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A systematic study of various, nominally undoped ZnO single crystals, either hydrothermally grown (HTG)
or melt grown (MG), has been performed. The crystal quality has been assessed by x-ray diffraction, and a
comprehensive estimation of the detailed impurity and hydrogen contents by inductively coupled plasma mass
spectrometry and nuclear reaction analysis, respectively, has been made also. High precision positron lifetime
experiments show that a single positron lifetime is observed in all crystals investigated, which clusters at
180-182 ps and 165-167 ps for HTG and MG crystals, respectively. Furthermore, hydrogen is detected in all
crystals in a bound state with a high concentration (at least 0.3 at. %), whereas the concentrations of other
impurities are very small. From ab initio calculations it is suggested that the existence of Zn-vacancy—
hydrogen complexes is the most natural explanation for the given experimental facts at present. Furthermore,
the distribution of H at a metal/ZnO interface of a MG crystal, and the H content of a HTG crystal upon
annealing and time afterward has been monitored, as this is most probably related to the properties of electrical
contacts made at ZnO and the instability in p-type conductivity observed at ZnO nanorods in literature. All
experimental findings and presented theoretical considerations support the conclusion that various types of
Zn-vacancy-hydrogen complexes exist in ZnO and need to be taken into account in future studies, especially

for HTG materials.
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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.!~* In spite of de-
cades of study and recent progress in research on ZnO prop-
erties, there remain unresolved controversies which are
mainly related to native defects formed during crystal
growth. The crucial role of defects in semiconductor materi-
als in controlling electrical and optical,’ as well as
magnetic,%’ properties has been well recognized. However,
due to the variety of possible defects in compound semicon-
ductors, and further complicated by the fact that native de-
fects may exist on both sublattices and in different charge
states, the interpretation of experimental results is not a
trivial task. Thus, not only the combination of several meth-
ods is required to gain a better understanding of experimental
findings but at the same time further development and inclu-
sion of theoretical modeling into interpretation of any experi-
mental data.
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Identification of native defects and their role regarding a
certain measurable property might be possible mainly at
single crystals but is of special interest in the development of
thin film and nanostructured applications based on ZnO—
some examples are given in Refs. 8—10. A study of the
Al,05/ZnO0 interface® has revealed that obviously Zn atoms
are diffusing from ZnO into the covering oxide layer during
annealing, and creation of deep level defects near the inter-
face is observed. It shows that this interface is very fragile,
and caution must be taken for making metal/oxide/ZnO-
based transistors and light-emitting diodes. It is supposed
that an open volume defect, connected with the Zn vacancy
(V). is formed that needs to be identified. Very recently, a
versatile method for the growth of p-type or n-type ZnO
nanorods has been demonstrated,” where the differences in
conductivity type have been attributed to a dependency on
native defect concentrations and hydrogen incorporation on
the seed layer preparation method. The p-type conductivity
has been attributed to an open volume defect, connected with
V,. and observed to be stable over a period of six weeks.
Finally, light-emitting diodes with different device architec-
tures based on the p-type ZnO nanorods could be demon-
strated. However, an elucidation of the real structure of this
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open volume defect, and the origin of the instability in
p-type conductivity after some time, remain to be deter-
mined. Another very recent paper'” reports the fabrication of
ZnO tetrapods of an exceptional optical quality, based on a
photoluminescence (PL) lifetime in the range of tens of
nanoseconds and the absence of defect emission. The ob-
served PL lifetime for an optimal growth temperature of the
ZnO tetrapods is found to be an order of magnitude higher
than the best results achieved so far in ZnO epilayers and
single crystals. From the comparison of given results with
those obtained at ZnO single crystals of different origin, it
has been concluded that intrinsic defects (most likely con-
nected with V) rather than impurities play a major role in
the obtained optical properties. However, the real structure of
such intrinsic defects remains to be determined.

Positron annihilation spectroscopy (PAS),'"!? especially
in the form of slow positron implantation spectroscopy
(SPIS) using monoenergetic positrons,’3 is now a well-
established tool for the study of electronic and defect prop-
erties of bulk solids and thin films. A consistent theoretical
modeling of bulk and defect positron properties of ZnO us-
ing the atomic superposition (ATSUP) method with and
without lattice relaxation has been published recently.'*
Later, positron lifetime data available in literature have been
collected!® and been related to the values at Ref. 14. From
this comparison,'> the idea of the existence of V,,-hydrogen
complexes in ZnO sampled by positrons was born.

From Refs. 14 and 15 it becomes clear that the positron
bulk lifetime 7, varies within the broad range of 151-185 ps.
Such a situation is quite unusual compared to other materials
but points out that ZnO seems to be a rather special and
difficult to understand material.

As early as in 1992, i.e., in connection with a systematic
study of the possible origin of the green and yellow lumines-
cence centers in 5N purity ZnO powders,'® the experimen-
tally observed defect positron lifetime 7,=(260=7) ps has
been concluded to represent the neutral Zn+O divacancy. In
our later work'* performed on a pair of ZnO single crystals
obtained from Cermet Inc. (Atlanta/GA) (CM) we arrived by
a combination of different methods at the same conclusion
for the observed longer positron lifetime 7,=(257 =2) ps. A
defect lifetime of about 7,=(260=*7) ps has also been ob-
served to occur in a hydrothermally grown single crystal
from CrysTec (Berlin) (CT) upon 3 MeV proton
irradiation,'” which has been interpreted to be the Zn+O
divacancy also.

Investigations'® of CT single crystals and those supplied
from Eagle-Picher Inc. (Miami/FL) (EP) revealed only one
positron lifetime component, declared to be the bulk lifetime,
with values of 7,=(173*2) ps and 7,=(161=*=2) ps, re-
spectively. However, the origin of the difference in these
values was declared to be not fully understood at the mo-
ment, and that perhaps grown-in defects in the CT samples
might be the most plausible cause. To further comment on
this statement: if grown-in defects are the argument of ob-
serving such a difference in the “bulk lifetime” it is naturally
to assume that the EP sample showing the much shorter
“bulk lifetime” contains grown-in defects as well, i.e., the
“true bulk lifetime” for a defect-free ZnO crystal has to be
even shorter than (161 +2) ps.
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Whereas from irradiation of CT samples with electrons of
1 MeV up to 5X 10" ecm™ practically no change in the
positron lifetime spectrum could be observed, an increase in
the electron energy to 2 MeV resulted in an open volume
defect-related positron lifetime of 7,=(207£6) ps in CT
and EP samples at various fluences up to 5 X 10'® cm™ (Ref.
18). This positron lifetime has been interpreted to be con-
nected with V.

In a more recent review!? of experimental positron life-
time data obtained on a large variety of ZnO crystals, the
interpretation of all given results is dominantly based on pre-
vious papers of the same authors’*?? where originally a
value of 7,=170 ps has been derived. This has already been
commented on in Ref. 14 in the sense that an adjustment of
the calculation scheme?? to give lifetimes for the bulk and Zn
vacancy of 177 ps and 237 ps (Ref. 20), respectively, does
not explain the previously observed defect characterized by a
lifetimie of 7,=(207 =6) ps (Ref. 18). Furthermore, the ex-
perimental positron lifetimes at V,, and even of an oxygen
vacancy (V) in ZnO are given to be (230 10) ps and
(195+5) ps, respectively. In the case of ZnO grown by a
vapor phase technique (EP),”* a single positron lifetime of
171 ps at room temperature is reported, which also has been
observed at a material grown by the same technique but an-
other company (ZN Technology, Brea/CA), or at ZnO grown
by a pressurized melt method (Cermet Inc., Atlanta/GA)*>-2
too. It might be reasonable to attribute the different
findings'# on ZnO single crystals from the latter supplier to
the much earlier date of purchase. However, the relevant ab
initio calculations,'*?” which in particular show that V does
not represent a trapping site for positrons, were not consid-
ered.

