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Electron paramagnetic resonance and photo-electron paramagnetic
resonance investigation on the recharging of the substitutional nitrogen
acceptor in ZnO
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'Physikalisches Institut, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 16, 35392 Giessen, Germany
*Department of Physics, Chemistry, and Biology, Linkoping University, 581 83 Linkdping, Sweden

(Received 2 October 2012; accepted 17 October 2012; published online 21 November 2012)

We investigated the substitutional nitrogen center in ZnO single crystals by electron paramagnetic
resonance (EPR) and photo-EPR spectroscopy. Aside the three principle hyperfine lines due to the
interaction of the N° (2p5) electron spin with the nitrogen nucleus (I=1, natural abundance
99.6%), we identify additional satellite lines which arise from Amg=*1 and Am;==*1, =2
transitions becoming allowed due to quadrupole interaction. The quadrupole coupling constant
¢?qQ/h is determined to —5.9 MHz with an asymmetry parameter of 5 =0.05. These values are
somewhat different from those obtained for the nitrogen center in ZnO powders, but are closer to
the theoretical calculations of Gallino et al. We further carefully investigated the photon induced
recharging of the N centers. We determine the energy hv required for the process No~ +hv —
No’+ee to 2.1 =0.05¢eV, the dependence of the EPR signal intensity on the illumination time
shows a mono-exponential behavior which gives evidence that a direct ionization process is

monitored. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765729]

. INTRODUCTION

A straight forward approach to incorporate acceptors
into ZnO could be to test the doping of the group V elements
of the periodic table. The group V elements might substitute
an oxygen lattice-site and thus act as acceptors. Considering
the ionic radii, nitrogen comes closest to oxygen and thus
seems to be the most promising candidate. Indeed isolated
nitrogen acceptors (Np) were identified by electron paramag-
netic resonance (EPR) spectroscopy.'™ The EPR signals of
the isolated nitrogen centers were first observed in nominally
undoped ZnO single crystals and later also in ammonia
treated ZnO powders.“’5 To our knowledge, the isolated
nitrogen acceptors were never observed in intentionally
doped epitaxial films or single crystals, although evidence
for the presence of high concentrations of nitrogen was
obtained by other characterization methods.®™®

For the EPR experiments on the N centers the samples
had to be illuminated by light to convert them to the para-
magnetic charge state (N°).'~ This illumination was needed
because residual shallow donors were present in the samples
causing the nitrogen centers to be in the negative EPR inac-
tive charge state (N 7). It was noticed that photon energies of
about 2.4 eV were already sufficient to carry out this conver-
sion process and in comparison to the band gap energy of
3.4 eV it might give already a hint that isolated nitrogen is a
deep level center, rather than being a shallow acceptor. A
level position of approximately 1 eV above the valence band
would rule out nitrogen making an efficient p-type dopant.

However, the recharging of the nitrogen center might be
induced by indirect processes caused by other intrinsic or
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extrinsic defects in the samples. For example, it is quite
common to observe sub-band gap absorption in ZnO starting
at energies of about 2eV, this is related to the yellowish
appearance of some crystals. The microscopic origin is not
always clear, plasmon-absorption due to Zn-nano-droplets
are discussed as well as the absorption due to intrinsic
centers or impurities.’

This situation was our motivation to examine the
recharging behavior of the substitutional nitrogen in ZnO in
more detail by photo-EPR investigations in the spectral
range from 0.7eV up to 3.4eV. We determine the energy hv
required for the process No +hv — No’+ew to
2.1 £0.05eV. The dependence of the EPR signal intensity
on the illumination time shows a mono-exponential behavior
which gives evidence that a direct process is monitored.
These results give strong evidence that the isolated nitrogen
acceptors are deep level defects and cannot be responsible
for the occasionally observed p-type conductivity of some
ZnO samples. Similar conclusions were recently drawn from
optical experiments and theoretical calculations.>'%!!

