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Nominally undoped, hydrothermally grown ZnO single crystals

have been investigated before and after exposure to remote

H plasma. Structural characterizations have been made by

various positron annihilation spectroscopies (continuous and

pulsed slow positron beams, conventional lifetime). The

content of bound hydrogen (H-b) before and after the remote
H plasma treatment at the polished side of the crystals was

determined at depths of 100 and 600 nm, respectively, using

nuclear reaction analysis. At a depth of 100 nm, H-b increased

from (11.8� 2.5) to (48.7� 7.6)� 1019 cm�3 after remote

H plasma treatment, whereas at 600 nm no change in H-b was

observed.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Unresolved controversies in research
on the properties of ZnO are mainly related to native defects
formed during crystal growth. Very recently a systematic
study of various, nominally undoped ZnO single crystals,
either hydrothermally grown (HTG) or melt grown (MG),
has been performed [1]. A single positron lifetime (LT) was
observed in all crystals investigated, which clustered at 180–
182 and 165–167 ps for HTG and MG crystals, respectively.
Furthermore, hydrogen – hereafter referred to as H – was
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. Ab initio calculations
suggest the existence of Zn vacancy-H complexes. However,
the role of H in ZnO is still far from being completely
understood.

Di-vacancy-H complexes have been considered in a
further recent study [2].

In another recent paper, various defect studies of (0001)
oriented HTG ZnO crystals electrochemically doped with H
were presented [3]. The H content in the crystals was
determined by nuclear reaction analysis (NRA) and found to
be in reasonable agreement with concentrations calculated
from Faraday’s law. A single positron LT of 182 ps was
measured in the virgin crystals and attributed to saturated
positron trapping at Zn vacancies surrounded by H atoms,
which exist at 0.3 at.-% in the crystals. It was further
demonstrated that up to �30 at.-% H can be introduced into
the crystals by electrochemical doping. More than half of this
amount has been estimated to be chemically bound, i.e.,
incorporated into the ZnO crystal lattice. However, this
drastic increase of the H concentration was found to be of
marginal impact on the measured positron LT, whereas a
contribution from positrons annihilated by electrons which
belong to O–H bonds formed in the H doped crystal is clearly
seen in coincidence Doppler broadening (CDB) spectra. In
addition, the formation of hexagonally shaped pyramids on
the surface of the H doped crystals has been observed by
optical microscopy.

In general, H-related defects have attracted significant
attention recently because of their potential for tailoring ZnO
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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properties. Remote plasma processing has been used to
achieve H doping for photoluminescence (PL) studies [4–6].
Already from these few papers and references therein it may
be seen that there is substantial experimental evidence that
H affects ZnO in several ways, including the modification of
electrical and optoelectronic properties, and the passivation
of deep levels. However, no quantitative estimates of
H doping levels achieved by plasma processing are given,
and final conclusions cannot be drawn regarding the
structure of the defects to which H is related.

In the authors’ opinion an estimation of the true
H content of the ZnO materials under investigation is
absolutely necessary in order to check and maybe support
existing ideas from theory [7, 8] about its possible role in the
ZnO lattice. Generally it is seen that studies in which
H detection is performed by secondary ion mass spec-
troscopy (SIMS) do not touch upon the sensitivity and
background level of H during SIMS analysis, as they focus
on H depth profiling. Furthermore, it is common practice to
calibrate SIMS measurements either by NRA or by well-
defined standards produced by ion implantation of H into a
given material [9, 10]. However, this seems to be impractical
in the case of ZnO simply because the initial H concentration
has been found to be already very large [1, 3]. Therefore,
NRA is the method of choice in this work to characterize the
effect of H plasma doping.

Positron annihilation spectroscopy (PAS) [11–14] is
now a well-established tool for the study of electronic and
defect properties of bulk solids and thin films. It has been
applied in this work in the form of conventional positron
LT measurements, a continuous beam of mono-energetic
positrons (SPIS), and a pulsed low energy positron beam
system (PLEPS) to characterize HTG ZnO single crystals
exposed to remote H plasma.

The paper is organized as follows: in Section 2
experimental details are given, and in Section 3 the
experimental results are presented and discussed.
Conclusions are drawn in Section 4.

2 Experimental
2.1 Sample description Ten HTG single crystals

typically of dimensions 10� 10� 0.5 mm3 were supplied in
2008 by MaTecK GmbH (Jülich) (MT-08), with their O-face
polished. A HTG sample bought in 2004 (MT-04) has been
studied previously [15].

The ten, consecutively numbered MT-08 samples,
formed five pairs (1/2, 3/4, 5/6, 7/8, and 9/10) which have
been first characterized by LT measurements. Then, by
assuming that all samples are nominally equal, sample #1
Table 1 Chemical composition (volume concentration, in 1017 cm�3

#1 and #5).

