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Incorporation of nitrogen in Co:ZnO studied by x-ray absorption spectroscopy
and x-ray linear dichroism
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N-doped Co,Zn,_, O epitaxial films were grown by reactive magnetron sputtering using a range of different
N, and O, concentrations. They were studied by x-ray absorption near edge spectroscopy (XANES) and x-ray
linear dichroism (XLD). The incorporation of N into the ZnO host lattice could be determined via the XLD at
the N K-edge in comparison with the O K-edge and respective simulations of XANES and XLD of the various
dopant configurations. The addition of nitrogen predominantly leads to the formation of molecular nitrogen on
O sites (split interstitial). Only for samples grown with very low O, partial pressure was a small fraction of the

N found to substitute for O in its atomic form.
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I. INTRODUCTION

During the last decade zinc oxide (ZnO) has been the subject
of intense research. The availability of high-quality large ZnO
single crystals, its wide (3.4 eV) and direct band gap, and its
large exciton binding energy (60 meV) makes it an interesting
substitution for GaN in optoelectronic applications.! With
as-grown ZnO being n type, most likely due to hydrogen
impurities, p-doping remains a grand challenge for material
science. Besides being a necessity for pn junctions, p-type
ZnO is of particular interest to investigate the perspectives
for obtaining room-temperature ferromagnetism in transition
metal [usually Mn-doped (Refs. 2 and 3) or Co-doped
(Ref. 3)], p-type ZnO. As a shallow acceptor in other I[I-VI
semiconductors atomic nitrogen is one of the most promising
dopants for p type.'* Having electronegativity and size similar
to those of oxygen, substitutional incorporation of atomic N
on O lattice sites (Np) is considered the most likely position
for atomic N (Ref. 1). Early density functional theory (DFT)
calculations have shown that in this position N indeed acts as
a shallow acceptor in N-doped ZnO (ZnO:N) (Ref. 5). Others
have come to the conclusion that N is rather a deep acceptor®’
and therefore does not contribute to p-type behavior. However,
a recent publication reports N to be a shallow acceptor if
additional codoping is employed.® Besides these contradictory
theoretical results, DFT in general underestimates the band
gap of ZnO significantly and related results have to be treated
with caution.’ Therefore, a direct experimental determination
of the incorporation of N in ZnO and its location within
the host lattice is very useful to complement the theoretical
predictions.

Most studies on ZnO:N have focused on conductivity
measurements, as summarized elsewhere,!® but have not
directly studied the position of N in ZnO. Also a light emitting
diode (LED) based on p-type ZnO:N was reported to emit
blue light;'! however, considering ZnO to have a band gap
of 3.4 eV one would rather expect emission of ultraviolet
light. Thus, doubts on the reliability and reproducibility of the
p-type doping arose.! A more direct experimental method to
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investigate the incorporation of N into ZnO is x-ray absorption
near edge spectroscopy (XANES) because of its sensitivity to
the local crystallographic structure and its element selectivity.
XANES measurements at the N K-edge of ZnO:N samples
have attributed certain peaks in the spectra to the formation
of No by comparison with simulations of XANES.*!? In
contrast, other authors claim that most N-doping techniques
predominantly lead to the incorporation of N, in its molecular
form.!>!% Thus, the different possible dopant species have
to be identified in XANES by their respective spectroscopic
signatures, similar to other N-containing compounds such as
GaN (Ref. 15) and N-doped SiO; (Ref. 16). DFT calculations
of the respective formation energies of ZnO:N show that
molecular nitrogen incorporated on an O site [split interstitial,
(N2)o] is the predominant species over a wide range of O
concentrations, followed by interstitial molecules (N;); at
very high oxygen partial pressures.'? To the other end, for
reduced oxygen partial pressures the formation energy of Ng
decreases and [No-(N2)o]™ complexes become energetically
favorable.'*

