at
the N K-edge (~ 409eV) were carried out. Crystals in
the wurtzite structure have two distinct XANES patterns,
one for polarization along the [001] axis and another

for polarization in-plane. For non-polarization dependent
measurements, an incident angle of approximately 50°
was used resulting in a weighted sum of the two possi-
ble polarization spectra; the sample geometry was taken
into account for all simulations. Polarization-dependent
measurements were taken using a novel multielement su-
perconducting detector at beamline 4.0.2 (photon flux
~ 10'? photons/second) of the Advanced Light Source
at Lawrence Berkeley National Laboratory [10].

RESULTS AND DISCUSSION

XAFS measurements on an as-grown N-doped ZnO sam-
ple along with simulated results are shown in Fig.1. Data
was interpreted using a two step process. Ground-state
DFT calculations were used to relax the ZnO lattice
around various N lattice positions and then these relaxed
coordinates were used as input to a real-space, full mul-
tiple scattering simulation for comparison with experi-
ment.
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FIGURE 1. Experimental (a) and simulated real space mul-
tiple scattering XANES simulations for various DFT relaxed N
local environments including (b) N on an O site, (c) N, on an
O site, (d) N in a tetrahedral interstice, (¢) N in a Zn site, and
(f) N in an octahedral interstice. The energy step was 0.5 eV.

In the first step, an impurity N atom was placed at
a high symmetry position in the ZnO lattice and the
surrounding atoms were relaxed to their ground state
positions using Broyden minimization. Potentials were
calculated self-consistently using a conjugate-gradient
algorithm[11]. The norm-conserving pseudopotentials in



the Troullier-Martins scheme used for the calculation in-
cluded the 3d'%4s? (Zn), 2s*2p* (0), and 2s2p> (N)
valence electrons as well as non-local core corrections.
The generalized gradient approximation (GGA) as ex-
pressed by the Perdew-Burke-Ernzerhof exchange for-
mulation was used [12]. Calculations were carried out
on 32 atom supercells using a plane wave cutoff energy
of 50 Hartree. The final atom positions as expressed by
the relaxed supercell where embedded into a DFT re-
laxed ZnO spherical cluster and used as input to the
ab-initio real space full multiple-scattering (FMS) code
FEFF8 for the calculation of the simulated x-ray ab-
sorption spectra[13]. Sudies of cluster size using FEFF§
demonstrated that convergence was reached for cluster
sizes greater than 200 atoms, hence all results presented
here are for clusers that size. Fig.1 shows the results of
these calculations while an interpretation of these results
is provided in the next section.

CONCLUSION

The DFT calculations in general showed significant lat-
tice relaxation for Nitrogen locations other than on the
O-site resulting in peak broadening and a significant dis-
crepancy from experiment. The simulated spectra for
Nitrogen incorporating on an O site showed excellent
agreement with experiment. After annealing, the samples
showed only a single peak. A more detailed examination
of both the as-grown and annealed samples was carried
out at beamline 4.0.2 at the ALS; this data can be seen in
Fig.2. The annealed spectra are an excellent match to the
characteristic spectra of the molecular vibration levels of
a N molecule. In addition, as the spectra show no polar-
ization dependence, it is strong suggested that the Nitro-
gen contained in the films has transform to Ny, presum-
ably in the form of bubbles. This behavior is also con-
sistent with the change in sample color from yellow to
transparent as N moves from electronically active sites to
electronically inactive bubbles. In contrast, no such fine
structure is visible in the as-grown film seen in Fig.2(e).
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FIGURE 2. Polarization measurements made for (a) a
molecular N gas standard and on a N-doped ZnO sample after
annealing for E (b) along the c-axis, (c) at 45° to the c-axis, (d)
in the a-b plane. (e) shows the equivalent range for an as-grown
sample. The energy step was 40 meV
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