Li Mg Ni Cu Ga Rb

no. 1 4.06 1.84 0.65 1.10 0.76 0.0
no. 5 1.03 1.55 0.0

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
was cut to obtain a pair of 5� 7 mm2 for LT and CDB
measurements, and a remaining 10� 3 mm2 part has been
used for an estimation of the chemical composition in its
virgin state. The H content and PAS studies (LT, CDB)
before and after remote H plasma loading have been
performed on the 5� 7 mm2 sample pair. The CDB results
will be published elsewhere.

Samples #2 and #3 were arbitrarily chosen for a more
comprehensive investigation by SPIS and atomic force
microscopy (AFM) before and after remote H plasma
loading under the same conditions as sample #1. The AFM
results will be published elsewhere.

The chemical compositions of arbitrarily chosen
samples #1 and #5 were estimated by inductively coupled-
plasma mass-spectrometry (ICP-MS) using a Perkin-Elmer
ELAN-9000 spectrometer, with results given in Table 1. The
relation between the atomic (Cat) concentrations estimated
by ICP-MS and the volume (Cvol) concentrations in Table 1
are given by: Cvol¼Cat/V, where V is the volume per atom.
According to the ZnO lattice parameters [16] used in
previous calculations [17], V¼ 11.91� 10�24 cm3.

2.2 H content and plasma doping The H content
was determined by NRA [18] using 6.64 MeV 15N ions, as
successfully demonstrated earlier for HTG ZnO nanorods
[19]. Our NRA has a depth resolution of �5 nm, and the
H detection limit is �200 ppm. The chosen depth for the
analysis is estimated by SRIM (‘‘The Stopping and Range of
Ions in Matter’’ – software which describes the transport
properties of ions in matter [20]) calculations.

From SRIM it is also found that the analyzing 15N ions
lose their kinetic energy E with increasing penetration
depth x mainly by electronic stopping ((dE/dx)electronic ¼
2.52 keV nm�1), whereas nuclear stopping is about two
orders of magnitude smaller ((dE/dx)nuclear¼ 0.006 keV nm�1).
This energy transfer to the crystal during analysis can be
sufficient to release a weekly bound H 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 probably
involve H2 molecules. As this diffusing H is then no longer
available at the analysis position, this is seen as a drop in
concentration with increasing 15N fluence. Throughout this
paper we will call this ‘‘unbound H (H-u)’’. All H atoms
which are not moving during analysis because the energy
transfer is not sufficient to release them from their bonding
site will be called ‘‘bound H (H-b)’’. However, it has to be
clearly stated also that from NRA it is impossible to draw any
conclusion on the kind of bonding of H atoms in the crystal.
units) estimated for two HTG ZnO single crystals (MT-08, samples

Mo Ag Cd Te Ba Pb

2 0.02 0.12 0.33 0.12 0.10 0.02
2 0.06 0.34 0.45 0.25 0.08

www.pss-a.com
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Figure 1 Doppler broadening parameter S of HTG ZnO single
crystals (MT-08) as a function of incident positron energy E in
as-received state (polished front side) and for a backside. The bulk S
levelofsample#3andthedefect levelof thewidersubsurface layer in
sample #2 (see text) are indicated by lines to guide the eye. The mean
positron implantation depth <z> is given for comparison.
The samples have been exposed for 1 h to a remote H dc
plasma in a parallel-plate system, with a plate voltage of
1000 V. Samples were mounted on a heater block held at a
temperature of 350 8C placed �100 mm downstream from
the plasma with a bias voltage of approximately �330 V,
which fixed the bias current to �50mA. During the loading
the gas pressure was held at �1 mbar.

2.3 PAS SPIS measurements were carried out with the
mono-energetic positron beam ‘‘SPONSOR’’ at Rossendorf
[21] at which a variation of the positron energyE 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 momentum of the electron–positron pair prior to
annihilation causes Doppler broadening of the 511 keV
annihilation line and can be characterized by the line-shape
parameters S andW. The usefulness of these parameters may
be illustrated further by an S–W plot, which allows one to
conclude whether the changes are due to a change in
concentration or type of a defect. For a more general
discussion of these parameters we refer to the literature [11,
12]. 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 here
W� 0.09 for the ZnO reference sample. The same regions
are then used to calculate the values of S and W for every
other sample studied [12].

The bulk of a virgin MG ZnO specimen (see Ref. [17])
served as reference with S� 0.5 and W� 0.09. The depth
information was obtained from the correlation of S and W
with positron energy E using the versatile program package
VEPFIT [22], in which a density of 5.605 g cm�3 for ZnO
was used. A mean positron penetration depth <z> (in nm) is
calculated by the formula<z>¼ (A/r)�E1.62, with r being
the crystal density (in g cm�3), E the positron energy (in
keV), and A a material dependent parameter [22]. In
Ref. [22], a value A¼ 40 is given. However, from our
long-time experience in using VEPFIT it was found that a
value A¼ 36 fits much better to a wide range of materials
including ZnO.