Here we report on XANES measurements of N-doped
Co,Zn;_,0 (Co:ZnO:N) recorded with two orthogonal linear
polarizations and the respective x-ray linear dichroism (XLD)
to study the incorporation of N into the Co:ZnO host crystal
in analogy to previous work where we have found that in
comparable samples Co mainly substitutes for Zn (Refs. 17
and 18). It is shown that (N);,0 and No, although having sim-
ilarities in their respective XANES spectra, exhibit different
XLD signatures. Both XANES and XLD measurements and
respective simulations of the N K-edges are compared with
the O K-edge. It is revealed that mostly (N,)o is formed for
Co0:ZnO:N. For reduced O, concentration a small fraction of
N is found as Ng as well. Both results corroborate recent DFT
calculations.'? Additional measurements at the Zn K-edge
indicate that a reduced O, partial pressure during growth
leads to the formation of O vacancies (Vp), which can be
suppressed by increasing the N, partial pressure to promote
the incorporation of nitrogen during growth.
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II. METHODS

Co:ZnO:N samples were grown on c-plane sapphire
[Al,03(0001)] at a temperature of 350°C by reactive mag-
netron sputtering from a metallic Zn/Co target. The base
pressure of the ultrahigh vacuum sputtering system was
<107~° mbar. The working pressure in the chamber during
film deposition was 4 x 1073 mbar. The sputter gas consisted
of Ar as inert gas and a variable O,/N, composition as reactive
gas which was controlled via separated mass flow controllers.
It has been shown before that samples grown with an Ar:O,
ratio of 10:1 standard cubic centimeters per minute (sccm)
exhibit the highest structural quality for Co concentrations
from 5% to 15%.'8 For this work 10%, 15%, and 20% Co0:ZnO
samples with an O, flow from 1 down to 0.5 sccm and
various Co:ZnO:N samples with reduced O, flow and N,
concentrations from 0.3 to 1 sccm were grown. All sample
series show comparable physical properties especially with
regard to their structural properties as measured with x-ray
diffraction and the XANES and XLD signatures. Since the
20% Co:ZnO sample series comprises the widest range of
0,:N, flow ratios this work focuses on the 20% Co:ZnO series
as listed in Fig. 1. X-ray reflectivity measurements (XRR)
showed thicknesses of 162 £+ 5 nm for films with N, and
153 + 3 nm for the Co:ZnO film grown with Ar:O, of 10:1
without Ny; the 10:0.5 sample was too rough to be measured
with XRR.

The XANES measurements were carried out at the
European Synchrotron Radiation Facility (ESRF). The
XANES measurements of the N and O K -edges were recorded
using soft x rays at IDO8 and both total fluorescence yield (FY)
and total electron yield (TEY); for the Zn K -edge hard x rays
were used at ID12 in FY mode only. The information depth
of the FY is in the range of 100 nm for soft x rays to 1 um
for hard x rays, while it is only a few nanometers for TEY,
making this a surface-sensitive technique. All measurements
were carried out at room temperature. Unless otherwise stated,
all XANES spectra were normalized with respect to the edge
jump. XLD was taken as the direct difference of two XANES
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FIG. 1. (Color online) Zn K -edge of samples with four different
sputter gas compositions. Only the film grown with Ar:0, = 10: 0.5
shows a characteristic feature (arrow and top inset). The bottom inset
shows respective MTA calculations with FDMNES for a defect-free
crystal (line) and one with 12.5% Vj (dots).
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spectra recorded with vertical and horizontal polarized light
under grazing incidences of 20° (ID08) and 10° (ID12), i. e.,
with the E vector of the light either parallel or perpendicular
to the ¢ axis of the Co:ZnO:N film. Details about ID0O8 and
ID12 can be found elsewhere.'*>°

