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High-quality single crystals of ZnO in the as-grown and N+ ion-implanted states have been investigated
using a combination of three experimental techniques—namely, positron lifetime/slow positron implantation
spectroscopy accompanied by theoretical calculations of the positron lifetime for selected defects, temperature-
dependent Hall �TDH� measurements, and deep level transient spectroscopy �DLTS�. The positron lifetime in
bulk ZnO is measured to be �151±2� ps and that for positrons trapped in defects �257±2� ps. On the basis of
theoretical calculations the latter is attributed to Zn+O divacancies, existing in the sample in neutral charge
state, and not to the Zn vacancy proposed in previous experimental work. Their concentration is estimated to
be 3.7�1017 cm−3. From TDH measurements the existence of negatively charged intrinsic defects acting as
compensating acceptors is concluded which are invisible to positrons—maybe interstitial oxygen. This view is
supported from TDH results in combination with DLTS which revealed the creation of the defect E1, and an
increase in concentration of the defect E3 after N+ ion implantation, and peculiarities in the observation of the
defect E4.
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I. INTRODUCTION

Zinc oxide �ZnO�, a wide band gap ��3.4 eV at 300 K�
semiconductor material, is presently receiving worldwide at-
tention because of fundamental advantages over GaN in the
quest for blue/UV light emitters and detectors, as well as
high-speed, high-power, high-temperature, and high-
irradiation environment electronic devices.1,2 Several poten-
tial applications require the preparation of ZnO as a thin film
or nanowire on monocrystalline substrates such as ZnO,
GaN, Si, or sapphire. Although nominally undoped ZnO is
already n-type conducting and its resistivity can be decreased
down to about 10−4 � cm by doping with Ga or Al,2,3 repro-
ducible p doping is still an unsolved problem. The existence
and role of native point defects regarding conductivity type
and other properties of ZnO has been extensively discussed
from a theoretical point of view.4–6 Engineering of the opti-
cal band gap of ZnO has been demonstrated, i.e., by shifting
to higher or lower values by alloying with MgO �Refs. 7–9�
or CdO �Refs. 10 and 11�, respectively. It is certain that all
types of applications rely on a full understanding of the role
of lattice defects, which largely control the optical and elec-
trical properties of semiconductors, and provision of high-
quality bulk material and films. Both needs are not yet
achieved, but there is rapid development in these fields.

Positron annihilation spectroscopy �PAS�,12,13 especially
in the form of slow positron implantation spectroscopy

�SPIS� using monoenergetic positrons,14 is now a well-
established tool for the study of electronic and defect prop-
erties of bulk solids and thin films. Early studies15 of nomi-
nally pure ZnO single crystals revealed a positron lifetime of
�169±2� ps, interpreted as the bulk positron lifetime �b, and
a longer lifetime of �203±3� ps characterizing “some
vacancy-type defect.”

A few other early PAS studies of ZnO bulk materials have
already been published and are cited and discussed in con-
nection with systematic studies of electron and proton irra-
diation of nominally pure ZnO followed by isochronal
annealing.16,17 As expected, due to the variety of possible
defects in compound semiconductors, and further compli-
cated by the fact that native defects may exist on both sub-
lattices and in different charge states, the interpretation of
experimental results is not trivial. These investigations may
be summarized as follows: �b varies with sample origin,
pointing to the influence of grown-in defects which depend
on the method of growth. After electron or proton irradiation,
three distinct annealing stages were observed18 at about 200,
500, and 750 °C, in agreement with other studies. After an-
nealing at 1150 °C all radiation-induced defects are found to
be annealed out. It was concluded later that the annealing
stage at 500–550 °C is most probably connected to the
negatively charged Zn vacancy.19

Another study20 of as-grown and electron irradiated ZnO
revealed a longer lifetime at low temperatures of
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�265±25� ps in the as-grown and of �230±10� ps in the
electron-irradiated sample. Within uncertainties both long
lifetimes were interpreted to be characteristic of the same
open volume defect, i.e., the doubly negatively charged zinc
vacancy. Further studies21,22 of electron irradiation and sub-
sequent annealing of ZnO are based on the previous
interpretation20 of results, in particular having a bulk lifetime
of 170 ps at 300 K.

A recent SPIS study23 of bulk and epitaxial ZnO shows
the influence of deposition temperature �570, 630, 800 °C�
on both the ZnO film and the substrate, although the authors
do not pay attention to the latter fact when discussing their
results. Observed changes in ZnO film properties are argued
to be connected with the neutral or negatively charged Zn
vacancy. This discussion is, however, inconsistent with ear-
lier results that show annealing of this defect at about
500 °C �Refs. 16–18�, and no reference is made to the an-
nealing step at about 750 °C �Refs. 16–18� visible in the
experimental data.23

Another recent SPIS study deals with the characterization
of undoped ZnO single crystals, implanted with Al+ ions at
various fluences and then annealed at various temperatures
up to 900 °C, by positron lifetime and Doppler broadening
measurements.24 Interestingly, results of a rather pragmatic
positron lifetime calculation are presented. A bulk lifetime of
�b�158 ps is found, and the lifetime representing positron
annihilation at the Zn vacancy is given as �188 ps. In addi-
tion, the lifetime representing positron annihilation at the
Zn+O divacancy and multiples of it are considered.