The PLEPS system originally based on positrons from a
radioactive source [14] has now been installed at the high
intensity positron source (NEPOMUC) at the Munich
Research Reactor FRM-II. In order to enhance the
performance of the system, several improvements have been
installed [23, 24]. The latest version of the PLEPS system has
been used to perform depth-dependent positron LT measure-
ments after remote H plasma loading of the ZnO crystals. For
each incident positron energy E in the range 0.5–18 keV
about (4–6)� 106 events were collected per spectrum.
www.pss-a.com
A 22NaCl positron source (�1.5 MBq) deposited on a
2mm thick Mylar foil was used in LT and CDB measure-
ments. This source was always covered with two identically
treated ZnO crystals thus forming a sandwich. The depth
profile of the positrons in each sample exhibits a distribution
which reaches a maximum at�43mm and has a low intensity
tail that extends as deep as �173mm into ZnO [25]. It has
been estimated [3] that�90% of the positrons are annihilated
within 100mm of the surface, i.e., about 1/5 of the sample
thickness. Therefore, the volume fraction sampled with the
low energy positrons during SPIS and PLEPS measurements
is a negligible part of the volume sampled with beta positrons
during LT and CDB measurements, and that completely
different parts of a sample are investigated depending on the
methods used.

All LT measurements were performed at room tempera-
ture (RT) by a fast-fast spectrometer having a timing
resolution of 160 ps [26] (FWHM 22Na), and collecting
�4� 107 events per spectrum. The positron source contri-
bution in the LT spectra consisted of two weak components
with LTs of �368 ps and �1.5 ns, and corresponding
intensities of �8 and �1%, respectively. Each LT spectrum
was decomposed using a maximum likelihood procedure
described in detail elsewhere [27].

3 Results and discussion
3.1 PAS–SPIS and PLEPS SPIS results of the virgin

MT-08 crystals are presented and compared in Fig. 1.
There is a Makhovian depth profile which corresponds

to each positron energy which represents the initial
distribution of positrons inside the material; this has been
used to compute the mean depths shown on the upper axes in
Figs. 1–3. However, following implantation the positrons
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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will diffuse inside the material until they undergo annihil-
ation from a free or trapped state. Therefore, only by
comprehensive analysis using the VEPFIT programme
package [22] it is possible to arrive at reliable parameters
describing the positron behavior in any material. This has
been done and the results are discussed below.

In both crystals, the existence of a narrow defected
subsurface layer of �100 nm thickness is indicated. In
addition, sample #2 contains a further defected layer of
(634� 141) nm width, and both layers have a positron
diffusion length of Lþ< 10 nm. Compared to the previously
investigated crystal MT-04 [15], where no such defected
layers at the polished side have been observed, this indicates
a varying quality of crystal polishing from the same supplier.
However, the crystal quality can be characterized in terms of
the bulk diffusion length, which was found to increase
slightly from Lþ¼ (22� 1) nm for the MT-04 sample [15] to
Lþ¼ (38� 11) nm for the MT-08 samples.

SPIS results typical of the unpolished backside of the
MT-08 samples are presented in Fig. 1 for comparison and
point to the presence of an increased damage level reaching
deeper than �4mm.

The existence of such defected layers and the surface
roughness (observable by AFM) explain why as-received
ZnO wafers are often found insufficient for epitaxial growth
[28, 29]. However, it has been shown that thermal treatment
can remove the damaged surface layer, thus allowing homo-
epitaxial growth of high-quality thin films [28, 29].

SPIS results for sample #2 after remote H plasma
treatment are presented in Fig. 2.

The S(E) curve shows three plateaus leading to the
assumption that a three layer fit has to be used for the VEPFIT
procedure. However, a three layer model resulted in a totally
E (keV)
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Figure 2 Doppler broadening parameter S of a HTG ZnO single
crystal (MT-08, sample #2) in as-received state (polished front side)
andafter remoteHplasmatreatmentasafunctionofincidentpositron
energy E. The best fit to the data for the plasma treated sample is
given. The mean positron implantation depth <z> is given for
comparison.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
unrealistic positron diffusion length of more than 500 nm for
bulk ZnO. Consequently, it was necessary to introduce
an additional weakly damaged layer above the bulk
material. The four layer fit delivered results for layer
thickness d and positron diffusion length Lþ as follows:
layer 1: d¼ (5� 2) nm,Lþ< 1 nm; layer 2: d¼ (260� 8) nm,
Lþ¼ (10� 1) nm; layer 3: d¼ (634� 141) nm,
Lþ¼ (49� 14) nm. The bulk diffusion length was fixed at
Lþ¼ 52 nm.