The experimental spectra were complemented by respective
simulations. As a first step to simulate the various XANES
and XLD spectra the respective 2 x 2 x 2 supercell of the
Co:ZnO(:N) structure was relaxed. The generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof
exchange-correlation functional (PBE),>' as implemented in
the Vienna ab initio simulation package (VASP),>? was
employed for treating the interactions between the respective
defect and the ZnO host lattice. The energy cutoff for the
plane waves was set to 500 eV and the total energy tolerance
for the relaxation was 10~% eV. We have also checked the
relaxations with the Perdew-Wang 91 functionals,”® which are
in agreement with those derived by the PBE functionals. In
most cases the changes in the spectra due to the relaxation were
found to be small, in particular for the Zn and O K-edges with
and without O vacancies; the input structures for the N K -edge
simulations are discussed in more detail in Sec. III. In general
only the spectra derived from the relaxed structures are shown.
The second step is to calculate the XANES and XLD spectra
from the relaxed input structures. Three different methods were
used. The FDMNES code?* offers the option to use a multiple
scattering formalism within the muffin-tin approximation
(MTA) or a full-potential variant based on the finite difference
method (FDM). Both methods are implemented in the same
package and differ in the way the potential is derived. Wherever
possible, the MTA was used because it is computationally
much less demanding and time-consuming. In particular, the
use of the MTA was possible for simulating atoms on lattice
sites, such as the Zn K -edge and the O K-edge of ZnO and the
N K -edge of No:ZnO. It was verified for the Zn and O K -edges
of the undisturbed ZnO crystal that the FDM calculations yield
results very similar to those of the MTA calculations, both of
which agree well with the experimental data (not shown), so
that the more tedious simulations were done using the MTA.
For the N K-edge spectra of the N, molecule comparative
simulations between the FDM and the MTA have shown that
the FDM had to be used to yield spectra which are comparable
with the experimental ones. We ascribe this to the fact that
the strong covalent bonding and the small distance between
the two N atoms in the molecule are not well accounted
for by means of the MTA. In order to complement the
FDMNES simulations, an independent full-potential linearized
augmented plane-wave approximation (FPLAPW) was used as
well which is implemented in the WIEN2K program package.?

III. EXPERIMENTAL RESULTS AND MODELING

Figure 1 compares the normalized XANES at the Zn
K-edge for four different Co:ZnO(:N) samples grown under
various Ar:0,(:N,) sputter gas compositions. It can be clearly
seen that all XANES spectra are virtually identical except
for the film grown with Ar:O, of 10:0.5 which exhibits
a clearly reduced absorption around 9.685 keV as marked
by the arrow and enlarged in the top inset of Fig. 1. Both
Co:ZnO:N films grown with a reduced O, partial pressure but
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with the addition of N, (Ar:0,:N, of 10:0.5:1 and 10:0.7:0.3,
respectively) do not exhibit this reduction but coincide with the
XANES of the reference 20% Co:ZnO sample grown without
nitrogen (Ar:0, = 10 : 1). This sample yields the maximum
possible size of the XLD signal of 1.1 (not shown) which
indicates optimum structural quality.'® Comparable results
were obtained at the Co K-edges as well (not shown). To
understand the origin of the reduced absorption for the 10:0.5
Co:ZnO sample, simulations were carried out for an ideal
ZnO lattice as well as various defect configurations including
Vo. For the simulations the wurtzite lattice parameters a =
3.2459 A and ¢ =5.2069 A as well as a dimensionless u
parameter of 0.382 for the vertical separation of the Zn and O
atoms’® were taken as successfully done before.!” We also
verified that the presence of the Co does not significantly
alter the shape of the calculated Zn K-edge as long as the
Co was substituting for Zn (not shown). A radius of 11 A was
chosen for the scattering sphere, corresponding to 468 atoms.
Finally, the spectra were convoluted with a Lorentzian-like
function to take the finite lifetimes of the excitations into
account.”” To simulate the Vo one O atom was removed
from the supercell and atomic positions were relaxed by
minimizing the interatomic forces with the conjugate gradient
algorithm. Subsequently all four adjacent Zn atoms were taken
as the absorption center. Atoms further away from the Vg
did not show any deviation from the defect-free spectrum.
The spectra of the four adjacent atoms were averaged. As
this corresponds to a Vg concentration of 25% the spectrum
was averaged with the defect-free one to obtain an effective
concentration of 12.5%. The result of the latter two simulations
is shown in the lower inset of Fig. 1, where one observes that
the reduction of the absorption found in the experiment at
9.685 keV is reproduced fairly well. Therefore the reduced
O, partial pressure can be associated with the formation of
Vo which is in turn suppressed by the addition of N, to the
sputter gas. This result already suggests that nitrogen is at least
partially incorporated on O rather than on interstitial lattice
sites.