Il. EXPERIMENTAL DETAILS

For our experiments, we used pieces of standard com-
mercial ZnO wafers supplied by Eagle Picher Co. (Miami).
The crystals were grown by the seeded chemical vapor
transport and had a slight yellow coloration. They were
n-type conducting with a carrier concentration of about
8 x 10" cm 2. The samples were irradiated with 3.8 MeV
electrons with a dose of 2 x 10'"®cm™2. Such procedure is
known to reduce the carrier concentration,z’3 in our case to
n ~ 5x10™em ™ as determined by Hall measurements
at room temperature. The total concentration of nitrogen
in the crystals was obtained from secondary ion mass

© 2012 American Institute of Physics
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spectroscopy to N=(4 +2)x 10"®cm™>. Thus the total
concentration of nitrogen is much higher than the concen-
tration of substitutional nitrogen centers observable by EPR
(~5 x 10" cm™?). The EPR measurements were carried out
with a Bruker ESP 900 spectrometer operating at 9 GHz
equipped with an Oxford He-flow cryostat and a microwave
resonator allowing optical access to the sample. For the illu-
mination, a high pressure mercury lamp was used and the
wavelength selection was done by inserting appropriate
band pass filters with a half width of less than 25 nm in the
optical path. Also neutral density filters were used to pro-
vide the same light intensity for the complete wavelength
range. All EPR measurements were done at a temperature
of about 5K and at low microwave powers to avoid satura-
tion effects of the signal.

lll. EPR ANALYSIS

To analyze the EPR spectra, the following Spin-
Hamilton operator:

H = uBgS + SAI + 101 — gnuyBI (1)

was used.” The first term denotes the Zeeman energy of the
electron spin S in the static magnetic field B; the second
term describes the hyperfine interaction A with the nitrogen
nucleus (I=1, 99.6% natural abundance); the third term
accounts for a quadrupole interaction Q arising for nuclei
with spin I>1/ from the interaction with an electric field
gradient at the site of the nucleus, the last term gives the nu-
clear Zeeman energy. For the nitrogen center considered
here, the electron g-tensor reduces to two g-values, parallel
(g)) and perpendicular (g,) to the crystallographic c-axis
of the ZnO crystal. We also give the hyperfine interaction
constants (A, A ) with respect to this axis to allow for an
easy comparison to the published data.'*? Ajand A can be
expressed in terms of an isotropic part a (Fermi-contact inter-
action) and an anisotropic part b, by Aj=a+2b, and
A, =a-b.

The nuclear quadrupole tensor Q is related to the
quadrupole coupling constant K:equ/(4(I(21-1))) by
Qx =—K( —1), Qy=—K(1 +7), and Q,=2K, with 5 the
asymmetry parameter. All other symbols in Eq. (1) have
their usual meaning.

A typical EPR spectrum of the N-center is shown in
Fig. 1. The three principle lines labeled N1 to N3 are due to
the hyperfine splitting with the central nitrogen nucleus nu-
clear spin I =1 with an abundance of 99.6%. These signals
represent the allowed EPR transitions which obey the usual
selection rules Amg= *1 and Am;=0. The magnetic field
positions of these signals change upon rotation of the sample
with respect to the static magnetic field B (Fig. 2). From the
angular dependence, we analyze the hyperfine interaction
and the g-values and obtain g, =1.963 and g =1.995, and
A, =85MHz and A =81.1 MHz. These values are within
the experimental accuracy in very good agreement to previ-
ous studies and theoretical calculations,l’z’5 thus there is no
doubt that all research groups investigate the same defect.
The full analysis of the Spin-Hamiltonian parameters in the
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FIG. 1. 9 GHz EPR spectrum of the substitutional nitrogen centers in ZnO.
The allowed hyperfine transitions due to the interaction with the N nucleus
(I=1, 99.6% natural abundance) are labeled N1, N2, and N3. The weaker
transitions V11 to V32 become observable due to additional nuclear quadru-
pole interaction.

wurtzite symmetry of ZnO requires measuring the EPR reso-
nance signals in the plane perpendicular to the crystal c-axis.
In this orientation, we find an isotropic signal with g=1.966
and a hyperfine coupling constant of A =10.2MHz. The
Spin-Hamilton parameters were obtained by fitting the angu-
lar dependent EPR data with Eq. (1) using Easy-Spin.'?

