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In a recent article, Teklemichael et al. reported on the identification of an uncompensated acceptor
in ZnO nanocrystals using infrared spectroscopy and electron paramagnetic resonance (EPR) in the
dark and under illumination. Most of their conclusions, interpretations, and suggestions turned out
to be erroneous. The observed EPR signals were interpreted to originate from axial and nonaxial
VZn-H defects. We show that the given interpretation of the EPR results is based on
misinterpretations of EPR spectra arising from defects in nanocrystals. The explanation of the
infrared absorption lines is in conflict with recent results of valence band ordering and valence
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773524]
band splitting. V
Bulk material, epitaxial layers, and nanostructures of
zinc oxide (ZnO) have attracted great attention over the past
decades due to their potential for the realization of optoelectronic, spintronics, and sensor devices.1–3 Therefore, it is
very important to realize the controllable growth of ZnO
structures and to investigate their electronic and optical properties, which are extremely sensitive to defects and impurities that have localized electronic states with energy levels
in the band gap. Especially, for a resolution of the so-called
p-type problem in ZnO (Ref. 4), a deeper insight into the nature of acceptor centers in ZnO and elaboration on techniques for improving p-type impurity incorporation are
required.
Recently, Teklemichael, Hlaing Oo, McCluskey et al.5
(THC) reported on the identification of an uncompensated
acceptor in ZnO nanocrystals using infrared (IR) spectroscopy and electron paramagnetic resonance (EPR). IR absorption measurements at low temperatures suggest a hydrogenic
acceptor with a hole binding energy of 0.4–0.5 eV. By EPR
measurements in the dark, they found a resonance at
g ¼ 2.003, which was attributed to an acceptor involving a
zinc vacancy. After illumination of the sample, additional
signals at g ¼ 2.013 and near g ¼ 2.003 occur, which are
attributed to nonaxial and axial VZn-H complexes, respectively. Among other acceptor-like lines, such VZn-H complexes were recently proved by Kappers et al.6 and Evans
et al.7 in electron-irradiated ZnO crystals. Based on these
observations, THC5 speculated on the nature of the hydrogenic acceptor.
We have some serious comments on their analysis of the
observed EPR spectra and especially on their conclusions
that the EPR spectra observed after illumination originate
from axial and nonaxial vacancy-hydrogen (VZn-H) pairs in
the ZnO nanocrystals. EPR studies have been proven to be
most useful for the electronic and geometric characterization
of defects in semiconductors. In many cases, also the chemical identity of the studied defects can unambiguously be
identified through the observation of a characteristic hyperfine interaction. However, the analysis of EPR spectra of
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nanocrystals requires special carefulness, because a random
distribution of the orientation of the axes of the nanocrystals
has to be taken into account which hinders a direct comparison and unique assignment to EPR spectra of single crystals.
We show by computer simulations that the observed spectra
cannot arise from (VZn-H) pair defects. Therefore, the given
discussion of the apparent connection between the hydrogenic acceptor detected by IR measurements and the defects
observed by EPR with and without illumination, as well as
the nature of the acceptor, is based on erroneous
assumptions.
The spectra of the axial and nonaxial singly ionized zinc

) in ZnO can be described by the spin Hamiltovacancy (VZn
8
nian (SH)
H ¼ lB SgB;

(1)

with S ¼ 1/2. EPR investigations show that the hole is
located on one of the four adjacent single oxygen neighbors
O2 which form a nearly regular tetrahedron. This gives rise
to two distinct versions of the negatively charged zinc va
), which are easily distinguished by the different
cancy (VZn
angular dependencies of their line positions. The vacancy
having the hole localized on the oxygen neighbor located
along the c axis is referred to as the axial center, while a vacancy having the hole localized on one of the three basal oxygen neighbors of the (0001) face is referred to as a nonaxial
center. These three nonaxial defects have monoclinic C1h
symmetry and the g-matrix of each defect is described by
three different principal values, whereas the axial defects
have C3V symmetry and the g-matrix can be described by the
two principal values gk and g?. Using the magnitudes and
principal axes of the g-matrix determined by several
authors,8–11 we have calculated the angular dependencies of
the axial and nonaxial defects. We note that the small differences in the published values8–11 are not relevant for the following considerations. For the spectra presented in Figs. 1
and 2, we used the parameters given by Galland and Herve:8
(1) gk ¼ 2.0024 and g? ¼ 2.0193 for the axial centers and (2)
gxx ¼ 2.0173, gyy ¼ 2.0183, gzz ¼ 2.0028, and a ¼110.75
for the non-axial centers. Here, the z- and x-axes are located
in a {1120} reflection symmetry plane and a is the angle
between the z- and c-axes. The resulting X-band line
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FIG. 2. Simulated total EPR powder-spectrum (blue solid line) of defects in
ZnO at 9.38 GHz including the axial and nonaxial configuration of the nega
) (blue dashed line), the shallow donor sigtively charged zinc vacancy (VZn
nal (blue dotted line), and a small contribution of residual Mn2þ (green solid
line) as well as a nearly isotropic line with g ¼ 2.013 (red solid line). (The
spectra are shifted vertically for clarity.)