It is remarkable to note that beside the sample alterations
caused by the remote H plasma treatment in the subsurface
region (<1mm) the crystal quality of the bulk has clearly
undergone further improvement, as indicated by an increase
in Lþ �38 to �52 nm.

A self-evident explanation could be connected with zinc
interstitial (Zni) atoms which may exist in the crystal,
become mobile at temperatures above�200 8C [30] and may
fill up some of existing VZn–H complexes that were
discussed in Ref. [1] to be responsible for positron trapping
in HTG ZnO materials. In this case, the original trapping sites
are no longer attractive for positrons, which could explain the
observed increase of the positron diffusion length.

Another explanation of the observed crystal quality
improvement (layers 3 and 4) could be the filling up of VZn–
H complexes by H introduced by the plasma treatment. In the
case of VZnþ 1H complexes discussed in Ref. [1] just one
additional H atom is enough to fill up the free volume of this
defect and make it invisible to positrons.

SPIS results of sample #3 after remote H plasma
treatment are shown in Fig. 3 and are comparable to those
of sample #2, except for the missing third layer.

An improved approach for the analysis of SPIS data by
using a combination of S and W, introduced in a study of the
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Figure 3 Doppler broadening parameter S of a HTG ZnO single
crystal (MT-08, sample #3) in as-received state (polished front side)
andafter remoteHplasmatreatmentasafunctionofincidentpositron
energy E. The mean positron implantation depth <z> is given for
comparison.
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SiO2/Si system [31, 32] and shown to be very useful in a later
comprehensive investigation of this system [33], should thus
be of interest for the qualitative interpretation of the present
SPIS data too. A more recent application of such an S–W plot
regards the formation and stability of rocksalt ZnO
nanocrystals in MgO [34] and it can be learned that
annihilation in a ZnO crystal and Zn metal both give a
comparable value of W but a �13% larger S for ZnO. Even
anticipating, from the authors’ experience [1], that the ZnO
crystal which served as a reference in Ref. [34] was not
defect-free, the large difference in S between ZnO and Zn
reported should be beyond any doubt. Therefore, from our
present SPIS data it is suggested that the rather high S value
characterising the narrow subsurface layer of �260 nm
thickness found after the remote H plasma treatment could
either indicate enrichment in Zn due to the treatment, or the
formation of large open volume defects.

Pulsed low energy positron beam system is complemen-
tary to SPIS and has been performed on virgin sample #5 as
well as on samples #2 and #3 after remote H plasma
treatment. The mean LT (tm) values of the three samples are
summarized and presented in Fig. 4.

Although the existence of a defected subsurface layer on
polished and unpolished sides of virgin ZnO single crystals
has already been demonstrated by SPIS [15, 17], its true
nature could not be revealed due to the lack of a defect-free
ZnO single crystal that might have served as a reference.
Regarding the virgin sample #5, the results (Fig. 4) clearly
reveal that this damage should consist of very large open
volume defects whose depth profile from both sides of the
crystal is also evident in the figure.
Figure 4 Mean positron lifetime tm as a function of incident
positron energy E in a virgin HTG single crystal (MT-08, sample
#5,polished, andunpolishedside)and twodifferentHTGZnOsingle
crystals (MT-08, samples #2 and #3) after remote H plasma treat-
ment. The width of the broad subsurface damage layer found from
SPIS (see text) is indicated in terms of corresponding positron
energies at which their distribution touches them.

www.pss-a.com
Surprisingly, samples #2 and #3 exhibit a uniform
behavior after their remote H plasma treatment. The trend of
their mean LTs resembles closely the SPIS data (Figs. 2
and 3). Evidently open volume defects of much smaller size
than those detected in the as-received sample are responsible
for this trend.

For a more detailed understanding and discussion of the
PLEPS results, a mathematical decomposition of all spectra
has been performed. Generally, three positron LT com-
ponents had to be assumed in order to achieve reasonable
fitting results.

The longest LT t3 of virgin sample #5, samples #2 and #3
after remote H plasma treatment and their corresponding
intensities I3 are shown in Fig. 5.

Generally, t3 is found to be of the order 1–3 ns. Such a
long LT is usually associated with pick-off annihilations
from ortho-positronium (o-Ps), an atomic-like bound state
between an electron and a positron having parallel spin
orientation [11, 12]. Correspondingly, para-positronium
(p-Ps) is a bound state of an electron and a positron having
anti-parallel spin orientation. Although its intensity is just
one third of o-Ps its formation can nevertheless influence the
measured values of SPIS parameters.