For the three intense hyperfine lines (N1 to N3), one
would expect that they are of equal height, which is clearly
not the case in the spectrum of Fig. 1. The reason is that this
spectrum was taken at a rather high microwave power which
induces saturation effects. In the following, we investigated
the tiny resonances in between N1 to N3 in more detail.
We label these six lines with “v” (verboten: forbidden), to
indicate that these resonances appear due to Amg= *=1 and
Amy= *1, *2 transitions, thus violating the “usual” selec-
tion rules. A scheme to illustrate the appearance of these
lines is given in Fig. 3. It also shows that the appearance of
the v-resonances allows determining the parameters of the
quadrupole interaction term (the lines were also observed in
the measurements with the crystal plane perpendicular to the
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FIG. 2. EPR resonance positions of the substitutional nitrogen center in ZnO
for rotating the crystal c-axis from orientations || to L in respect to the exter-
nal static magnetic field. The drawn lines represent simulations with the best
fitting parameters.
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FIG. 3. Scheme to illustrate the appearance of the resonances labeled V in
Figure 1, they arise from Amg=*1 and Am;= =1 (dashed arrows), *2
(dotted arrows) transitions becoming allowed due to quadrupole interaction.

c-axis). We obtain for the quadrupole coupling constant
¢?qQ/h = —5.9 MHz and the asymmetry parameter 1 = 0.05.

These values are comparable to le’qQ/hl = 5.3 MHz and
n=0.2 reported for the nitrogen centers in ZnO powder and
6.1 MHz and # =0.00 obtained from the density functional
calculation presented in the same paper.’ Especially, the
asymmetry parameter 7 determined from our experiments is
closer to the one predicted by the calculations. It may indi-
cate that the granular structure of the powders introduces
additional electrical field components at the position of the
N-nucleus, and/or that N in the ZnO powders is located in
surface near positions. However, as mentioned in Ref. 5 the
investigations yield that the spin density of N” in ZnO is
located by more than 95% in a p-type orbital.

IV. PHOTO-EPR

From the technological as well as scientific point of
view, it is very important to decide whether nitrogen forms a
shallow or a deep acceptor in ZnO. Therefore, we investi-
gated the wavelength dependent creation process of the
nitrogen EPR signal. For each measurement at a given spe-
cific wavelength, the sample was cooled down from room
temperature to 4 K in dark to have the same initial condition
for each measurement in order to avoid effects of ambient
light and photon induced recharging from previous measure-
ments. Furthermore, the EPR signal intensities obtained by
those measurements have to be corrected due to the fact that
the optical absorption of the sample is also wavelength de-
pendent, as described by Godlewski.'* Since the EPR inten-
sity is proportional to the square root of the light intensity,
the correction factor /1 —exp(—od) is introduced. The
values of ad were obtained by optical transmittance and
reflectance measurements on our samples. Figure 4 shows
the spectral dependence of the EPR intensity of the paramag-
netic nitrogen center. One can see that the threshold energy
to convert the nitrogen center into its paramagnetic charge
state is 1.95eV. In order to determine the ionization cross
section, the data were analyzed by the following equations:'?

J. Appl. Phys. 112, 103511 (2012)
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FIG. 4. Intensity of the EPR spectrum of the N center upon illumination of
the sample with photon energies between 1.8eV and 3.5eV (full squares).
The drawn line was calculated according to Egs. (2) and (3). Inset: Time de-
pendence of the N acceptor EPR signal intensity after switching on the
light source. The linear slope indicates a mono-exponential process, i.e., a
direct recharging process.