FIG. 1. EPR line positions and powder-spectra of the axial (blue solid line)
and nonaxial (green lines) configuration of the negatively charged zinc va
) in ZnO at 9.47826 GHz, including the signal from the singly
cancy (VZn
ionized oxygen vacancy ðV0þ Þ (blue dashed line): (a) The magnetic field is
rotated by the angle theta around the ½1
210- and ½10
10-axes perpendicular
to the c-axis (dashed and dotted lines, respectively). To reveal the six magnetically inequivalent nonaxial sites, a misorientation of the given rotation
axis of 0.5 was assumed. (b) Calculation of the powder-like total spectrum

sum spectrum (red dashed line) and V0þ
(red solid line) consisting of the VZn
spectrum (blue dashed line). (The spectra are shifted vertically for clarity.)

positions are shown for the axial and nonaxial defects in Fig.
1 for rotations around (a) the c-axis and (b) the ½1210- and
½1010- axes perpendicular to the c-axis. Because there are
two cation sites separated by a 180 rotation around c in the
unit cell of a hexagonal crystal, there is a total of six magnetically inequivalent sites for these nonaxial defects and therefore six different line positions for arbitrary directions of the
magnetic field, which fall partly together for selected rotation planes.
For the calculation of the zinc vacancy spectra in ZnO
powder, a random distribution of the orientation of the axes
of the nanocrystals has to be taken into account. This was
done by integration of the EPR lines for the different center
orientations over the full space angle. Using the EasySpin
software package,12 we solved the SH (1) by exact diagonalization for the axial and nonaxial centers for the two cation
sites in the wurtzite structure. The EPR spectra for the axial
and nonaxial defects as well as the sum spectrum resulting
from the weighted sum of both spectra are shown in Fig.
1(b), exhibiting the typical lineshape for defects with anisotropic g-values in powder-like materials. For the calculation

of the presented sum spectra, we assume that the ratio of the
axial to nonaxial paramagnetic defects is given by the ratio
1:3 (2:6) of the corresponding lattice sites. This assumption
requires that the capture of a hole at the four surrounding oxygen ions occurs with equal probability. In reality, trapping
of the hole on basal oxygen is energetically favored as compared to the axial configuration with the defect axis z along
the c-axis of the crystal. Additionally, one has to consider
that due to the illumination of the samples, there is a competition between the trapping of the holes and the temperature
dependent depopulation of the axial defects. Therefore, the
resulting relative intensity between both spectra is determined by the achieved steady-state population of the two
types of defects, which depends on the temperature and on
the intensity of the illumination.
However, deviations of the used 1:3 ratio cause only
changes of the lineshape and lineposition of the low-field
line (see Fig. 1(b)) which hardly affect the following considerations. To simplify a direct comparison with the published
results,6,7 the presented total spectrum includes in addition
the contribution13 of the singly ionized oxygen vacancy
ðV0þ Þ. However, THC5 assigned the EPR spectra of the
investigated nanocrystals not to isolated zinc vacancies but
to ones having an OH ion at an adjacent oxygen site. As
mentioned above, such defects were recently detected by
Kappers et al.6 and Evans et al.7 in electron-irradiated ZnO
bulk crystals. They found two doublets labeled as centers D
and E in (Ref. 7) very close to the isolated axial and nonaxial
singly ionized zinc vacancy, respectively. According to the
given interpretation, the center D has the unpaired spin localized on the axial neighbor with the OH ion at one of the
three neighboring nonaxial oxygen sites, while the center E
has the unpaired spin localized on one of the three nonaxial
neighbors with the OH ion at one of the other two nonaxial
oxygen sites or at the axial oxygen site. Unfortunately, neither the principal g-values of the centers D and E nor spectra
for other magnetic field directions except Bkc were given in
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both papers. However, from the small changes of the line
positions shown in Fig. 1 (Ref. 7) and Fig. 5 (Ref. 6) for Bkc
and the observed small changes of the g-values10 for the non
: Zn0i ), we
axial zinc vacancy adjacent to interstitial Zn0i (VZn
can assume that the additional association of hydrogen to the
defects will hardly change the principal values. Therefore, a
quite similar spectrum as shown in Fig. 1 with marginally
shifted line positions will be obtained for these (VZn-H)
defects in nanocrystals. To simplify the comparison with
Fig. 3 in Ref. 5, we present in Fig. 2 the corresponding spectrum for a microwave frequency f ¼ 9.38 GHz and a larger
magnetic field region as used in Ref. 5. In addition, we
include contributions of the shallow donor resonance13 with
g ’ 1.956 and small lines due to residual Mn2þ (S ¼ 5/2,
I ¼ 5/2) impurities in the core of the nanocrystals14 to the
total spectrum.
Comparing Fig. 2 with Fig. 1 in Ref. 5, it is evident
from the differences in the line positions and the line shapes
that the observed lines in Ref. 5 can never be attributed to
the axial and nonaxial VZn-H defects. As corresponding simulations with the parameter given in Ref. 10 reveal, also the
 