In theoretical calculations25 of positron lifetimes in MgO
and ZnO two different approaches to electron-positron cor-
relations have been used. In the case of ZnO this results in
values of 144 and 153 ps for the bulk lifetime and 200 and
217 ps for the Zn vacancy lifetime. In addition, experimental
values of 153 ps �bulk� and 202 ps �Zn vacancy� are reported
for specimens prepared by sintering ultrahigh purity ZnO
powder. To our knowledge, no theoretical calculations of the
positron-related defect properties of ZnO which would in-
clude lattice relaxations around defects have been published.

Another work26 performed recently on differently sintered
polycrystalline ZnO powders reports three positron lifetime
components, attributing the shortest ��1�145 ps� to the free
annihilation of positrons. The intermediate component �2
��300–340 ps� is attributed to defect sites representing the
clustering of Zn vacancies, and the low-intensity long com-
ponent �3 �1–2 ns� to pick-off annihilation from ortho-
positronium which may form in the large open volume
among grains.

Temperature-dependent Hall effect �TDH� measurements
and deep level transient spectroscopy �DLTS� yield informa-
tion about dominant donors �thermal activation energy, den-
sity� and scattering mechanisms �density of compensating
acceptors�, or about the thermal activation energy, concentra-
tion, and capture cross-section of energetically deep defects
in the band gap, respectively.

Comprehensive studies of the electrical properties of ZnO
single crystals grown by seeded chemical vapor transport, by
pressurized melt growth, the hydrothermal method, and ZnO
thin films grown by pulsed laser deposition on sapphire sub-
strates can be found, e.g., in Refs. 27–29. The dominant do-

nors have thermal activation energies in the wide range be-
tween about 20 and about 370 meV, though the latter are
only found in highly compensated samples grown by the
hydrothermal method. Defect levels with thermal activation
energies of about 35, 51, and about 65 meV have tentatively
been attributed to interstitial hydrogen �Hi�, or interstitial
zinc atoms �Zni�, or effective mass donors like Al atoms
replacing Zn �AlZn�.

The effect of thermal treatment in different atmospheres
on the electrical properties shows1,30,31 that the shallow do-
nor �Hi� can be driven out of the crystal during annealing.1,32

If the annealing is carried out in a deuterium atmosphere it is
found that acceptors are compensated by the introduction of
a shallow donor state with a thermal activation energy of
about 36 meV.30 Furthermore, annealing in vacuum at about
650 K may cause the formation of a degenerate layer at the
surface of ZnO that hinders the accurate determination of the
electrical properties of the bulk.31

Deep levels that have been observed in state-of-the-art
substrate material are the defects E1, E2, E3, and E4 having
thermal activation energies of about 120, 100, 300, or
540 meV, respectively.27–29,33 The few reports concerning
the introduction of deep electron traps in ZnO by proton
implantation or �-particle irradiation commonly show the
formation of a defect with similar thermal activation energy
as E4 �Refs. 34–36� and another deeper defect lying about
0.9 eV below the conduction band.35,36 Using optical DLTS
the creation of a hole trap is observed,36 lying about
160 meV above the valence band maximum by proton im-
plantation.

In the present work, three different techniques—PAS/
SPIS, TDH, and DLTS—are employed to characterize ZnO
single crystals and their defect states. These three techniques
study materials from different viewpoints but, as demon-
strated here, when their results are taken together the cred-
ibility and reliability of interpretations arrived at are substan-
tially increased compared to the case when just one
technique is used.

We summarize briefly important features of the three
techniques in relation to defect studies. There are three as-
pects to be considered. First, defects connected with a free
volume �vacancies and related defects� can be detected using
PAS, in principle. Second, as for the position of the defect-
related energy level in the band gap of an n-type material,
the TDH method can be used to examine shallow donors
�i.e., donors having their corresponding levels close to the
conduction band edge� and all compensating acceptors. The
DLTS technique then enables us to study defects with corre-
sponding levels positioned deep in the band gap. The third
aspect is the charge state of defects. Neutral or negatively
charged defects are attractive for positrons while both the
TDH and DLTS techniques generally detect charged defects
only. Finally, it should be mentioned that there is no obvious
relation between the free volume of a defect and the position
of the corresponding energy level or the defect charge state.
This complicates making direct correlation between the re-
sults of PAS measurements and the other two techniques
employed.

The paper is organized as follows. In Sec. II experimental
details are given, Sec. III briefly describes methods used for
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structural relaxations and positron calculations for selected
defects, and in Sec. IV the experimental and theoretical re-
sults are presented and discussed. Conclusions are drawn in
Sec. V.