O-e/(Eopta hV) ~NT 3 ()

here g, denotes the optical cross section, ho the photon
energy, and E,p the optical ionization energy. Taking elec-
tron phonon-interaction into account one obtains

) O I
ao(hv) = ﬁj , e 0o(Egp,hv +T) <1 + hu) dz  (3)

with

hv = Eyy

p=—r" 0

where I' describes the broadening of the photo transition
absorption band at elevated temperatures

r—“

o[ 2By = Enhocih ( ;]:: OT) . ®)
The dependence of the experimental data on the photon
energy (Fig. 4) is well reproduced by the parameters E,p, = 2.1
*£0.05eVand I'=0.26 £ 0.05eV (full line in Fig. 4).

Further information on the recharging behavior of the
defect can be obtained by its time dependency. In these
experiments, the magnetic field position is held at a constant
value and the EPR signal intensity is monitored as a function
of the time. Such measurement is shown in the inset of
Figure 4. The time at which the UV light was switched on is
marked by the arrow. One can clearly see the linear behavior
of the slope, what corresponds to a mono-exponential behav-
ior, since the data are plotted on a logarithmic scale. Such
a mono-exponential behavior indicates a direct charging
process of the nitrogen center from its non-paramagnetic
state into the paramagnetic one.

In a next step, we tried to measure the optical transition
to the valence band. To achieve this, an EPR experiment at
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4K was performed in which the sample was illuminated first
with 325 nm light of a high pressure mercury lamp with a
band pass filter to create the paramagnetic nitrogen center.
Simultaneously light with wavelengths ranging from 980 nm
to 660 nm of various laser diodes was coupled into the sam-
ple to lift an electron from the valence band to the defect,
which should quench the EPR signal. Unfortunately, it was
not possible to observe such quenching of the EPR signal. A
possible explanation for such behavior would be a consider-
able smaller cross-section for this process compared to the
electron transfer to the conduction band.

Recently, Tarun et al.'' performed a comprehensive
study on ZnO crystals containing nitrogen-hydrogen com-
plexes which were monitored by infrared absorption line at
3148 cm ' (Refs. 11 and 14). Upon annealing at temperatures
above 775°C, these centers dissociated into their fragments
and a broad photoluminescence band at 1.7eV (energy of its
intensity maximum at room temperature) showed up in line
with this process. For the onset of excitation of the 1.7eV
emission band, an energy of 2.2eV was determined. It corre-
sponds to the onset of the No~ +hv — No’ +ew process
for which we determined here 2.1 = 0.05eV from the photo-
EPR experiments.

In addition, also first-principle computations using
hybrid functionals performed by Lyons, Janotti, and Van de
Walle support the deep level character of the nitrogen
center."” Their calculations show that the Ng is a deep
acceptor with the (0/-) level 1.3 eV above valence band max-
imum. Optical absorption and emission energies of 2.4 and
1.7eV, respectively, were estimated from a configuration-
coordinate diagram analysis. The total Frank-Condon shift
(absorption and emission) of 0.7eV is due to large lattice
relaxation. The experimental values for the onset of the
absorption process determined here and in Ref. 11 are some-
what smaller (~2.1-2.2eV) and adopting the relaxation
energy given in Ref. 15 of around 0.3eV, we estimate the
level position at E,, + 1.6eV.

J. Appl. Phys. 112, 103511 (2012)

V. SUMMARY

In summary, our EPR and photo-EPR experiments
clearly show that the N defect in ZnO is a deep acceptor
and therefore can hardly account for the p-type conductivity
occasionally observed in the material. The results are in
accordance to the results obtained earlier from experiments
using optical spectroscopy and theoretical considerations.
Thus the p-type conductivity of nitrogen doped ZnO is likely
to be caused by more complex species. Nitrogen pair forma-
tion was recently considered,'® but demands experimental
verification by structure sensitive methods.
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