Furthermore, it is stated!® that the results and drawn con-
clusions obtained for ZnO single crystals from EP would
coincide with those reported by two other groups having
studied the same material.!”?® When looking up these two
references it shows that there are reported values of 7,
=183-185 ps and 7,=155-158 ps, respectively. Such dif-
ferences are remarkable. The comment!® that slight differ-
ences in positron lifetime spectrometers—such as those be-
tween scintillators, geometry, and electronic settings—
influence the absolute values of the positron lifetimes is
certainly correct but should not be considered to be the only
possible cause of the differences. Further sources of errors
and thus differences in numerical results published by differ-
ent laboratories have recently been discussed in Ref. 29.

In the review!” mentioned above, also hydrothermally
grown ZnO single crystals from two different sources [Tokyo
Denpa (Japan), and Scientific Production/Co. Goodwill
(Russia)] have been investigated, and a single “average” life-
time of 180-185 ps is observed. Annihilations at possibly
existing Vg (195 ps) have been considered as an explanation
why these observed lifetimes are above the previously?%-%2
estimated 7;, (170 ps) as a possible interpretation. Finally, the
results presented and discussed in the case of ZnO single
crystals produced by chemical vapor transport growth®® are
still less conclusive than those presented for the hydrother-
mally grown ZnO crystals. Although all materials have even
been investigated as a function of temperature, it is impos-
sible to follow the given discussion without having a com-
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plete chemical analysis showing all detectable impurities and
their real concentrations. The general statements that impu-
rity concentrations are less than 10'7 cm™, except Li
(10" ¢cm™ in hydrothermally grown samples) and H (no
concentration mentioned at all), does not allow a complete
understanding of the given results.

More recently, a further positron lifetime study of ZnO
bulk samples and their annealing under different atmo-
spheres (overpressure of zinc or oxygen, vacuum) has been
published.?’ All these measurements have been performed
with an overall time resolution of 270 ps and a statistics of
(1.7-2.0) X 10° overall counts. Although these conditions
compare well to the ones, from which a ZnO bulk lifetime of
(151+2) ps has been derived,'* the authors consider this
difficult to compare in a straightforward way with their di-
rectly measured value. Furthermore, no chemical analysis of
the ZnO material is given which makes it difficult to identify
the true nature of the ionic trapping centers observed at lower
temperatures. Finally, results of theoretical calculations of
bulk and defect states in ZnO (Ref. 14) are not considered in
the discussion.

Other PAS methods, being sensitive to the momentum
distribution of the annihilating electrons,''~!* have been suc-
cessfully applied to the study and characterization of various
ZnO materials. Examples can be found, e.g., in Refs. 14 and
32-35. In the latter paper,® the nature of simple native de-
fects in ZnO and their role regarding optical transmission
behavior has been demonstrated and discussed using a mo-
noenergetic positron beam. However, any quantitative analy-
sis remains very difficult as it always requires the combina-
tion with, e.g., electrical methods. This has been
demonstrated, e.g., in Ref. 14, although there had to be made
assumptions too about the type of native defects being de-
tected. In general, it has to be stated that due to the lack of a
defect-free ZnO reference material in most cases just a com-
parative analysis regarding the presence and change in con-
centration of open volume defects is possible.3>3

A more recent article by Zubiaga et al.® deals with an
investigation of O*-irradiation of ZnO layers deposited on an
a-sapphire substrate using the Doppler broadening of annihi-
lation radiation of monoenergetic positrons in combination
with sheet resistance measurements. The discussion of re-
sults is based on an interpretation regarding the plain Zn
vacancy given previously?” and presented as its further con-
firmation. However, this implies that the authors previously
possessed a defect-free ZnO crystal which is characterized
by a 170 ps bulk lifetime. Although the authors are aware of
a different interpretation (of the bulk and defect lifetimes)
given in Ref. 14, they do not discuss this further.

Very recently,”-3® the formation of open volume defects
in ZnO obtained from Scientific Production/Co. Goodwill
(Russia) upon electron-irradiation and postirradiation anneal-
ing has been reported and discussed. These works concen-
trate on the identification of secondary defects formed upon
annealing using an EP ZnO single crystal as the highest qual-
ity standard available. The single positron lifetime observed
in the virgin material is given to be 183 ps approximately,
with a remark to see no defect components. In our opinion,
such a statement implies that this observed lifetime repre-
sents the defect-free bulk. Although the identification of sec-
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ondary defects is certainly an interesting and important task,
the yet unresolved issue of the true bulk lifetime of ZnO will
have an influence on the final identification of any secondary
defect as well. To summarize, it is found that no clear picture
regarding the real 7, exists, and it appears to be a common
practice in the available literature to give reference just to
those previous publications which are supportive of an as-
sumed view.

In this respect, it is worth mentioning the work of Tanaka
et al’® where the “bulk” lifetime of MgO materials was
shown to depend strongly on Ga doping. When the Ga con-
tent is negligible, the bulk lifetime can be extracted from
measured data using the simple trapping model. This derived
bulk lifetime agrees well with the value predicted from cal-
culations (see also Ref. 40). Consequently, comprehensive
state-of-the-art calculations of bulk and defect properties at
the same scheme should be generally applied to the explana-
tion of experimental data—and vice versa, existing experi-
mental data have to be used not only to scale but also chal-
lenge improvements of such, and similar,?’3° calculations.
This way, finally calculations and experiment might be di-
rectly comparable.

Furthermore, an estimation of the true hydrogen content
of the ZnO materials under investigation is absolutely neces-
sary to check and possibly support existing ideas from
theory*!*? about its possible role in the ZnO lattice. Gener-
ally it can be noticed that papers in which hydrogen detec-
tion by secondary-ion-mass spectroscopy (SIMS) is de-
scribed do not touch upon the sensitivity and background
level of H during SIMS analysis as they are focusing mostly
on H depth profiling. Furthermore, it is common practice to
calibrate SIMS measurements either by nuclear reaction
analysis (NRA) or by well-defined standards produced by
ion implantation of H into a given material.*>** However,
this seems to be impractical in the case of ZnO simply be-
cause the initial H concentration has been found to be al-
ready very large.* In Ref. 34 results of electrochemical H
loading of ZnO are presented and discussed. NRA has been
used to estimate the H concentration before and after this
loading. In addition, from Faraday’s law the H content after
loading could be determined independently and was found in
good agreement with NRA results. Therefore, NRA is the
method of choice in this work to characterize the various
ZnO single crystals in their virgin state.