II. EXPERIMENTAL

Two high quality ZnO single crystals of dimensions 10
�10�0.3 mm3, grown using a pressurized melt growth ap-
proach, were supplied by Cermet, Inc. �Atlanta/GA�. Each
crystal had the Zn-face lapped and the O-face polished. For
the purpose of comparison, one crystal was given an addi-
tional refined chemical-mechanical polishing on both faces.37

Conventional positron lifetime spectroscopy �PLS� was
performed at Rossendorf with a time resolution �full width at
half maximum� of about 250 ps and accumulation of about
106 total counts in the spectrum.

SPIS measurements were carried out with the monoener-
getic positron beam38 “SPONSOR” at Rossendorf at which a
variation of the positron energy E from 30 eV to 36 keV
with a smallest step width of 50 eV, if required, is possible.
The energy resolution of the Ge detector at 511 keV is
�1.09±0.01� keV, resulting in a high sensitivity to changes in
material properties from surface to depth. About 106 events
per spectrum were accumulated.

The motion of the electron-positron pair prior to annihi-
lation causes Doppler broadening of the 511 keV annihila-
tion line and can be characterized by the line shape param-
eters S and W. The usefulness of these parameters may be
illustrated further by an S-W plot, which allows one to con-
clude whether the changes are due to a change in concentra-
tion or type of a defect. For a more general discussion of
these parameters we refer to the literature.12,13 In brief, the
value of S is defined by the ratio of counts in the central
region of the annihilation gamma peak to the total number of
counts in the peak. It is common to define the central region
for a certain sample to obtain S�0.5 for the ZnO reference
sample. The value of W is defined as the ratio of counts in
the high-momentum regions symmetrical to the peak and the
total number of counts so that W�0.03 for the ZnO refer-
ence sample. The same regions are then used to calculate the
values of S and W for every other sample studied. The depth
information was obtained from the correlation of S and W
with positron energy E using the versatile program package
VEPFIT �Ref. 39�, in which a density of 5.605 g/cm3 for ZnO
was used.

After the PLS and SPIS measurements were finished, the
polished side �O face� of the as-received ZnO single crystal
was implanted at Rossendorf with N+ ions of 150 keV to a
fluence of 1014 cm−2 perpendicular to the sample surface at a
substrate temperature of 300 °C.

TDH measurements were performed in the temperature
range 20–325 K at Leipzig using an automated Hall setup
�Keithley 220 programmable current source, Keithley 7001
switch equipped with a 7065 Hall card, Keithley multimeter
2000, a Lakeshore 330 temperature controller, HP 6030 A as
power supply for the magnetic coils�. Annealing in air for
30 min of both the un-implanted and ion-implanted samples
was performed at 500 °C.

DLTS measurements were performed in the temperature
range 20–300 K at Leipzig using a PhysTech FT1030 DLTS
System. The existence of a space charge region, for example
in a Schottky diode, is a necessity for DLTS measurements.
Pd contacts on the top surfaces of the two samples were
realized by thermal evaporation. Ohmic contacts were real-
ized on the back side by sputtering Au with a power of
60 W. The Schottky diodes exhibited good rectifying behav-
ior as was controlled and confirmed by current-voltage mea-
surements.

III. COMPUTATIONAL METHODS

In order to elucidate the nature of observed positron trap-
ping sites in ZnO and to support directly the interpretation of
experimental positron data, we performed the structural re-
laxation of several types of vacancylike defects in ZnO and
calculated positron characteristics for them. In particular, the
Vienna ab initio simulation package40 �VASP, version 4.6.21�
using local density approximation �LDA� ultrasoft
pseudopontials41 supplied along with the package was em-
ployed to obtain relaxed defect geometries. Then, positron
calculations were carried out by means of the atomic super-
position �ATSUP� method42 thereby using relaxed defect
configurations. In positron calculations the approaches to
electron-positron correlations of Boroński-Nieminen43 �BN�
�with the correction44 for incomplete positron screening with
the high frequency dielectric constant ��=4� and of Barbiel-
lini et al.45—a gradient correction �GC� scheme—are used.

ZnO exhibits the hexagonal wurtzite structure �space
group P63mc, group number 186� and the lattice parameters
�a=0.32501 nm and c=0.52071 nm� were taken from Ref.
46. In addition to bulk ZnO the vacancy-type �indication: V�
VO, VZn and �nearest neighbor� VZn+O defects have been ex-
amined, the last being considered in two nonequivalent con-
figurations �labeled VZn+O�1� and VZn+O�2��. For VASP calcu-
lations, supercells containing 48 ZnO “molecules” �96
atoms� were employed using the Brillouin zone sampling
with eight k-points �� centered k mesh with division 2�2
�2�. The starting defect configurations for studied vacancy-
like defects were obtained by removing appropriate atoms
from the ZnO lattice. The total energy of cells was then
relaxed with respect to atomic positions. In all calculations,
the charge state of defects is supposed to be neutral. The
calculated band gap of ZnO amounts to 1.9 eV �see Ref. 4�
and is apparently smaller than its experimental counterpart
�3.4 eV� that can be ascribed to the well-known LDA band
gap error. The detailed results of electronic structure calcu-
lations and structure relaxations will be published
elsewhere.47