Þ2 can be excluded. The line shapes for the
bi-vacancy ðVZn
resonances at g ¼ 2.003 and g ¼ 2.013 indicate that both
resonances are caused by defects with isotropic or at least
nearly isotropic g-values. The line with g ¼ 2.013, which is
observed only after illumination with a xenon lamp and
which is misleadingly assigned to nonaxial, paramagnetic

 H þ defects,5 is probably caused by a photosensitive
VZn
impurity. From the g-value and the behavior under light at
T ¼ 77 K, it is consistent with the main signal originates by
Pb3þ,15 which is a common impurity in ZnO powder.
Direct evidence of Pb3þ impurities can be obtained by
more sophisticated EPR measurements, because the main
signal at g ¼ 2.013 caused by the zero-spin Pb-isotopes
204,206,208
Pb is accompanied by two weaker signals15 originate from the isotope 207Pb with I ¼ 1=2 and the natural abundance of 21.1%. For a microwave frequency of 9.38 GHz,
these transitions are placed at 5205 G and 18206 G, originating from the (F ¼ 1, mF ¼ 1) $ (F ¼ 1, mF ¼ 0) and (F ¼ 1,
mF ¼ 0) $ (F ¼ 1, mF ¼ þ1) transitions, respectively.16 The
line with the isotropic spin-only g-value g ¼ 2.003 suggests
as origin a residual impurity with an S ground state and without or small hyperfine splitting, too. However, missing data
about the conditions of the EPR measurements prevent us
from making more complete consideration. It should be
noted here that for a reliable interpretation, more detailed
EPR investigations connected with measurements at low
temperatures are necessary. Furthermore, the authors should
provide evidence that this line is related neither to the basic
cavity line nor to light-induced centers caused in the quartz
Dewar and tubes used for the EPR measurements by the illumination of the samples with the xenon lamp.
From the discussion given above, it is clear that the
observed lines cannot be assigned to VZn-H defects as stated
by THC.5 In addition, we remark that also the claimed production of new defects at g ¼ 2.003 under illumination follows not stringently from the presented data. Figs. 3(a) and
3(b) in Ref. 5 show that not only the intensity of the line at
g ¼ 2.003 but also the intensity of the shallow donor line
increases under illumination approximately by the same fac-
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tor. For a sound analysis of this behavior, it is required that
light-induced changes of the sample conductivity and a possible partial desaturation of both signals can be ruled out or
taken into account by calibration of the spectrometer sensitivity and power-dependent measurements of the signal
intensities, respectively. There again, the observed lightinduced increase of the intensity of both lines can also be
connected with the same recharging ratio of both defects and
must not be solely connected with the production of other
ones.
Concerning the interpretation of the observed five
strongest IR absorption peaks, we restrict ourselves to a few
remarks. The observed five main absorption peaks were
assigned without detailed analysis to the transitions to the
excited states of a hydrogenic acceptor with holes originating
from the A and B valence bands and assuming the valence
band ordering given by Reynolds et al.17 with the topmost A
valence band with C9 symmetry. The measured offset of
15 meV between the two line sets is identified as the energy
separation between the A and B excitons reported to be
15 meV at low temperature.18 However, recent magnetooptical studies confirmed the originally proposed valence
band ordering by Thomas and Hopfield19 that the uppermost
A valence band possesses C7 symmetry20 in contrast to most
II-VI wurtzite structures. In addition, the valence band splitting DAB is around 4.5 meV.21,22 There are some doubts that
the stress existing in nanocrystals with an average diameter
of 20 nm can reverse the valence band ordering and change
the value of DAB to 15 meV.
In summary, we have demonstrated by numerical calculations and advanced considerations that the observed EPR
spectra in ZnO nanocrystals presented by THC5 cannot be
attributed to the axial and nonaxial zinc vacancy associate
with hydrogen (VZn-H). The observed spectra are probably
caused by unknown impurities with nearly isotropic gvalues. Also, the implied connection of the observed EPR
lines with the assumed hydrogenic acceptor found by IR
absorption measurements is untenable. In addition, the explanation of the IR absorption lines is in conflict with recent
results of valence band ordering and valence band splitting.
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