Let us finally consider how the evolution of our tech-
niques for measurement and data analysis, and consideration
of possible differences in earlier results from different labo-
ratories, have informed, and been incorporated into, the
present study. First, as metallic contacts are essential for
studying electrical properties of a ZnO sample, an investiga-
tion has been conducted upon a chemical H,O, pretreatment
of a ZnO single crystal before sputtering an Au contact on
it.*=47 It has been found that this pretreatment results in a
defective interfacial region where V -related open volume
defects are formed. Due to the mentioned pretreatment, the
contact changed from an Ohmic to a rectifying behavior with
a lower leakage current. Another work*® has repeatedly dem-
onstrated that open volume damage created by N* ion im-
plantation into a hydrothermally grown ZnO single crystal is
clearly detectable by using a monoenergetic positron beam,
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and that its depth distribution and change upon annealing can
be determined. However, due to the lack of a defect-free
ZnO reference, no further characterization of this damage
could be given. In addition, beside an electrical characteriza-
tion by Hall measurements, the positron lifetime in the virgin
material has been estimated to be 182 ps. As this positron
lifetime value has already previously been assumed to be
connected with a (V,,+1H) defect,!® the very first and still
rough theoretical calculation given there has now been im-
proved by relaxing the geometry of (V,+ 1H). This resulted
in a theoretical value of ~180 ps for the considered configu-
ration. Finally, positron lifetime measurements*® at two hy-
drothermally grown ZnO single crystals from two different
producers gave values of 198*1 ps and 181 %1 ps for
these crystals, respectively. The lifetimes have been attrib-
uted to different V -related defects, without being more spe-
cific regarding their possible microstructures. It has to be
remarked that the crystal having the longer lifetime has been
investigated at the Hong Kong laboratory, whereas the other
crystal has been measured at Prague.

The latter paper*® pointed out the possibility that measur-
ing conditions in different laboratories might have a larger-
than-expected influence on the results obtained. Thus, more
rigorous research has been initiated on two types of available
ZnO single crystals: hydrothermally grown (HTG) and melt
grown (MG). Furthermore, not just state-of-the-art positron
lifetime measurements of all crystals and their evaluation at
just one laboratory have been performed since then, but also
a full chemical analysis of each material in order to deter-
mine the detailed content of any impurities and their corre-
sponding concentrations. In addition, each crystal has been
characterized by x-ray diffraction measurements regarding
its orientation and internal stresses. To account for the pos-
sible influence of hydrogen on properties of ZnO—as it is
ongoing debated in the literature—an experimental estima-
tion of the real H content of each crystal has been performed
also by nuclear reaction analysis. Last but not least, further
improvements in ab initio calculations have been worked out
that allowed not only to improve a calculation of the bulk
positron lifetime in ZnO but also of various configurations of
open volume structural defects without and with hydrogen.
The results of all these efforts and work performed are now
collected in this paper.

As there are numerous positron studies devoted to ZnO,
we have focused on specific aspects of the problem. In gen-
eral, we have investigated commercially available bulk ZnO
materials in their “as prepared” (virgin) state. We have not
yet studied thin films or layers that may exhibit substantially
different properties compared to bulk materials. Furthermore,
we have focused on the grown-in defects of the bulk mate-
rials. Defects created by any kind of irradiation are not the
subject of the present study, though we may comment on
such studies if there is a relation to the present work.

The paper is organized as follows: in Sec. II experimental
details are given, Sec. III describes briefly methods used for
structural relaxations and positron calculations for the crystal
bulk and selected defects, and in Sec. IV the experimental
and theoretical results are presented and discussed. Conclu-
sions are drawn in Sec. V.
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II. EXPERIMENTAL

Single crystals typically of dimensions 10X 10
% 0.5 mm?® have been investigated. Ten HTG samples were
supplied in 2006 by MaTecK GmbH (Jiilich) (MT-06), with
their O-face polished. An HTG pair bought in 2004 (MT-04)
has been studied previously.’? Further pairs of HTG crystals
were sourced from CrysTec GmbH (Berlin) (CT), University
Wafers (South Boston/MA) (UW), and Altramet (Atomergic
Chemetals Corp., Farmingdale/NY) (AM). Pairs of MG crys-
tals originated from Cermet Inc. (Atlanta/GA) (CM) in 2006,
and IKZ (Berlin) (B12, B13). The former were grown with-
out using a crucible, and the latter by the Bridgman
method.>

Chemical compositions have been estimated by induc-
tively coupled plasma mass spectrometry (ICP-MS) using a
Perkin-Elmer ELAN-9000 spectrometer, with results given
in Table 1. The H content has been determined by standard
NRA (Ref. 51) using 6.64 MeV >N ions, as successfully
demonstrated earlier for HTG ZnO nanorods.>® Here, NRA
(depth resolution ~5 nm, hydrogen detection limit:
~200 ppm) is generally performed at a depth of ~100 nm,
as estimated by SRIM calculations,’? which guarantees that
volume properties, without any influence of surface contami-
nations, are being studied.

From SRIM it is also found that the analyzing "N ions lose
their kinetic energy E with increasing penetration depth x
mainly by  electronic  stopping  [(dE/dX)eicctronic
=2.52 keV nm™!], whereas nuclear stopping is about 3 or-
ders of magnitude smaller [(dE/dx) yc1ear=0-006 keV nm™'].
This energy transfer to the crystal during analysis can be
sufficient to release a weekly bound hydrogen atom from its
bonding site, so that it will be able to start diffusion. It is
generally assumed that single H atoms would be trapped
again immediately so that this diffusion should most prob-
ably take place in the form of H, molecules. As this diffusing
hydrogen is then no longer available at the point of the
analysis, this is seen as a drop in concentration with increas-
ing >N fluence. Throughout this paper we will call this “un-
bound H (H-u).” All H atoms which are not moving during
analysis, because the energy transfer is not sufficient to re-
lease them from their bonding site, will be called “bound H
(H-b)” throughout this paper. However, it has to be clearly
stated that from NRA it is impossible to draw any conclusion
on the kind of bonding of H atoms in the crystal.

The quality of all the crystals studied has been checked by
high-resolution x-ray investigations using a Seifert-GE
HRD3003PTS. The Cu radiation was monochromatized us-
ing a Ge (220) Bartels-type monochromator, having a point
focus with a resulting illuminated area of 1.5 mm®. To
achieve high resolution in reciprocal space, a triple axis ana-
lyzer Ge (220) crystal was used. The accuracy of the experi-
mental setup is better than 0.0005 degree. The orientation of
all samples was (001), and the measurements were carried
out at the (004) Bragg reflection, i.e., the c-axis lattice con-
stant was measured.

All positron lifetime measurements were performed at
room temperature by a fast-fast spectrometer having a timing
resolution of 160 ps (Ref. 53) [full width at half maximum
(FWHM) **Na], and collecting ~107 events per spectrum.
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TABLE 1. Chemical compositions (volume concentration, in 10" c¢m™ units) and H content (in at. %; H-b, H-u, H-a stand for H
concentrations in “bound,” “unbound,” and “bound-after-annealing” states, respectively) of HTG and MG ZnO crystals. “0.00” means that
the corresponding element was detected, but rounding gives zero concentration within the given precision; underlined numbers specify upper

limits.