At the virgin sample #5, this longest component shows
remarkably high intensities (10%< I3< 27%) on both sides
of the crystal and is found throughout the subsurface
damaged layers as characterized by SPIS. Because this
damage depends on the preparation conditions of the crystals
by the supplier and cannot be considered to be reproducibly
observed, the full decomposition results of the associated
PLEPS spectra are not given and discussed here further.
Figure 5 (online color at: www.pss-a.com) Longest positron life-
time t3 and corresponding intensity I3 as a function of incident
positron energyE in a virgin HTG single crystal (MT-08, sample #5,
polished, and unpolished side) and two different HTG ZnO single
crystals (MT-08, samples #2 and #3) after remote H plasma treat-
ment. Mean depth <z> of positrons is given for comparison.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (onlinecolorat:www.pss-a.com)(a)Positron lifetimest1

and t2 as a function of incident positron energy E for a virgin HTG
singlecrystal (MT-08, sample#5,polished,and unpolishedside)and
two different HTG ZnO single crystals (MT-08, samples #2 and #3)
after remote H plasma treatment. Mean depth <z> of positrons is
given for comparison. (b) Relative intensity I1 as a function of
incident positron energy E for a virgin HTG single crystal
(MT-08, sample #5, polished, and unpolished side) and two different
HTG ZnO single crystals (MT-08, samples #2 and #3) after remote
H plasma treatment. Mean depth <z> of positrons is given for
comparison.(c)Relativeintensity I2asafunctionofincidentpositron
energy E for a virgin HTG single crystal (MT-08, sample #5,
polished, and unpolished side) and two different HTG ZnO single
crystals (MT-08, samples #2 and #3) after remote H plasma treat-
ment. Mean depth <z> of positrons is given for comparison.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
In contrast to that in the virgin sample, the subsurface
damage of samples #2 and #3 after remote H plasma
treatment is reproducible. It is striking to note that this
longest component is almost entirely found near the sample
surface with an intensity of�3% or less. This suggests that it
is associated with formation of o-Ps at both sample surfaces
and identified by SPIS as the very narrow ‘‘layer 1’’ in both
crystals, characterized by the very short Lþ< 1 nm. The two
shorter LT components (t1, t2) (Fig. 6a) of samples #2 and #3
after remote H plasma treatment and their corresponding
intensities (I1) (Fig. 6b) and (I2) (Fig. 6c) are presented in
Fig. 6.

As the longest LT component t3 of these samples is
almost entirely found in ‘‘layer 1’’ the behavior of t2 and I2 is
characteristic of annihilation at defects in the subsurface
damage ‘‘layer 2’’. In this layer are mainly seen annihilations
from a defect state characterized by a positron LT in the range
350–380 ps, which according to theoretical calculations
should correlate with an open volume corresponding to a
cluster of four to six (ZnþO) di-vacancies [35]. However,
given the complexity of the material, all calculations can only
give a rough estimate and do not allow quantitative
conclusions about the real size and structure of those defects.

The detailed mechanism of how such large open volume
defects of uniform size can form is not known. However,
electrochemistry [36] might be useful in finding an
explanation as it describes ZnO more generally as a material
which due to structural disorder exhibits electronic disorder.
Also, ZnO is known to show thermochromism – i.e. it may
change its color reversibly from white to yellow upon
heating. This process is accompanied by a loss of oxygen
which results in an excess of zinc. The zinc ions will then
most probably occupy interstitial lattice positions where they
can act as donors having activation energy as low as 0.05 eV.
In other words, the amount of free electrons in ZnO is a
function of the oxygen partial pressure. Using the law of
mass action it is derived that the free carrier concentration n
is proportional to the reciprocal fourth root of the oxygen
partial pressure [36].

Thus, n-type conductivity will decrease with increasing
partial oxygen pressure. An increase of n-type conductivity
upon heating of ZnO films up to 450–600 8C which is
maintained even up a few days after cooling down to RT has
been reported [37]. Another proposed explanation for such
an effect is desorption of oxygen atoms at grain boundaries
upon heating [38]. These ideas about Zni represent one of the
views to explain the origin of n-type conductivity of ZnO.

In the case of remote H plasma treatment, however, it can
be hypothesized that beside the effect of heating a loss of
oxygen is mainly caused by the interaction of ZnO with H at
the elevated treatment temperature. If a H ion from the
plasma which penetrates the ZnO is trapped into an existing
VZnþ 1H defect [1], it forms perhaps a VZnþ 2H complex
which does not trap positrons any more [1], or it touches a
kind of ‘‘inner surface’’ and it is supposed that it may rip out
an oxygen atom from the lattice and form an OH molecule.
This molecule might then diffuse towards the crystal surface
www.pss-a.com
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Table 2 H content H-b (at.-%) of a HTG ZnO single crystal (MT-
08, samples no.1) estimated by NRA in different sample states for
different depths and sample sides.

sample state depth¼ 100 nm depth¼ 600 nm sample side

virgin 0.14� 0.03 not measured polished
H plasma treated 0.58� 0.09 0.15� 0.03 polished
H plasma treated 0.64� 0.07 0.25� 0.05 unpolished
and disappear from there by further reactions with the remote
H plasma. The VZnþ 1H defects damaged this way could
develop into larger open volume defects by repeating this
process several times. In contrast, the remaining zinc atoms
should be mobile and thus easily diffuse throughout the
whole crystal. As mentioned above, this zinc diffusion would
cause an increase in n-type conductivity measurable near
surface on the one hand but may also result in a filling of
VZnþ 1H defects existing in the bulk.