For the purpose of positron calculations, the relaxed
VASP supercells were extended to a total of 180 “molecules”
�360 atoms� by adding atoms at sides of VASP supercells.
Such added atoms are arranged in the form of the regular
ZnO lattice. The effect of positron-induced relaxations is ne-
glected in this work. The positron lifetimes for bulk ZnO and
studied defects were calculated48 using corresponding
ground state positron wave functions and considering the
abovementioned approaches to electron-positron correla-
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tions. The positron binding energy to a defect was obtained
as a difference of the ground state positron energies for bulk
and the corresponding defect. Finally, the bulk lifetime cal-
culations were checked using the linear-muffin-tin-orbital
�LMTO� method.49

IV. RESULTS AND DISCUSSION

A. Theoretical calculations of positrons states

First, we discuss bulk lifetimes. Table I gives calculated
ATSUP values. Bulk lifetimes calculated using the LMTO
method amount to 153 and 171 ps using the BN and GC
computational schemes, respectively. In both cases lifetimes
are slightly shorter than their ATSUP counterparts, but still
the agreement between the ATSUP and LMTO methods ap-
pears to be reasonable. This warrants using the ATSUP
method in further calculations, though it is a non-self-
consistent method with respect to electronic degrees of free-
dom.

The results of ATSUP positron calculations both for re-
laxed and nonrelaxed defect configurations are summarized
in Table I. As for lattice relaxations, except for the VO defect
and the bulk, their effect is found to be quite large. There-
fore, a pair of numbers in Table I is given that characterizes
the amount of relaxation of defect first nearest neighbors.

It is obvious that the oxygen vacancy does not represent a
positron trap as its binding energy is negligible regardless of
whether relaxations effects are included or not; the inward
relaxation of nearest neighbor Zn atoms further decreases the
free volume corresponding to the defect. In the case of other
defects where a Zn vacancy is involved, the relaxations are
large and predominantly of outward character, which results
in longer positron lifetimes compared to the nonrelaxed case.
This effect is related to rebonding of oxygen atoms around
defects and will be discussed in detail in a separate
publication47 and compared with existing literature �see, e.g.,
Refs. 5 and 6�. The lifetime results are further discussed in
terms of experimental positron data in the next subsection.

Finally, we note that in Ref. 25 a somewhat longer life-
time was calculated within the BN scheme for the unrelaxed
Zn vacancy. Partly, this is due to a different dielectric con-

stant �� used in Ref. 25 and, partly, the reason is unknown.
On the other hand, our BN values for the Zn vacancy and
Zn+O divacancy agree well with those obtained in Ref. 24.

B. Positron studies of virgin samples

Positron lifetimes in ZnO reported in earlier
investigations16,17 may be summarized as follows: �b
=185 ps for sintered polycrystalline ZnO �1200 °C/18 h�:
�b=183 ps for an as-received single crystal �origin not
given�, which decreases slightly to �b=180 ps after further
annealing �1150 °C/2 h, slow cooling �100 h� to room tem-
perature�: �b=176 ps for another single crystal �CrysTec,
Berlin�: and much shorter values of �b= �158–162� ps for
other ZnO single crystals �Eagle-Picher, Miami/FL�, either
as-received or annealed as above. Positron lifetimes con-
nected with open volume defects are given and interpreted as
�d= �209±6� ps for the negatively charged Zn vacancy, �d

= �260±7� ps for the negatively charged Zn divacancy, and
�d= �370±20� ps for “a larger defect agglomerate which
forms during post-irradiation annealing.”

Tuomisto et al.20 demonstrated that the defect having a
lifetime of �230±10� to �265±25� ps was negatively
charged using temperature-dependent lifetime measure-
ments, but identified it as the doubly negatively charged Zn
vacancy.20 The same authors interpreted a positron lifetime
of 170 ps as the bulk lifetime.

In our as-received bulk samples, free fitting shows the
existence of a two component spectrum with the following
positron lifetimes and intensities �1= �93±3� ps, �2

= �257±2� ps, I1= �39.9±0.7� %, and I2= �60.1±0.7� %. The
agreement of �2 with the value �d= �260±7� ps, previously
associated16,17 with the negatively charged Zn divacancy, is
remarkable. From the estimated intensities it is certain that
no saturation trapping of positrons in our crystals exists, and
hence the simultaneous presence of negatively charged Zn
vacancies, supposed to be characterized by �d= �209±6� ps
�Refs. 16 and 17�, may be excluded. The application of the
one-state trapping model12,13 gives a bulk lifetime of �b
= �151±2� ps. This value is in remarkable agreement with
experimental values given in Refs. 25 and 26, and therefore

TABLE I. Results of positron calculations �see the text for the corresponding description of abbreviations
used�. Symbols � and Eb stand for the positron lifetime and positron binding energy to defects, respectively
�lifetimes and binding energies for nonrelaxed configurations are specified in parentheses�. Lattice relaxations
�related to the lattice constant a� due to the removal of a zinc and/or oxygen atom from the lattice are also
given �second column�. Here the first number corresponds to the average relaxation of Zn first nearest
neighbors of defects; the second number applies to O first nearest neighbors. The “�” or “	” signs indicate
that the relaxation is inward or outward with respect to a defect, respectively.