Sample Li Mg Al Ti v Cr Mn Fe Co Ni
MT-04 0.33 332 0.71 0.07 0.07 0.07 0.61 0.03 6.93
MT-06 80.6 0.27 0.12 1.11
Uw 5.37 0.01 0.30 0.04 3.67
AM 6.25 0.01 0.65 0.11 0.40
CT 19.4 0.25 0.80
CM-06 0.01 0.22
B12 0.01 0.03 0.12
BI13 0.14 0.01 0.05 0.13
Sample Cu Ga Rb Sr Zr Mo Ag Cd In Sn
MT-04 3.09 0.06 0.14 2.05 0.03

MT-06 0.95 0.09 0.03

uw 0.43 0.54 0.01 0.00 0.43 0.17 0.01

AM 0.37 0.56 0.01 0.29 0.00 0.16 0.11 0.00 0.11
CT 0.69 1.08 0.02 0.16 1.89

CM-06 0.34 0.43 0.01 0.00 0.16 0.17 1.54 0.01
BI2 0.65 0.60 0.01 0.09 0.00 0.17 0.46
BI3 0.51 0.58 0.01 0.00 0.15

Sample Sb Te Pt Pb Bi H-b H-u H-a
MT-04 0.03 0.07 0.04 0.7 1.9 0.3
MT-06 0.3 0.3
Uw 0.00 0.01 0.8 1.7

AM 0.00 0.04 0.01 0.5

CT 0.04 0.3 0.3
CM-06 0.00 0.04 0.09 0.5

BI2 0.00 0.04 0.66 0.4

BI13 0.00 0.04 0.01 0.5 0.7

III. COMPUTATIONAL METHODS

Ideas on how to incorporate hydrogen atoms into the ZnO
lattice can be found in Refs. 41, 42, and 54. The hexagonal
structure of ZnO is enlightened in Fig. 1 and it is useful to
consider this structure as a network of ZnO, tetrahedra being
interconnected at their corners. Van de Walle*! examined
theoretically interstitial hydrogen in ZnO and found that H
atoms can be located in several positions in the lattice. First,
these are “bond-center” (BC) positions in which H atoms are
located approximately in the middle of the original Zn-O
bonds (inside corresponding ZnO, tetrahedron; see Fig. 1),
which cause a substantial lattice distortion at the place of
defects. Second, there also exist “antibonding” positions
where the H bond is located outside ZnO, tetrahedra. Fur-
thermore, hydrogen atoms may occupy vacancies on both,
i.e., Zn and O, sublattices as suggested in Refs. 42 and 54. In
addition, weakly bound H atoms (in the form of H, mol-
ecules) may reside in “channels” (along the hexagonal axis
¢) in the ZnO structure.*!

Now, selected vacancylike defects and hydrogen-vacancy
complexes have been studied theoretically using an ab initio
pseudopotential method. Realistic configurations of such de-
fects were obtained by means of relaxing the total energy of
appropriate supercells with respect to atomic positions. In
particular, the Vienna ab initio simulation package (VASP)>
was employed for this purpose. In the course of calculations,
projector augmented-wave potentials within the local-density
approximation were used.’® 96 atom-based supercells con-
taining defects were utilized.

Starting configurations of studied defects were prepared
as follows: vacancies were created by removing the corre-
sponding atoms, whereas H atoms were placed into positions
inside vacancies, as suggested in Refs. 41 and 42. In particu-
lar, we studied the oxygen vacancy (V) and Vj, filled with
oxygen (Hg) as well as the zinc vacancy with no, one, two,
and three hydrogen atoms (Vy,, Vg, +1H, V., +2H, Vg,
+3H, respectively). The notation used to describe configura-
tions of V,,+nH defects (n=1,2,3) in the rest of the paper
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FIG. 1. Perfect ZnO lattice (hexagonal, wurtzite) together with a
7ZnQ, tetrahedron. Light (dark) spheres mark O (Zn) atoms.

is as follows: when a H atom is in the position with the O-H
bond along the ¢ axis (BC; position after Ref. 41), then “c” is
appended to the defect designation. When one or more H
atoms form O-H bonds that are not along the ¢ axis (BC
positions), then “ab” is appended (the bonds have nonzero
projection to the hexagonal basal plane ab). For example,
Vz,+2H abc marks a defect where one H atom is in the BC,
position and the other H atom in the BC, one.

At this stage of research we considered the neutral charge
state of defects only. As a reference, the perfect ZnO lattice
was also considered.

Positron calculations have been performed using a real
space method as implemented in the atomic superposition
method.”” Two approaches were adopted: (i) self-consistent
valence charge densities and Coulomb potentials as produced
by VASP were considered for valence electrons, whereas the
superposition of atomic densities and potentials was consid-
ered for core electrons (abbreviated further as SC case), and
(ii) superimposed atomic densities and potentials were em-
ployed to approximate the electron density and Coulomb po-
tential for both valence and core electrons (NS case). Fur-
thermore, we examined differences between respective
nonrelaxed (NR) and relaxed (RE) defect configurations, the
former being starting defect configurations described above.
In order to study the effect of various approximations, for
each defect we performed a set of positron calculations de-
scribed as follows: NS NR, NS RE, and SC RE.

Finally, positron-induced forces acting on atoms around
the defect were implemented according to the scheme devel-
oped by Makkonen et al.’® In such calculations, the so-called
conventional scheme®>° for positron calculations is consid-
ered, which means that the electronic structure is not prima-
rily influenced by the presence of the positron trapped in a
defect. On the other hand, the positions of ions (Zn, O, and
H) are influenced by the presence of the positron through
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positron-induced forces (PF). These forces are calculated us-
ing the Hellman-Feynman theorem employing atomic densi-
ties and Coulomb potentials, but the positron density is cal-
culated within the SC scheme described above (this
calculation is further marked by SC RE PF). In positron cal-
culations, the approach of Boronski-Nieminen® to the
electron-positron correlations and enhancement factor—with
the correction®' for incomplete positron screening with the
high frequency dielectric constant &,,=4—has been used (re-
ferred further to as the BN approach).

As many defects in ZnO are not deep positron traps and
supercells used in VASP calculations are rather small, VASP
supercells were extended by adding atoms at sides of such
supercells when calculating the final positron lifetime and
positron energy. Such added atoms were arranged in the form
of the regular ZnO lattice. Usually, 2592 atom supercells
have been used. In addition, the procedure according to Ko-
rhonen et al.®> was employed to minimize the effect of the
finite supercell size on calculated positron properties. The
positron binding energy to a defect was obtained as a differ-
ence of the ground-state positron energies for the bulk and
corresponding defect.

We further refer to Refs. 58 and 59 concerning the theo-
retical background of positron calculations and to Ref. 14
regarding our previous calculations for ZnO. All computa-
tional details of our current method will be given elsewhere.

IV. RESULTS AND DISCUSSION

A. Check of crystal quality

In Fig. 2, reciprocal space maps measured at the (004)
Bragg reflection are shown. An almost perfect single crystal
has been found in the CT sample. The diffuse scattering
around the Bragg peak is very weak; the crystal truncation
rod (20-0-line at AQ=0) can be clearly identified. For com-
parison we also show a (004) reflection of a Si sample in Fig.
2(h). All other ZnO crystals show either a mosaic structure,
i.e., a microtexture (MT-06, AM, CM), or even disintegrated
into several macroscopic large crystals (UW, B12, B13) and
being disoriented one from the other and separated by dislo-
cation walls at the grain boundaries. Partially, these grains
are perfect as the CT sample is indicating a size of these
“perfect grains” of several microns. On the other hand, in
some samples or grains (MT-06, UW, AM) a homogeneous
lattice expansion was found. The lattice expansion itself was
measured at different Bragg reflections corresponding to dif-
ferent orientations.

Figure 3(a) shows an x-ray pattern of the asymmetrical
(114) reflection of sample B12. Again, two macroscopic
grains separated by 0.1° can be clearly identified that are
embedded into the mosaic structure picture. This intensity
distribution does not follow the line of an ideal mosaic crys-
tal (dotted line) and may be caused by the strained regions of
the crystal.