Figure 2 shows the XANES using two orthogonal polar-
ization directions E || ¢ and E L ¢ (a) and the corresponding
XLD (b) at the O K-edge of the 20% Co:ZnO grown with
an Ar:0, ratio of 10:1 (solid symbols). The spectra were
recorded in TEY and FY (not shown) and exhibit identical
features of both XANES and XLD signals. The TEY spectra
exhibit less self-absorption compared to the FY spectra and
thus can be more easily and directly compared with the MTA
(lines) and FPLAPW (open symbols) calculations which were
carried out using the bulk ZnO lattice parameters as described
above. Both simulations result in an overall good reproduction
of the measurements which is slightly less for the FPLAPW,
especially before the rising edge. Nonetheless, the overall good
agreement of both types of simulations corroborate that the
shape of the simulated spectra does not critically depend on the
method used to derive the potential. However, it was found by
systematic variation of the parameters used for the simulations
that the fine structure at the rising edge and the associated
oscillatory features in the XLD correlate with the radius of the
scattering sphere used for the simulations. In addition, small
changes in this region are visible if one includes the Co dopant
atom in the supercell for the simulations, which however, did
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FIG. 2. (Color online) (a) Experimental (solid symbols) and
calculated XANES at the O K-edge. Simulations were performed
with MTA (lines) and FPLAPW (open symbols). (b) Respective
measured and calculated XLD spectra.

not yield any systematic correlation (not shown), so that these
features are considered not to be significant in the following.
Therefore, the quantitative agreement of the XLD between
experiment and simulations can be taken as an indication that
the sample contains O predominantly in its atomic form on the
proper anionic lattice site of the wurtzite ZnO.

Figure 3 shows experimental XANES (a) and respective
XLD spectra (b) at the N K-edge in FY detection for an
oxygen-rich Co:ZnO:N sample with Ar:0,:N, =10:0.7 :
0.3 in comparison to a pure Co:ZnO sample with Ar:0, =
10 : 1 (solid symbols). First, we discuss only the experimental
spectra; the FDM simulations (lines) are discussed further
below. The pure Co:ZnO sample shows neither a clear XANES
signal nor a sizable XLD signal and consequently does not
contain a sizable amount of nitrogen as expected. In contrast,
the Co:ZnO:N sample exhibits clear XANES and XLD signals
at the N K-edge measured in FY. This indicates that N is
incorporated within the ZnO lattice, because FY spectra have
an information depth of the order of the thickness of the
samples. Because of the very low overall nitrogen content
in these samples, self-absorption in the FY is less pronounced
compared to the O K-edge. Note that the XANES recorded
in the surface sensitive TEY mode (not shown) exhibits
a very different XANES with a rather large background.
Therefore the FY reflects the bulk properties of the samples;
i.e., the nitrogen is incorporated within the bulk of the sample,
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FIG. 3. (Color online) (a) Experimental XANES at the N
K-edge for Co:ZnO:N with Ar:0,:N, = 10: 0.7 : 0.3 (squares and
circles) and Co:ZnO with Ar:O, = 10: 1 (triangles and stars),
compared with a simulation of N, on an O-site split interstitial with
an angle of 35° (lines). (b) Calculated (lines) and measured XLD for
Co0:ZnO:N (squares) and Co:ZnO (circles), respectively.

and the TEY data are disregarded in the following since
they are presumably originating from nitrogen-containing
contaminations of the surface which affect the TEY of N
much more than the TEY of O, because O is present in much
larger amounts in the sample. The two smaller peaks in both
experimental spectra at ~390 and ~397 eV originate from
the second-order light of the grating of the monochromator
and they appear at half the energy of the Co L3;-edges (780
and 795 eV). Thus, they can be disregarded while discussing
the properties of the N dopant atoms. Nonetheless, these peaks
can serve to normalize the XANES since both samples contain
a comparable amount of Co; a normalization with respect
to the edge jump is prone to be erroneous because of the
small overall amount of nitrogen and thus the very small edge
jump. The most prominent peak in the N K-edge XANES
at 401.1 eV only appears for the nitrogen-containing samples
and its appearance and energy position are characteristic of
the well-known 7* resonance of the N-N bond of molecular
nitrogen®® suggesting that N is predominantly incorporated
in its molecular form. It was even suggested that most of
the molecular nitrogen in ZnO is incorporated in the form
of gas bubbles.* However, the latter possibility is ruled out
by the existence of a sizable XLD signal, since a gas would
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FIG. 4. (Color online) Experimental isotropic XANES at the
N K-edge for the film grown with Ar:O,:N, =10:0.7:0.3. It is
compared with FDM simulations for two different N, defects in ZnO
and a free N, molecule. For the spectrum of the 35° orientated (Nz)é+
defect anisotropic XANES and XLD are shown in Fig. 3.