Defect Relaxation �%�
ATSUP-BN ATSUP-GC

� �ps� Eb �eV� � �ps� Eb �eV�

bulk —, — 159 176

VO +4.6, — 159 �160� 0.01 �0.02� 177 �178� 0.01 �0.02�
VZn —, −9.7 229 �194� 0.60 �0.35� 257 �211� 0.50 �0.22�
VZn+O�1� −17.1, −11.4 286 �224� 1.23 �0.61� 327 �250� 1.19 �0.54�
VZn+O�2� −14.6, −7.5 276 �223� 1.10 �0.61� 313 �250� 1.06 �0.54�
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it is confidently considered to represent defect-free bulk
ZnO. As this lifetime is shorter than those reported for as-
grown samples of other origin,16,17,20 it has to be concluded
that samples investigated previously must have contained
grown-in defects of yet unknown configuration which are
able to trap a positron.

From the various bulk and defect positron states in ZnO
that have been considered by different theoretical approaches
�Table I� it becomes obvious that here the BN approach
seems to fit best the experimental situation known so far
from the literature, and including the present results. Though
usually the GC approach gives bulk lifetimes that are very
close to experimentally observed ones, in the case of ZnO
the situation is different and a further study is needed to
clarify this point.

Within the BN scheme of calculations, a short bulk value
of 159 ps and two longer defect state lifetimes, i.e., of the Zn
vacancy and the Zn+O divacancy, are well described regard-
less of the fact that the lattice relaxation might not be de-
scribed perfectly due to the neglect of positron induced
relaxations—compare the corresponding experimental values
of �d= �209±6� ps and �d= �260±7� ps, taken from Refs. 16
and 17. The fact that our calculations consider neutral defects
only should be of negligible impact �see Ref. 48 for related
discussion�. Therefore, taking the experimental facts16,17,20

together with our theoretical results one associates the life-
time �d= �260±7� ps with the negatively charged Zn+O di-
vacancy. In our opinion, this interpretation is to be favored
against the negatively charged Zn divacancy16,17 because for
structural reasons, similar to the case of 6H-SiC,50 the posi-
tron should consider this defect almost like a single vacancy
despite its charge. On the other hand, the adjustment51 of the
calculation scheme to give lifetimes for the bulk and Zn
vacancy of 177 and 237 ps, respectively �Ref. 20�, is unpro-
ductive because it totally ignores the previously observed
defect characterized by a lifetime of �d= �209±6� ps �Refs.
16 and 17�.

The trapping rate 
 is proportional to the defect concen-
tration. The proportionality constant is the so-called trapping
coefficient ���.13 Trapping coefficients for monovacancies
and divacancies of different charge states in semiconductors
were reviewed recently in Ref. 13. For the sake of defect
concentration estimates, we employ here average values
from Ref. 13 as direct information about trapping coeffi-
cients for defects in ZnO is not available at present. Consid-
ering then that a negatively charged Zn+O divacancy has the
trapping coefficient �=5�1015 s−1 and taking 
=4.12 ns−1,
as determined from our positron lifetime measurements, it is
possible to deduce the concentration of negatively charged
Zn+O divacancies to be about 8.0�10−7 per atom in our
samples. From our room temperature experiments we may
strictly only connect the Zn+O divacancy with �2
= �257±2� ps but not identify its charge state, i.e., whether it
is neutral or negatively charged. However, in the case of
being electrically neutral its atomic concentration should be
about 4.6�10−6 �using �=9�1014 s−1 �Ref. 13�� for the
same trapping rate �
=4.12 ns−1�.

The relation between the atomic �Cat� and volume �Cvol�
concentrations is given by Cvol=Cat /�, where � is the vol-

ume per atom. According to the lattice parameters46 used in
calculations �see Sec. III�, we obtain a value of �=11.91
�10−24 cm3. This yields volume concentrations Cvol=6.7
�1016 and 3.7�1017 cm−3 for the negative and neutral di-
vacancies, respectively. We consider these numbers as an
order of magnitude estimates because the precise values of
trapping coefficients for vacancy-like defects in ZnO are not
known.