Figure 3(b) shows ®-20 scans that demonstrate again the
differences in the investigated samples. The lattice expansion
may be caused by an excess of interstitial (impurity) atoms.
For specimen MT-06, a strained region with a lattice expan-
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FIG. 2. Reciprocal space maps measured at the (004) Bragg
reflection of different ZnO crystals. The correspondence of sub-
figures to samples is as follows: (a)—MT-06, (b)—CT, (c)—AM,
(d)—UW, (e)—B13, (f)—B12, (g—CM, and (h)—Si(001).

sion of up to 1%, decaying exponentially over of a size of
several 100 nm, was found.

The inset of Fig. 3(b) does show the c-lattice constant
variation together with the FWHM of the ®-20 scans, for
which a nominal value of 5.20661 A (Ref. 64) was assumed.
Taking into account a FWHM of the Darwin curve of an
ideal crystal (0.0035 deg), the crystallite size perpendicular
to the sample surface should be around 10 um, except for
MT-06 and AM where we found about 5 um. In both figures
(a+b). A Si (004) reflection is shown for comparison. Mea-
sured c-lattice constants vary slightly within a range of
0.0001 nm. Taking a temperature stability of 1 K and a ther-
mal expansion coefficient of ~107 K~', this variation
seems to be sample specific and may therefore be attributed
to the growth process itself (the error bar is almost smaller
than 20% of the measured lattice constant variation).

B. Estimation of H content

In Fig. 4, as an example the obtained H concentration for
an MT-04 sample is presented. The observed decrease with
increasing bombardment by >N ions finally reaches a con-
stant level of ~0.7 at. % (~5.8 X 10?° cm™), implying that
this amount of H-b in the sample. An extrapolation to the
yield at the beginning of the "N bombardment gives the
total H concentration of ~2.6 at. % (~2.2Xx10?! cm™),
and by subtraction of H-b the concentration of H-u, i.e.,
~19 at. % (~1.6%x10?' cm™), is found. In Table I, the
measured amounts of H in all samples are given. Values are
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FIG. 3. (a) X-ray pattern of the asymmetrical (114) reflection of
sample B12. (At the axes, the chosen unit is ‘r.l.u.” =reciprocal
lattice units, for which nominal values of a=3.24982 A and ¢
=5.20661 A (Ref. 64) were assumed.) (b) ®-20 scans of different
ZnO crystals. Inserted figures show the c-lattice constant variation
with respect to a reference value from the literature (Ref. 63) to-
gether with the FWHM of the ©-20 scans, for which a nominal
value of 5.20661 A (Ref. 64) was assumed. The sample designa-
tions a, b, ¢, d, e, f, g, and h are the same as in Fig. 2. In the case
of the UW sample, two crystals visible in Fig. 2(d) (labeled d1 and
d2) were investigated.

remarkably large in both types of crystals, and thus need to
be seriously considered in any future studies.

Annealing (500 °C, 1 h, air) should remove H-u com-
pletely from the ZnO lattice.® Indeed, just 0.3 at. % of H-b
was found in MT-04 immediately after such annealing. The
slight drop in this value, compared to the as-grown state,
indicates involvement of several bonding states, some of
them being bound more tightly. In Table I, corresponding
results for two other samples investigated (MT-06, CT) are
given.

The H concentration for an annealed MT-04 sample ver-
sus time is presented in Fig. 5. After a period of 93 d, no
change compared to day 1 is observed. However, it shows
that after 241 d the H concentration (i.e., ~1.9 at. % H-u,
and ~0.7 at. % H-b) is found to be almost the same as ini-
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FIG. 4. Hydrogen concentration as a function of the sum of N
ions used for bombardment during NRA analysis of a MT-04
sample.

tially observed in the as-bought sample. In our opinion, this
is a remarkable result. It has to be mentioned that the studied
specimen has been kept at all times in an ordinary little
specimen box at the office desk, i.e., without any special
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FIG. 5. Hydrogen concentration of a MT-04 sample displayed as
a function of time after annealing (500 °C/30 min/air). In (a) the
as-received state is shown, whereas (b), (c), and (d) were measured
1, 93, and 241 days after annealing, respectively.
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control of humidity. As at FZ Dresden-Rossendorf no air-
conditioning of the office rooms is performed, humidity ex-
posed to the sample may have varied with time. During the
room heating period covering the first two measuring dates,
humidity is expected to be rather stable and of the order
~42%. After this period, it may exceed this value depending
more or less on outside weather conditions acting through
aerating a room by opening of the door or a window, which
have not been monitored.

The observed phenomenon of an unintended H uptake by
an HTG ZnO single crystal remains to be investigated in
detail by well-defined boundary conditions. It might be that
the origin of the instability in p-type conductivity of ZnO
nanorods observed after some time® is connected with such a
phenomenon too. On the other hand, it has been demon-
strated that a very high total amount of H (up to ~30 at. %)
can be intentionally introduced into HTG ZnO single crystals
by electrochemical doping, where more than half of this
amount is found to be H-b, i.e., tightly incorporated into the
ZnO crystal lattice.3*

C. Positron lifetime measurements

All the as-grown HTG crystals gave a single positron life-
time (in ps) as follows: MT-06 (five pairs, all 0.3 ps):
182.0, 181.6, 181.2, 181.7, 181.9; MT-04: 182.1 = 0.4 (Ref.
32); CT: 181.2%x0.2; UW: 180.1 £0.7, AM: 180.5+0.3;
MT-06 (annealed): 179.7 +0.4. These values are well above
7,=151=2 ps (Ref. 14). The observed drop in lifetime of
MT-06 after annealing is negligibly small and possibly due to
stress release during heating. Therefore, this annealing does
not have any substantial influence on the structure of the
defect that causes saturation positron trapping in the HTG
crystals. Furthermore, it is concluded that H-u is not related
to this yet unknown defect configuration because it is not
detected in all crystals investigated (Table I).

MG crystals (as-grown) gave a single positron lifetime
also but much shorter than at the HTG crystals (all in ps):
CM (bought 2006): 166.4+0.4; B12: 165.9+0.2; B13:
166.1 £0.3. Again, these values are still above 7,
=151=2 ps (Ref. 14).

It is remarkable to see positron lifetimes clustering at
180-182 ps and 165-167 ps for HTG and MG crystals, re-
spectively. This suggests itself that positrons in all the differ-
ent HTG and MG crystals are trapped in two different but yet
unknown open volume defect existing at a concentration suf-
ficiently large to cause saturation trapping. The variety and
diversity of impurities in all crystals investigated (Table I)
suggests that H-b is most probably connected to these de-
fects.

To be more specific, saturation trapping is known to occur
usually for vacancylike defect concentrations larger than
0.01 at. %.'% All nonhydrogen impurities detected have their
concentrations apparently below this limit (Table I) and may
hardly influence positron lifetime data even if such impuri-
ties would form a complex together with the vacancy. The
only exception could be Al impurities found at relatively
high concentrations, but in just two types of HTG samples.
As the measured positron lifetime for these samples does not
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FIG. 6. Positron lifetime of a MT-06 sample displayed as a
function of temperature for as-grown state, and after annealing
(500 °C/30 min/air).

exhibit any significant deviations from the other lifetimes for
HTG samples, we may assume that positrons annihilate in
the same type of defects in all HTG samples. NRA results
further lead to the conclusion that H-u has no influence upon
the positron lifetimes observed (Table T).