imply random alignment of the molecules and thus lack any
XLD signal. The clear dependence on the polarization and
the associated XLD signal in Fig. 3(b) indicates a preferred
orientation of the N, molecules which can be further analyzed.
In general, the 7* resonance shows the largest signal for x rays
with perpendicular polarization with respect to the molecular
axis. Since for all samples the absorption with polarization
perpendicular to the ¢ axis is larger at 401.1 eV, the molecular
axis has to be orientated with an average angle of less than 45°
to the ¢ axis.

A more detailed analysis of the dominant N dopant species
can be achieved by comparing the experimental XANES
to different simulations to study the influence of the N
molecule’s orientation and its surrounding crystal field on the
XANES of the N K-edge via additional FDM simulations
which are shown in Fig. 4. Various configurations for N,
defects have been studied via DFT calculations predicting
that N, molecules on Vg should have a minimum energy
for an angle of 35° with respect to the ¢ axis of ZnO
(Ref. 14). Therefore, in Fig. 4 the experiment (black squares)
is compared to a FDM simulation using the FDMNES code
of a doubly charged nitrogen molecule (N,)>* (to assure a
bond length of 1.13 A) located on an Vo split interstitial,
(Nz)%;“, with an angle of 35° with respect to the ¢ axis (top
line in Fig. 4). The 7 * resonances of the experimental XANES
and respective simulation are in good qualitative agreement
as well as the size and shape in the energy range above
410 eV where the o*-shape resonance occurs. In addition,
simulations of a neutral interstitial N, molecule, (N»); (middle
line), parallel to the ¢ axis (bond length, 1.14 A), and a
free N, molecule (without the surrounding ZnO; lower line
in Fig. 4) of comparable bond length (1.15 A) are shown
in Fig. 4. The resulting bond length correlates well with the
charge state of the molecule and is known to shift the o *-shape
resonance towards higher energies for shorter bond lengths.?
All resulting spectra show the dominating 7* resonance as
observed in the experiment, which was used for normalization
here. It can be noted that the influence of the surrounding
crystal field on the w* resonance is weak and all simulated
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spectra exhibit very similar o *-shape resonances which only
differ by their respective fine structure while the (Nz)é+
configuration has the least pronounced fine structure, which
corresponds best to the experiment. Since this configuration
is also energetically favored by DFT simulations,'* for this
configuration the polarization-dependent XANES and thus
the resulting XLLD were calculated using the FDM and the
outcome is shown in Fig. 3 as lines. The comparison of
the polarization-dependent experimental XANES and XLD
at the N K-edge with the simulation of the (Nz)é+ under 35°,
which was predicted by DFT,'# agrees rather well around the
* resonance whereas in the region of the o *-shape resonance
the agreement is only satisfactory for the XANES while the
simulated XLD shows a clear negative signal above ~405 eV
in contrast to the experiment, where essentially zero XLD
is seen. However, a small distribution of the actual angle
with respect to the ¢ axis, a fluctuation of the actual bond
length associated with the charge state, may easily smear
out the spectral details seen in the XLD simulations. Note
in addition, that the experiment was carried out at 300 K while
the simulations correspond to 7 = 0 K properties. Therefore,
the comparison between the experiment and the simulations
suggest that (Nz)é+ under a finite angle of around 35° with
respect to the ¢ axis with some distribution of charge state
(and thus bond length) and orientation should be the dominant
N dopant species in this sample. No signatures corresponding
to atomic nitrogen are seen for this sample.