SPIS results for the as-received virgin ZnO sample are
shown in Fig. 1. It is obvious that there is a damaged sub-
surface layer introduced by lapping �zinc face� and polishing
�oxygen face�, estimated by VEPFIT analysis39 to extend as
deep as d= �1942±32� nm and d= �231±5� nm, respectively.
The result of giving the as-received sample an additional
refined polishing on both faces is a removal of these dam-
aged layers—as can be seen from the SPIS results presented
in Fig. 1. The improved surface quality becomes obvious
from the fact that measured data points obtained on both
faces now almost coincide. Fitting the data measured at the
improved Zn face results in a positron diffusion length L+
= �50±1� nm which is quite reasonable compared to a value
of 52 nm reported recently23,52 for a ZnO single crystal of
different origin �Eagle-Picher, Miami/FL�, and with a value
of �50±5� nm reported also recently for ZnO films grown by
metal-organic chemical vapor deposition on sapphire.53

C. SPIS studies of the N+ ion-implanted sample

To illustrate the extent of the subsurface region damaged
by ion implantation the profiles of ions and vacancies due to
the implantation estimated by TRIM calculations54 are
shown in Fig. 2. It is clear that the vacancy distribution dif-
fers from that for ions; the maxima are at depths of �200
and �270 nm, respectively.

In Fig. 3 SPIS results are presented. By VEPFIT analysis39

it is estimated that a damaged layer is created by the ion
implantation that extends to d= �354±7� nm.

FIG. 1. Doppler broadening parameter S of a virgin ZnO single
crystal as a function of incident positron energy E in as-received
state �lapped, polished� and with improved surface quality �refined
polishing�. The best fit to the data is shown.
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When only two distinct annihilation characteristics, de-
scribed by �S1, W1� and �S2, W2�, contribute to a set of ex-
perimental data, a straight line is obtained in the S-W repre-
sentation where the endpoints represent the two states.
Although we do not yet know the �S, W� coordinates repre-
senting a perfect ZnO bulk, it is useful to display all our
measured data in one plot—see Fig. 4. It shows that the same
type of damage, as created from polishing and lapping by the
supplier of the crystals, is created by ion implantation, i.e.,
open volume damage.

After N+ ion implantation the sample was annealed at
500 °C in air for 30 min. Figure 3 shows a comparison of
the S�E� curves of the as-implanted sample and the same
sample after annealing. No remarkable difference is visible,
suggesting that the annealing at 500 °C did not influence the
vacancy-type defects created by the surface treatment of the
sample and by the N+ ion implantation.

D. TDH measurements

TDH measurements were performed on the as-grown and
the N+ ion-implanted sample. While Hall experiments repre-
sent an integral measurement over the whole sample thick-
ness, and therefore, in principle, are not suited for samples
having gradients in their impurity distribution, the data ob-
tained for the N+ ion-implanted sample are nevertheless con-
sidered useful for a first qualitative comparison.

Hall mobility data of the as-grown and the N+ ion-
implanted sample as a function of temperature are depicted
in Fig. 5. Peak Hall mobilities of 1470 cm2/V s �at 60 K�
and 1310 cm2/V s �at 63 K� are observed for the nonim-
planted or the ion-implanted sample, respectively, suggesting
a higher density of negatively charged defects in the N+ ion-
implanted sample. The corresponding fits consider ionized
impurity, acoustic deformation and a piezoelectric potential,
as well as polar optical scattering. The Hall scattering factor
used for the analysis is set to unity, and the total mobility
was calculated using Matthiessen’s rule. Although the N+ ion
implantation depth is much smaller than the sample thick-
ness, the influence of the implantation on the Hall mobility is
clearly visible.

FIG. 2. Ion and vacancy distribution in ZnO films calculated by
TRIM �Ref. 54�.

FIG. 3. Doppler broadening parameter S of a ZnO single crystal
implanted with N+ ions of 150 keV to a fluence of 1�1014 cm−2 at
300 °C and after thermal annealing at 500 °C as a function of
incident positron energy E. The best fit to the as-implanted data is
shown.

FIG. 4. S-W plot of various SPIS data measured on ZnO crystals
of different treatments.

FIG. 5. Hall mobility �markers� and corresponding fit �lines� for
as-grown and ion-implanted ZnO.
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The acceptor densities obtained from the fits—calculated
for the entire sample thickness—equal to 3.9�1015 and 4.5
�1015 cm−3 for the unimplanted and the implanted sample
�assuming singly negatively charged acceptor states�. Again,
these densities cannot be compared quantitatively, but con-
firm the presence of a significantly higher acceptor density
due to N+ ion implantation, possibly indicating the incorpo-
ration of nitrogen atoms on oxygen lattice positions.

Generally, a multilayer model55 might be applied to sepa-
rate the contributions of the bulk and the small part of the
sample affected by the N+ ion implantation. However, this
implies that the electrical properties of the bulk part of the
as-grown and the N+ ion-implanted sample are identical—
which is not the case here. Therefore, in future the same
sample should be measured before and after N+ ion implan-
tation.