No temperature dependence of positron lifetime has been
observed for an MT-06 pair in as-grown and annealed states
(Fig. 6). This does not allow any conjecture about the charge
state of the detected defect, because (i) there is still a satu-
ration trapping observed even at the lowest temperature in-
vestigated, (ii) a neutral charge state would not change this
picture unless the microstructure of the defect itself changes
at lower temperatures, and (iii) in case of a negatively
charged defect the trapping efficiency would simply increase
with lowering of the temperature due to the 7-!/> dependency
of the corresponding trapping cross section. If (iii) is rel-
evant, this would have no effect on the measured lifetime
because saturation trapping is observed already at RT.

D. Investigation of a former MG ZnO specimen

It has been noticed that a pair of MG crystals bought from
Cermet Inc. (Atlanta/GA) (CM-06) in 2006 exhibits just a
single positron lifetime of 166.4* 0.4 ps, whereas a pair of
crystals obtained from the same company in 2002 (CM-02)
exhibited a two component spectrum with the following pos-
itron lifetimes and intensities: 7,=(93%3) ps, 7
=(257%*2) ps, 1,=(39.9+0.7)%, and 1,=(60.1+0.7)%
(Ref. 14). This effect might be connected with reported im-
provements in crystal growth.?
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Nevertheless, it seemed to be of high interest to see if
there would be found substantial differences in the crystal
purity and H content between samples CM-02 and CM-06
which might explain the observed differences in positron
lifetime data. Fortunately, there were remaining pieces of
CM-02 kept from the past investigations, and thus the chemi-
cal composition could still be estimated. The result and its
comparison with a CM-06 sample are given in Table II. It is
obvious that both samples differ in their chemical composi-
tion. However, as already found in case of other single crys-
tals collected in Table I, the amount of H-b (~0.5 at. %) in
the volume of a remain from the CM-02 sample is dominat-
ing compared to the variety and diversity of all other impu-
rities (Table II), and thus it is impossible to assign a special
impurity to be responsible for the differences observed in the
positron lifetime spectra. It has to be mentioned also that
remains from a CM-02 sample were covered with unremov-
able metallic contacts, i.e., a sputtered Au layer on the back
side and sputtered Pd dots on the front side.®® Thus, no speci-
fication may be given in Table II regarding possible Au and
Pd impurities in the previous CM-02 sample.

NRA performed at remain from a CM-02 sample has been
conducted at its back side before it was used in the destruc-
tive ICP-MS chemical analysis. The bombardment by '°N
ions has been done with increasing kinetic energy in order to
perform a depth analysis, i.e., the ions first see the Au layer
before finally reaching the ZnO substrate. As the thickness of
the sputtered Au layer was known by a rough guess only to
be of the order 80-100 nm, its exact value has been esti-
mated to equal 145 nm by standard Rutherford backscatter-
ing analysis®” using a value of p=19.3 g cm™ for the den-
sity of crystalline Au. Results of NRA at the CM-02 are
presented in Fig. 7.

The estimated H-b depth profile shows some very inter-
esting features. First, the sputtered Au layer has been found
to contain a substantial amount of H. This result has been
unexpected at first sight because it was reported®® that the H
solubility in crystalline Au ranges from 4.5X 10~ at. % at
1000 °C down to 1.55X 107 at. % at 700 °C at 1 bar pres-
sure, i.e., at room temperature it is almost zero. However,
recent more detailed research (see Ref. 69 for a review) has
revealed that H may be trapped at all types of open volume
defects. In particular, a substantially enhanced H solubility
was found in nanocrystalline metals containing a significant
volume fraction of grain interfaces which can accumulate
more H than a regular lattice, e.g., Pd.”® Recent defect stud-
ies of thin films’!72 revealed that sputtering at room tempera-
ture produces such nanocrystalline structure with a high den-
sity of open-volume defects. It was also demonstrated that
the H solubility in nanocrystalline films is substantially
enhanced.”! Thus, an average H content of ~1.8 at. % as

TABLE II. Comparison of chemical compositions (volume concentration, in 10" cm™ units) estimated for CM-02 and CM-06 samples.
No specification may be given regarding Au and Pd impurities for the CM-02 sample—see text for explanation.

Sample Cr Ni Cu Ga Rb Mo Ag Cd In Sn Sb Te Pb
CM-02 1.19 13.66 0.80 0.21 0.13
CM-06 0.01 0.22 0.34 0.43 0.01 0.00 0.16 0.17 1.54 0.01 0.00 0.04 0.09
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FIG. 7. Hydrogen concentration of a CM-02 sample having a
sputtered Au contact displayed as a function of depth.

observed in the sputtered Au layer looks normal and points
to the existence of open volume defects in the layer. Toward
the surface and the interface of the Au layer, this amount is
found to be still much higher. The origin of the H content
may be guessed at this moment only—perhaps an uptake
from the air, as described above in case of the MT-04
sample, took place. However, the real process remains to be
investigated but this finding is helpful to better understand
the behavior of metallic contacts on ZnO—see, e.g., Refs.
45-47.

Second, when commenting the H content of the CM-02
sample it has to be reminded that from slow positron implan-
tation spectroscopy has been estimated'* that a damaged sub-
surface layer introduced by lapping at the back side (zinc
face) exists which does extend as deep as d
=(1942£32) nm. It is reasonable to assume that the rise of
the H concentration near the interface with the sputtered Au
contact is due to some additional damage caused by the sput-
tered ions. Indeed, away from this interface behavior a still
enhanced H concentration can be noticed in the sample
roughly up to a depth of about 300 nm. At larger depth,
certainly some bulk level is reached which amounts to
~(0.3-0.5) at. %. The remain from a CM-02 sample has
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been annealed previously,'# but over the long time since then
an uptake of H might have happened, as observed for sample
MT-04 as described above. Thus, the bulk level of H concen-
tration looks comparable to the numbers found in various
other ZnO crystals of completely different origin (Table I).

To summarize, the final reason for the clearly observed
difference in the positron lifetime spectra of CM-02 (Ref. 14)
and CM-06 remains undisclosed.

E. Calculation of bulk and defect positron states

As for the delocalized positron state, recent positron
calculations'* yielded a ZnO bulk lifetime of 159 ps, which
is now replaced by a value of 154 ps (see Table III)—
obtained with the refined method described above—that is
somewhat closer to the experimental value (151*2) ps
(Ref. 14) (see also Refs. 18 and 40). Theoretical calculations
using the BN approach thus give a lifetime value that is very
close to that observed in experiment, and using this approach
in defect calculations is therefore justified. In Ref. 27 the
bulk lifetime is calculated to be only 144 ps. However, in this
case no correction for incomplete positron screening (due to
the band gap in ZnO) was used—and our calculations give
the same value when the correction described in Ref. 61 is
not considered (cf. Ref. 40), which indicates that such a cor-
rection is essential to reproduce measured lifetimes.

In this respect we also comment on calculations based on
the gradient correction (GC) scheme,”® which was reported
in Refs. 14 and 20. The bulk positron lifetime calculated
using the GC scheme is 176—177 ps in both works, which
does not match well the experimental value given above. For
this reason we do not consider the GC scheme in further
calculations here. We also note that in the original work of
Barbiellini et al.”®> no oxides were tested though our recent
study shows’* that in the case of BeO and MgO both BN and
GC schemes give comparable results and agree reasonably
well with experimental data for delocalized positrons. But
further investigations are needed in order to generally justify
the GC approach for positron calculations in oxides.