An extended discussion of experimental investigations
of the interaction of polar ‘‘outer’’ surfaces of ZnO with
either H or O has already been described in the early
literature [39], whereas first-principle studies [40, 41] of the
diffusion of either VZn and Zni or VO and Oi in ZnO have
been published only recently. If and how such results can be
helpful to clarify the mechanism which results in the
formation of larger open volume defects of uniform size,
as detected here, remains to be discovered from further
extensive research.

The formation of nanovoids and nanocolumns in ZnO
upon implantation of 100 keV Hþ

2 ions with various fluences
in the range 5� 1016–3� 1017 cm�2 and post-implantation
annealing up to 800 8C for 1 h has been reported [42].
Exfoliation of a surface layer of �450 nm thickness has
been observed in an unusually narrow range of fluences
(2.2–2.8� 1017 cm�2). This layer thickness matches well
with the projected range of the ions of �400 nm as estimated
by SRIM [20]. However, these results are not in favor of a
picture that might explain the currently observed void
formation by accumulation of excess H atoms in the lattice to
form a bubble.

Nanovoid formation upon direct ZnO treatment in
H-plasma has been reported elsewhere [43]. From
m-Raman spectroscopy it has been concluded that these
nanovoids are created by coalescence of VO defects and
should be filled with H2. This finding could be consistent
with the following picture: as O atoms go away from the
sample during the H plasma treatment, remaining Zn atoms
may diffuse away. At the same time, H that is in the
neighborhood may help in nucleation of such voids.

It has to be stated, however, that to verify these results
[43] by PAS seems to be impossible because VO defects are
not attractive to positrons [1], and in spite of a larger open
volume after supposed coalescence still would not be
attractive due to their claimed filling with H2. On the other
hand, in Ref. [43] nothing is mentioned regarding a depth
sensitivity of the m-Raman spectroscopy. Thus, it might be
possible that after the direct H plasma treatment near the
surface larger open volume defects containing H2 molecules
have been formed. However, according to our results
(Fig. 5), only in ‘‘layer 1’’ such a scenario is conceivable
after remote plasma but definitely not at greater depth.

Interpretation of results in Ref. [43] relies on PAS studies
which report on microvoid formation in hydrogen-implanted
HTG ZnO single crystals [44]. It is worth reviewing some of
these results now in spite of findings presented in Ref. [1].
The ‘‘as-grown’’ material exhibits a single LT
www.pss-a.com
(182.2� 0.7 ps) [45] which should be indicative of satur-
ation trapping in VZnþ 1H defects [1]; however, a box-
shaped profile obtained by Hþ implantation with various
fluences in the energy range (20–80) keV to achieve a total
fluence of 4.4� 1015 cm�2 is also characterized by a single
but slightly larger LT (202.0� 0.6 ps) [44] which strongly
suggests saturation trapping in VZn [1]. Post-implantation
annealing at 700 8C is found to result in the formation of large
empty microvoids which are interpreted as agglomerated VO

defects. Finding of such voids is comparable to the results
from Ref. [42] regarding exfoliation. Although hydrogen
implantation should generally result in formation of VZn,
Zni, VO, and Oi as basic defects in ZnO, the post-
implantation annealing behavior of the damage created by
implantation might be influenced in addition by the type of
ion (Hþ

2 [42], Hþ [44]) used.
To summarize, the mechanism of forming small and

evenly distributed open volume defects of a size correspond-
ing to four to six (ZnþO) di-vacancies [35] observed after
remote H plasma treatment remains to be determined.

3.2 NRA According to the results from SPIS, an
estimate of H concentrations in sample #1 has been
performed at two different depths, i.e., 100 and 600 nm, at
the polished and unpolished sides. The chosen depth of
100 nm guarantees that volume properties without any
influence of surface contamination, and in particular within
the first defected layer, are being studied. The second chosen
depth (600 nm) allows a judgement of both the third defected
layer of sample #2 and the bulk of sample #3 after the remote
H plasma treatment. The results are summarized in Table 2.

Figure 7 presents the H concentration at a depth of
100 nm for sample #1 obtained at both the polished and
unpolished sides after remote H plasma treatment. At the
polished side, a constant value of H-b¼ (0.58� 0.09) at.-%,
i.e. (48.7� 7.6)� 1019 cm�3, is observed. In the virgin
sample #1, H-b¼ (0.14� 0.03) at.-%, i.e. (11.8� 2.5)�
1019 cm�3, has been detected.