The free electron concentration n of the as-grown and the
N+ ion-implanted sample is depicted in Fig. 6 as a function
of reciprocal temperature. The corresponding fits are ob-
tained by solving the two-donor charge balance equation us-
ing the acceptor densities determined from the fit of the Hall
mobility. The best fits yield a thermal activation energy of
the dominant donor of �50.8±0.5� meV for both kinds of
samples. The density is �4.8±0.2��1016 cm−3 and
�6.3±0.3��1016 cm−3 for the nonimplanted and N+ ion-
implanted sample, respectively.

The thermal ionization of this donor dominates the tem-
perature dependence of n for T�70 K. The chemical origin
of this defect is still under debate to date. Hutson56 proposed
interstitial zinc atoms Zni to cause this level. However, our
experiments provide evidence that interstitial zinc has lower
thermal activation energy and thus the chemical origin of this
donor cannot be clarified within the framework of experi-
ments presented here. For temperatures lower than 70 K
shallow donors with densities of about �4±0.8��1015 or
�5±0.9��1015 cm−3 and activation energies of �16.1±3� or
�22±3� meV are observed for the nonimplanted or the N+

ion-implanted sample, respectively.
The density of negatively charged acceptors of the virgin

sample determined from the analysis of the Hall mobility is
about an order of magnitude lower than the calculated den-
sity of Zn+O divacancies determined from positron lifetime

studies �Sec. IV B�. Therefore the upper limit of the concen-
tration of the negatively charged Zn+O divacancy is the den-
sity of compensating acceptors of 3.9�1015 cm−3 deter-
mined from the fit of the Hall mobility. Quite formally, the
lower limit of the density of neutral Zn+O divacancies in the
nonimplanted sample can be calculated to be �6.7�1016

−3.9�1015 cm−3��6.3�1016 cm−3. However, in n-type
ZnO, where the Fermi level is close to the conduction band,
all acceptors should be negatively charged. To explain this
discrepancy maybe due to an unknown value of trapping
coefficient for vacancylike defects in ZnO is also unlikely,
similar to assuming maybe a doubly negatively charged Zn
vacancy. Therefore, it has to be questioned at all if the Zn
+O divacancy is really acting as an acceptor. This implies
these divacancies to be neutral, and thus their concentration
is 3.7�1017 cm−3—as already estimated above. The solution
of the apparent dilemma could be the existence of a nega-
tively charged intrinsic defect acting as main acceptor which
is invisible to positrons—this could be interstitial
oxygen.57,58 However, it is also known that the Zn source
used for the pressurized melt growth may contain group I
elements that would also introduce acceptor states if incor-
porated at Zn sites.

Nevertheless it is an experimental fact that the density of
open volume defects increases due to N+ ion implantation, as
the positron studies reveal �see Fig. 4�. Additionally, the den-
sity of negatively charged defects �acceptors� increases due
to N+ ion implantation too, as confirmed by the TDH mea-
surements. Current wisdom connects ion implantation into a
crystalline material with simultaneous formation of vacancy-
type and interstitial defects.54 Thus, the formation of vacan-
cies and interstitials of zinc and oxygen have to be assumed.
Combinations of such simple defects might also form, but
from present TDH and positron results alone it cannot be
decided which defects finally are acting as acceptors.

E. DLTS measurements

DLTS signals of the two diodes investigated are depicted
in Fig. 7 �for different rate windows, to aid clarity�. The
as-grown sample shows two peaks that can be related to the

FIG. 6. Free electron concentration �markers� and corresponding
fits �lines� for as-grown and ion-implanted ZnO.

FIG. 7. DLTS signal of as-grown �rate window 200 Hz� and
ion-implanted �rate window 10 Hz� ZnO. The inset depicts the high
temperature data with different y scales.
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defects E3 �trap density Nt�3.2�1015 cm−3� and E4 �Nt
�2.6�1014 cm−3�, which have commonly been
observed27,33,59,60 in ZnO. These electron traps have thermal
activation energies Et of 310 or 530 meV, respectively. From
Fig. 7 it is obvious that the N+ ion-implanted sample contains
an additional trap labeled E1 with Et�120 meV and Nt
�6.6�1014 cm−3. This defect has been suggested22 to be
possibly related to VO, but additional experimental evidence
has been requested at the same time to clarify the identity of
E1.

From TDH results discussed above it has been suggested
that the main acceptor could be the oxygen interstitial—with
an increase in concentration of �4.5−3.9��1015 cm−3=6
�1014 cm−3 due to ion implantation. This value almost
equals the density of E1 observed after implantation and thus
supports the interpretation of being connected with the defect
VO. We like to note, that due to the inhomogeneous defect
depth distribution in the ion-implanted sample, one would
expect that the density of the E1 defect determined by DLTS
is larger than the increase of the density of compensating
acceptors determined from the integral Hall measurement.
However, the increase in concentration of compensating ac-
ceptors is—within experimental error—equal to the concen-
tration of the E1 defect created during implantation. This can
be explained by the fact that both sublattices are affected by
N+ ion implantation and the increase in the density of com-
pensating acceptors �determined by TDH� reflects both the
creation of acceptorlike Zn vacancies and acceptorlike oxy-
gen interstitials.