To promote the substitutional incorporation of N on O
lattice sites (No), another Co:ZnO:N sample was grown under
nitrogen-rich conditions (Ar:O,:N, = 10: 0.5 : 1). Figure 5
shows the measured XANES (a) and XLD (b) at the N K-edge
(solid symbols) in comparison to simulated XANES and XLD
No spectrum using the MTA (lines) as well as FPLAPW (open
symbols). First, it has to be noted that also in this sample the
predominat spectral feature is the m* resonance as already
observed for the oxygen-rich sample with less nitrogen in
Fig. 3, which is cut off here to highlight the fine structure at
higher photon energies. For the calculated spectra one N atom
was placed on an O site and relaxed as for the Zn K-edge of
ZnO with V. Both MTA and FPLAPW simulations reveal a
spectral shape similar to that of the O K-edge of pure ZnO
in Fig. 2. Comparable to the O K -edge, also at the N K-edge
the MTA simulations have a slightly better agreement with the
experimental data both for XANES and XLD if one disregards
the predominant 77* resonance in the experimental spectra. In
addition, the simulations were fitted to the amplitudes of the
experimental data, since only a small fraction of N is found to
be incorporated on O sites with the majority of N remaining
incorporated molecularly as indicated by a very pronounced
m* resonance visible in Fig. 5(a). The XLD spectra show
a good qualitative agreement between experiment and both
simulations, whereas comparable signatures are not visible in
the spectra of the Co:ZnO:N sample grown under oxygen-rich
conditions (Ar:0,:N, = 10: 0.7 : 0.3). Additional measure-
ments using the TEY on comparable samples, partially with
reduced Co content (not shown), exhibit XLD signatures which
are similar to the FY shown here. We therefore conclude that
the increase of the N, and a simultaneous reduction of the O,
partial pressure during preparation promotes the formation of
No which is in accordance with recent DFT simulations.!?
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FIG. 5. (Color online) (a) Experimental XANES at the N K -edge
for the film grown with Ar:0,:N, = 10: 0.5 : 1 (solid symbols) and
simulated spectra of substitutional incorporation of N on O lattice sites
(No). Simulations were performed with MTA (lines) and FPLAPW
(open symbols). (b) Respective XLD spectra.

However, both XANES and XLD are still indicative of
a predominant fraction of Nj split interstitials which we
tentatively ascribe to the lower cracking efficiency for Nj
during the reactive magnetron sputtering process compared to
O,. Since the formation of N split interstitials is not supportive
of p-type doping of ZnO, the resulting electric and magnetic
properties of these Co:ZnO:N samples are beyond the scope
of this work, which focuses on the actual incorporation of the
N into the ZnO host lattice, and will be discussed elsewhere.
It should be briefly noted that all samples, no matter if they
are N doped or not, are found to be highly resistive, with the
resistivity typically increasing with N doping (sheet resistance
up to ~200 G2). In addition, the temperature dependence of
the resistivity typically indicates hopping-type conductivity,*
presumably due to the columnar growth found for Co:ZnO
(Ref. 18), which complicates the ability to draw reliable
conclusions from Hall measurements.

IV. CONCLUSION

In conclusion, we have used XANES to prove that nitrogen
is incorporated within the ZnO lattice structure predominantly
in its molecular form as N, split interstitials. The associated
XLD is consistent with a preferential orientation of the N;
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molecules of 35° with respect to the ¢ axis as predicted by
DFT.'# Only at very low O, and very high N, partial pressures
is a small fraction of the nitrogen incorporated in its atomic
form on substitutional O sites (Np). Since only the latter
N dopant configuration holds some promise towards p-type
doping of ZnO, alternative strategies have to be found to
increase the fraction of N over the formation of N; split
interstitials. On the other hand, the coexistence of Nj split
interstitials and No enables the proper identification of the
individual features of both dopant species in XANES and in
XLD, which can serve as future reference for spectroscopic
investigations to optimize the N incorporation in ZnO samples.
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Especially the XLD signatures at the N K -edge in comparison
to the O K-edge are of great value in properly identifying the
actual dopant species in a given specimen.
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