When measuring at the unpolished back side of sample
#1 at a depth of 100 nm, a decrease of the H content with
increasing bombardment by 15N ions is observed which
finally reaches a constant level of H-b¼ (0.64� 0.07) at.-%,
i.e. (53.7� 5.9)� 1019 cm�3.

This H-b value is in reasonable agreement with the result
obtained at the polished side within the limits of error. From
an extrapolation to the yield at the beginning of the 15N
bombardment, a concentration of H-u¼ (2.7� 0.9) at.-%,
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7 H concentration at 100 nm depth as a function of the sum
of 15N ions used for bombardment during NRA analysis of a ZnO
single crystal (MT-08) after remote H plasma treatment.
i.e. (226.7� 75.6)� 1019 cm�3, is derived. The presence of
H-u could be due to the fact that the unpolished side is very
rough due to lapping. Thus, up to a certain depth from the
surface additional extrinsic defects, like dislocations, might
exist which could act as sites where this H-u is most probably
attached.

When measuring at a depth of 600 nm of sample #1, at
the polished side H-b¼ (0.15� 0.03) at.-% is found. This
concentration is in excellent agreement with the value of
H-b¼ (0.14� 0.03) at.-% estimated for the virgin sample #1
at a depth of 100 nm. This shows that the remote H plasma
treatment seemingly does not introduce additional H into the
volume of the crystal.

When measuring at a depth of 600 nm of sample #1 at the
unpolished side, a value of H-b¼ (0.25� 0.05) at.-% is
detected after the remote H plasma treatment, which is a little
larger than that found at the polished side in virgin state at
100 nm. This is most probably due to the presence of defects
formed as a result of lapping the virgin crystal after cutting
from a larger piece by the supplier.

The much smaller H-b value found at 600 nm depth,
compared to that at 100 nm, suggests that this is just
connected with the additional defects introduced from
lapping but also confirms that due to the remote H plasma
treatment no additional H is introduced into the volume of
the crystal.

At the polished side of sample #1 H-b but no H-u has
been observed before and after remote H plasma treatment
(Table 2). This is a further strong indication that no H2 is
confined in the evenly distributed open volume defects of a
size corresponding to four to six (Zn�O) di-vacancies [35]
observed after remote H plasma treatment.

3.3 PAS–LT In contrast to the PAS-SPIS near-surface
measurements described in Section 3.2, the measurements
discussed in this section reflect volume properties of the ZnO
single crystal due to the very large penetration depth of
positrons from the 22Na source, see Section 2.3.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
The measurement of the five pairs of virgin MT-08
crystals gave an average single positron LT of
(180.6� 0.5) ps, which is �1 ps less than the average
number of (181.7� 0.3) ps measured in the previously
studied MT-06 series [1] but again well above a derived
bulk LT of tb¼ (151� 2) ps [17].

After the remote H plasma treatment, sample #1 exhibits
a two component LT spectrum as follows: t1¼ (50� 10) ps,
I1¼ (6� 1) %, t2¼ (175.9� 0.5) ps, and I2¼ (94� 1) %.
No constraints to the fit have been applied. The application of
the two-state trapping model [11, 12] gives a bulk LT of
tb¼ (153� 2) ps, in very good agreement with a previously
derived value of tb¼ (151� 2) ps [17]. This result is
remarkable for three reasons, because (1) a free positron
component appears in the LT spectrum, i.e., no more
saturation trapping occurs, (2) a slight drop in the t2 value
compared to the originally measured 180.6 ps is observed,
and (3) at the same time the NRA results did not indicate
additional introduction of H into the volume of the crystal.

The appearance of a LT component indicating the
annihilation of free positrons in the ZnO bulk can only be due
to a reduction of the defect concentration which originally
caused saturation trapping. As a VZn� 1H complex has been
supposed [1] to be responsible for the saturation trapping
throughout the volume of the HTG crystals, this complex can
become invisible to positrons in two ways: (1) by conversion
into VZn� nH complexes with n> 2 which are found to not
trap positrons any more [1], or (2) by filling with a Zni atom.
Case (1) most probably happens within a subsurface depth of
less than �600 nm, whereas case (2) certainly must happen
throughout the crystal volume.

The presence of Zni in the virgin crystal is reliably
concluded from PL and Hall measurements – these results
are reported and discussed in the second part of this paper
[45]. Unfortunately, no estimate concerning the Zni

concentration can be derived from these measurements. As
discussed above, the creation of further Zni is expected from
the remote H plasma treatment but not all results published in
the literature (see, e.g., Ref. [46]) fully support this idea.
However, case (2) is well supported by SPIS considering the
bulk diffusion length Lþ�38 nm in the as-received state and
its increase to �52 nm after the treatment, and also because
Zni become mobile at temperatures above �200 8C [30].
This explanation is also in agreement with the PAS-LT
sensitivity regarding depth – see Chapter 2.3.