Furthermore, the concentration of E3 is, at 8.8
�1015 cm−3, almost a factor of 3 larger than for the unim-
planted sample. Most probably E3 is also connected to an
intrinsic defect, maybe the second ionization level of Zni.
The observed increase of 5.6�1015 cm−3 is about one order
of magnitude larger than in case of VO or the oxygen inter-
stitial. This fact may be compared to electron irradiation
experiments18 where an oxygen displacement rate about one
order-of-magnitude less than the zinc displacement rate has
been found. If E3 is connected with an increase in the con-
centration of Zni, then its counterpart VZn has to be created as
well. Indeed, the SPIS results �see Sec. IV C� indicate the
formation of open volume damage due to the ion implanta-
tion which is stable against the performed annealing at
500 °C for 30 min. However, depth-dependent positron life-
time measurements would have been necessary to further
characterize this damage in the narrow subsurface layer of
�354±7� nm, but were not available.

In addition, the comparison of TDH and DLTS results
shows that the concentration of the shallow donors matches
the concentration of the defect E3 for both types of samples
very well. We propose now that the shallow donor observed
represents the first ionization level of Zni and E3 represents
the second ionization level of Zni. Due to the inhomogeneous
depth distribution of defects in the ion-implanted sample it is
clear that the concentration of E3 �as determined by DLTS�
must be higher than the concentration of shallow donors �de-
termined from the integral TDH measurement�. Early experi-
ments on Zn doped ZnO revealed thermal activation energies
between about 11 and 23 meV �depending on the donor den-
sity� which are in good agreement with the thermal activa-

tion energies of the shallow donors found in our samples
underlining the tentative attribution to be connected to Zni
�Refs. 61–63�.

Surprisingly, the defect E4 was not detectable in the im-
planted sample due to the superposition of electronlike and
holelike transients in the temperature range between about
260 and 310 K. However, a p-conducting layer is formed at
the surface of the N+ implanted sample after thermal treat-
ment performed, that can be used to inject holes into the
n-type bulk part of the sample. These results will be pre-
sented and discussed in detail elsewhere.64

V. CONCLUSIONS

The sensitivity of PAS/SPIS to open-volume defects in
ZnO single crystals, already indicated from earlier studies in
the literature, is further demonstrated by the present experi-
mental work. A consistent theoretical modeling of bulk and
defect positron properties of ZnO using the ATSUP method
with and without lattice relaxation is given. This allows one
to conclude that an experimental positron lifetime16,17 of �d
= �260±7� ps, in almost exact agreement with our value of
�2= �257±2� ps, is most probably connected with positron
trapping at the neutral Zn+O divacancy, allowing the esti-
mation of a defect concentration.

The surface quality of ZnO single crystals and their im-
provement is demonstrated by PAS/SPIS and a measure of
the bulk quality is given in terms of various positron param-
eters. The observation of subsurface open-volume damage
present in the “virgin” material should be of special impor-
tance to optical and electrical investigations and their inter-
pretation. In addition, the detection of radiation damage cre-
ated by ion implantation and its annealing is given.

TDH measurements were performed on the as-grown and
implanted samples. The Hall mobility has been determined
and fitted, considering ionized impurity, acoustic deforma-
tion and piezoelectric potential, as well as polar optical scat-
tering. In summary, the dominant donor in pressure melt
grown ZnO has a thermal activation energy of about
51 meV. The chemical identity of this defect could not be
clarified. Besides this, such samples contain more shallow
donors with concentrations in the mid 1015 cm−3 range which
influence the temperature dependence of the free electron
concentration for T
70 K. The N+ ion-implanted sample
contains a higher density of the dominant donor. It is con-
cluded that negatively charged intrinsic defects exist which
act as compensating acceptors and which are invisible to
positrons—most probably interstitial oxygen. This view is
supported by the DLTS results.

DLTS measurements performed between about 20 and
300 K showed an increase of the densities of the defect E3
and the creation of the defect E1 during implantation. With
that, we arrive at the following tentative assignments: the
shallow donors observed �Ed��16–22� meV,Nt��4–5�
�1015 cm−3� are connected to the first ionization level of
Zni, and E3 �Et�310 meV,Nt��3–9��1015 cm−3� to the
second ionization level of Zni. The dominant acceptor intro-
duced by the implantation process is interstitial oxygen Oi
with a concentration of 6�1015 cm−3. The defect E1 which
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is created during the implantation with a concentration of
6.6�1014 cm−3 is connected to the oxygen vacancy VO. Pe-
culiarities associated with the observation of the defect E4
have led to the detection that N+ ion implantation results in
the formation of a p-conducting layer close to the surface.
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