As for the positron distribution in the perfect ZnO lattice,
positrons are most probably found in the interstitial channels
along the ¢ axis of the hexagonal lattice, as deduced from
checking the positron density behavior. Hydrogen atoms (in

TABLE III. Results of positron calculations for selected defects; 7 and E,, are, respectively, the positron
lifetime and binding energy and are given in ps and eV units.

NS NR NS RE SC RE SC RE PF

Case T E, T E, T E, T E,
Bulk 159 154

Vo 159 ~0 159 ~0 154 ~0 154 ~0
Vo+1H (Ho) 159 ~0 159 ~0 154 ~0

Vin 197 0.34 231 0.60 246 1.25 207 1.11
Van+1H ¢ 179 0.12 190 0.19 199 0.48 177 0.25
Vo +1H ab 178 0.12 194 0.23 203 0.51 179 0.30
Vza+2H abc 161 ~0 163 0.01 164 0.03 156 ~0
Vza+2H ab 161 ~0 166 0.02 164 0.03 156 ~0
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the form of H, molecules, and perhaps other forms too) can
be also present in such regions. Hence, it is instructive to
examine to what extent the bulk lifetime could be affected by
the presence of hydrogen located in the channels mentioned
above.

A brief simulation has been performed in order to check
this effect. The ATSUP method was used without taking into
account lattice relaxations. It is found that ~2 at. % H
would cause a shortening of less than 0.5 ps, whereas
~25 at. % would result in just ~10 ps shortening. Thus it
is reasonable to accept that the bulk lifetime (151=*2) ps
(Ref. 14) (sample CM-02) is not significantly influenced by
the (not estimated) presence of H-u, and thus really repre-
sents the bulk value. Concerning other interstitial hydrogen
positions as predicted in Ref. 41, also just a small H influ-
ence on the positron lifetime is expected.

Attempts to assign the experimental positron lifetimes ob-
served in ZnO to specific defects have to take into account
the dominant concentration of H, as this is certain now from
the NRA results presented. Table III summarizes results of
positron lifetime and positron binding energy calculations for
bare as well as H-decorated vacancylike defects (first results
were presented in Ref. 75). Here, we present results for NS
NR, NS RE, SC RE, and SC RE PF computational schemes
in order to demonstrate the influence of the effect of various
approximations used in computations.

As already shown in Ref. 14 (see also Ref. 27), V is too
“shallow” to confine a positron. Even if now positron-
induced forces are taken into account, the situation does not
change. As for an H atom occupying an O site (Hg) (Ref.
42), our calculations revealed—not surprisingly—that it can-
not trap positrons, and therefore cannot correspond to any of
the observed positron lifetimes even if calculations using
positron-induced forces were not carried out here. Thus, we
can conclude that both defects, V5 and Hg, are invisible to
positrons.

We now discuss in detail results for V7, that is a substan-
tially deeper positron well for positrons compared to V. In
Table 111, it is demonstrated how various approximations em-
ployed in calculations affect the positron behavior. Within
the NS scheme, relaxations affect strongly the lifetime (see
also Ref. 14) due to a large outward shift of O atoms sur-
rounding the vacancy. When the charge transfer among at-
oms is taken into account (SC RE scheme), the lifetime is
even longer as positrons are attracted to oxygen anions next
to the vacancy (though oxygen anions attract positrons, the
corresponding electron density is rather low, which results in
the increase in the lifetime compared to the NS RE case).
Taking into account positron forces results in an inward shift
of these anions (as well as of neighboring cations), which
reduces the lifetime to 207 ps. This value can be well com-
pared with defect lifetimes (202-209 ps) observed in some
electron-irradiated ZnO samples.'®4° The calculated positron
binding energy slightly exceeds 1 eV (SC RE PF scheme),
which confirms quite a deep positron potential well in the
place of V,, in ZnO.

In Ref. 36, a coincidence Doppler broadening profile mea-
sured for an O*-irradiated ZnO layer is compared with the
profile calculated for V,, (without specifying computational
details, which makes it difficult to judge the precision of
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N

FIG. 8. Atomic configuration of the V,,+1H ab defect. H atom/
sphere has the lightest color; otherwise sphere/atom colors are the
same as in Fig. 1. The original (nonrelaxed) ZnO, tetrahedron is
plotted by solid lines (as in Fig. 1). Spheres and another tetrahedron
(thin lines) indicate relaxed positions. Thicker dark bars show
atomic shifts due to positron induced forces.

calculations). Both profiles are mentioned to be related to a
defect-free bulk. The calculated and experimental ratio
curves are claimed to match well, which should indicate that
the main defect created in ZnO layers is V,,. However, no
information is given concerning the ZnO reference sample,
i.e., a “defect-free” one. In the context of the present work,
where we show that defect-free ZnO materials are not cur-
rently available, it is obvious that such a defect identification
is not well justified.

Next, we study atomic configurations of V,, containing
one H atom, i.e., the V,,+1H defect. There exist two con-
figurations which differ by the position of the hydrogen
atom. Namely, these are V,+1H c and V,+ 1H ab configu-
rations. We also tried several different starting configurations
with the H atom located inside the V,,0, tetrahedron (in
addition to those described in Sec. III) and it turned out that
regardless of starting positions of the H atom, its final posi-
tion can be identified with one of the positions described
above. In such positions the H atom is close (~1 A) to the
nearest O atom, like for the interstitial H.*! The resulting
positron lifetimes (SC RE PF calculation; see Table III) are
177 and 179 ps for Vz,+1H c and V,,+1H ab configura-
tions, respectively. These values are about 30 ps shorter than
for the “bare” V, vacancy, which demonstrates the effect of
lowering the vacancy free volume due to the incorporation of
hydrogen. Correspondingly, the positron binding energies
that amount to 0.25 and 0.30 eV for the above two configu-
rations are significantly lower than for V,,. The effect of the
studied computational approximations can be described in
the way similar to V,, which is also demonstrated in Fig. 8.
On the basis of calculated lifetimes, it is suggested that the
Vz,+1H defect is responsible for the 180-182 ps lifetime
detected in our HTG samples (see Sec. IV C) as well as in
HTG samples studied in other works.!737-38
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When two H atoms are present inside V,,, they occupy
two bond-center positions with a slight distortion of the
V7,0, tetrahedron. Again, two nonequivalent configurations
for the V,,+2H defect can be found (ab and abc). The results
of positron lifetime and binding energy calculations for these
configurations are shown in Table III. One can see that for
NS NR and SC RE PF calculations V,,+2H defects do not
constitute a positron trap, but surprisingly this is not true for
the NS RE and SC RE computational schemes. As SC RE PF
are considered to be the most precise and elaborated way of
calculations, we conclude that any of two possible configu-
rations of the V,,+2H defect most probably does not trap
positrons. Thus, already two H atoms are enough to fill up
the free volume of V, so that it becomes invisible to posi-
trons.

For the sake of completeness, we also performed calcula-
tions for V,+3H defects (there are again two nonequivalent
configurations ab and abc). In this case even for NS RE and
SC RE computations there is no positron trapping, and we
again conclude that V,,+3H defects do not represent posi-
tron traps.

So far a reasonable interpretation for the 180-182 ps life-
time observed in HTG samples could be suggested. Concern-
ing the MG samples, where lifetimes in the range 165-167
ps have been found, none of studied defects gives a lifetime
that would correspond to those determined in experiment and
further studies and considerations are necessary to address
this point.

In the present work yet other defect configurations involv-
ing H atoms have been studied. It is worth mentioning that
the H, molecule does not appear to be stable inside V.
Similarly, V,, configurations that involve any of antibonding
H sites*! are either found to be not stable or result in much
higher energies than those involving BC sites. For these rea-
sons, it is supposed that such defects almost certainly do not
exist in reality and therefore no positron calculations have
been performed for them.

However, there can be yet other H-vacancy complexes
that could explain the measured lifetimes. In this respect, the
role of H in a Vo divacancy needs to be investigated. The
Hq defect (i.e., Vo+1H)—as part of a larger complex H
+Vz,+nH (with n=0,1,2,...)—could play a role as well.
Further calculations will be required to assess this idea, sup-
posing also the possibility of various charge states of defects
which have not been considered in the present work.

F. Relation to other experimental data

So-called “plasma hydrogenation” in 'H or 2D atmo-
spheres has gained attention in connection with PL and other
investigations—see, e.g., Refs. 76—79. Although conditions
of plasma treatment have been carefully reported, no quanti-
tative analysis of the 'H or D concentration has been per-
formed. Just in Ref. 76, 'H concentrations in the samples
were at least qualitatively analyzed by depth profiling with
secondary-ions-mass spectrometry (SIMS). However, most
of the analyses were carried out for D plasma-irradiated
samples. For the qualitative analyses, the sensitivity of the
equipment was calibrated with a standard sample prepared
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by ion implantation. For a given sample, the °D concentra-
tion was found to be nearly constant of the order 10'7 cm™
in a narrow subsurface range of about 0-30 nm, and to
steeply decrease with increasing depth. It is reported also that
'H does interact in some way with impurities and/or defects
in ZnO substrates, and that its diffusion behavior is not sim-
ply due to its concentration gradient. However, the question
if some subsurface damage of the treated ZnO sample might
originate from the plasma treatment itself or not has neither
been considered nor discussed.

Other authors’’ report a complete restoration of the origi-
nal properties of the sample upon annealing at 450 °C,
which from our point of view indicates that 'H introduced by
the plasma treatment could be considered as H-u according
to our NRA notification mentioned above. In our opinion, the
results obtained by SIMS (Ref. 76) may not be compared
directly with the absolute estimations from NRA as reported
in Table I though the reason for the discrepancy between the
results of NRA and SIMS methods needs to be cleared.

Hydrogen-related defects have also been studied via ac-
cessing local vibrational modes (LVM’s) of hydrogen atoms
(see, e.g., Refs. 80-82). LVM’s are dependent on mass,
bonding and local environment of impurities, and have been
investigated after a plasma treatment of ZnO crystal in either
hydrogen or deuterium atmosphere. The V,,+2H defect has
seriously been considered to exist by several authors®%-%2 in
order to explain results of such experiments. However, as
explained above, we do not expect that positrons would be
sensitive to this defect and cannot confirm the existence of
such defects independently.

As for the V,+1H complex, to our knowledge it has not
been considered yet in LVM studies. However, there is some
indication from previous experiments’® that such defects
could exist; namely, the H-I defect corresponding to the
3611.3 cm™! line remains unaffected with uniaxial stress
along the ¢ axis. One of the explanations could be that the
O-H bond (along the ¢ axis) inside V, is much less affected
by stress (as there is a free volume around the H atom com-
pared to the O-H bond for the BC, hydrogen interstitial po-
sition). To check and prove this hypothesis would require
theoretical calculations of the corresponding LVM frequency
and its dependence on stress.

Due to the well-known effect of preferential positron trap-
ping at defects having the largest open volume among coex-
isting defects of different size and structure, all the defects
proposed in the LVM literature®’-32 so far may really exist
but cannot explain the observed lifetime of ~180 ps found
for HTG samples. Namely, H-impurity atom complexes (e.g.,
Li-H, Cu-H, and Na-H3%-%2)_if really formed, can be ex-
cluded because: (i) Li is not an impurity found in all our
crystals, and furthermore the V,,+Li complex does not rep-
resent a positron trap, as proved in the present work by em-
ploying the same computational procedure as for H-related
complexes, (ii) although Cu impurities are present in all
crystals, the V,,+Cu complex probably does not trap posi-
trons as well, due to the noninterstitial character of this im-
purity, and (iii) for the same reasons the V,,+Na complex
can be excluded considering also that Na is not found in all
our samples.
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V. CONCLUSIONS

An extended investigation of HTG and MG ZnO single
crystals, available from different suppliers, has been per-
formed. This regards first a check of the crystal quality by
XRD together with a comprehensive estimation of the de-
tailed impurity and hydrogen contents by ICP-MS and NRA,
respectively. Second, from all ZnO crystals the positron life-
time spectrum has been measured by using the same high-
resolution spectrometer, corresponding very high statistics,
and data evaluation procedure in order to avoid any addi-
tional uncertainty by using different conditions of investiga-
tion.

A variety in the microtexture of all ZnO crystals, with
crystallites being generally as large as 5 wum or above, as
well as much differing nonhydrogen impurity contents have
been observed. Hydrogen in a bound state (H-b) has been
detected in all crystals at concentrations exceeding that of
nonhydrogen impurities by about 2 orders of magnitude,
whereas hydrogen in unbound state (H-u) has not been de-
tected in all ZnO crystals. Positron lifetimes have been found
to cluster at 180-182 ps and 165-167 ps for HTG and MG
crystals, respectively.

Results from ab initio calculations, including the effects
of lattice relaxation due to charge transfer as well as
positron-induced forces, have been presented for the bulk
and various open volume defects connected with hydrogen,
like Vz,+nH (n=0,1,2,3). It has been discussed that satu-
ration trapping at the V,,+ 1H defect is the most natural ex-
planation for the 180-182 ps positron lifetime observed in
HTG crystals, whereas the structure of a defect giving a rea-
sonable explanation of the 165-167 ps positron lifetime
found in MG crystals remains to be elucidated from further
experiments. The bulk lifetime of 154 ps estimated from the
present calculations is now closer to the experimental value
of 7,=(151 £2) ps (Ref. 14). These results are a further sup-
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port of the experimental finding and interpretation that the
positron bulk lifetime in ZnO should be ~150 ps,!*1840
contrary to the repeated conclusion and view from the
literature'-2%36 that a value of ~170 ps should represent the
defect-free state.

An attempt to unveil the reason of the different positron
lifetime spectrum observed previously'# and now in a MG
crystal of the same supplier has been performed. Thereby,
the nonhydrogen impurity content has been determined by
ICP-MS, and the distribution of H at an Au/ZnO interface
has been determined by NRA as well. Finally, the H content
of a HTG crystal upon annealing and time afterward has
been monitored. The latter behavior is most probably related
to properties of electrical contacts made at ZnO and the in-
stability in p-type conductivity observed at ZnO nanorods in
literature.

All experimental as well as theoretical findings imply that
various types of Zn-vacancy-hydrogen complexes play a
role in ZnO and need to be taken into account in future
studies. Presented results also demonstrate that the behavior
of H in ZnO needs to be further investigated by combining
various experimental and theoretical approaches in order to
understand its influence on various properties of ZnO, some
of them being rather puzzling.
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