The macroscopic effects of the remote plasma treatment
on the ZnO crystals are expected to be manifold: (1) excess
O or water molecules are removed from the crystal surface by
a reaction with the H from the plasma, (2) the plasma
simultaneously prevents the take-up of O from the ambient
atmosphere, and (3) a surface layer of super-stoichiometric
zinc atoms is formed which act as donors with rather low
activation energy [30]. The last effect is directly confirmed
by our Hall results, see Ref. [45].

Any certain explanation of the experimentally observed
drop of 4.7 ps in the defect LT due to the remote plasma
treatment is neither obvious nor straightforward. A structural
www.pss-a.com
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modification of the remaining VZn� 1H complexes could
have happen which results in a reduction of their open
volume seen in the slight drop of the defect LT. Similarly,
such a slight drop (of �3 ps) has already been observed in
connection with electrochemical H loading of a HTG ZnO
single crystal (MT-06) [3], although in this case much
more H has been introduced into the volume of the crystals
and, at the same time, no free positron LT component was
observed.

For the purpose of comparison and in order to clarify the
possible role of annealing temperature on the observed slight
drop in positron LT, another ZnO sample pair (#7� #8) was
just treated at 350 8C for 1 h in air. This resulted in a smaller
drop of the positron LT from (180.4� 0.4) to
(177.9� 0.2) ps compared to the drop observed at sample
pair (#2� #3) after treatment in H plasma at comparable
temperature and time, but without the appearance of a second
LT.

A similar small drop has been observed previously [1]
for the HTG sample pair (#5� #6) where annealing in air at
500 8C for 30 min resulted in a shift from (181.2� 0.3) to
(179.7� 0.4) ps without occurrence of a second positron LT.
Annealing in air is not expected to be connected with a
drastic loss in O with the creation of additional Zni in the ZnO
crystals comparable to remote H plasma treatment.
However, O could now be adsorbed on the surface and then
Zni atoms may be moving towards the surface [30], filling up
some positron trapping sites on their way. Therefore, the lack
of a second positron LT after such a treatment can more or
less be understood.

In the case of electrochemically H-loaded ZnO samples
[3], there is a gradual decrease of the positron LT with
increasing H content, but the remote H plasma treatment
applied in this investigation causes a noticeably larger
decrease in the positron LT than that due to annealing in air at
350 8C (Fig. 8).

This suggests that the LT decrease observed in electro-
chemically loaded and remote H plasma treated samples is
Figure 8 Positron lifetime t of differently treated HTG ZnO single
crystals as a function of their bound H content xH-b.
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different in origin. To find the true nature of the structural
effect causing this drop in LT remains a real challenge for
further studies.

3.4 PAS – Relation to other experimental
data In Ref. [1] we have given an extensive summary of
literature regarding positron annihilation studies of ZnO.

One comment concerns irradiated ZnO samples studied
using LT [47] where several samples (both HTG and MG)
exhibited a LT component corresponding to delocalized
positrons after electron irradiation – like in the present study
after remote H plasma treatment – even if the non-irradiated
samples did not show such a component. It should be
mentioned that our very first (yet unpublished) results for
HTG ZnO (MT-06) samples irradiated by 10 MeV electrons
at RT indicate a similar behavior. In both cases of irradiation
it is difficult to speculate about the origin of the observed
effect because Zni and Oi atoms are created during electron
irradiation, but at the same time VZn and VO are also
produced. To elucidate which process could lead to a filling
of open volume defects present before irradiation, so that a
LT component corresponding to delocalized positrons is
observed, remains a challenge for further investigations.

Li impurities are often considered in relation to defects in
ZnO. In two recent works [48, 49] gettering of Li impurities
by VZn clusters is observed. However, theoretical results for
the VZnþLi complex from Ref. [1] have shown that this
defect most probably does not constitute a positron trap [1].
This means that in Ref. [48] another, more complex defect
involving VZn has to be responsible for the observed effects.
In any case, Li related effects cannot explain our bulk PAS
results because (i) the presence of Li in our samples, if any, is
rather low and not enhanced by corresponding ion
implantation as in Ref. [48], (ii) our samples undergo a heat
treatment at 350 8C for 1 h during the remote H plasma
treatment, and (iii) gettering, if it occurs in our samples,
might be expected only in the�260 nm layer modified by the
H plasma treatment and definitely not in the bulk of the
crystal. Also, it was reported in Ref. [49] that nitrogen
implantation into ZnO results in the formation of clusters
containing two to four VZn’s which getter Li impurities. But
the same arguments also hold for this case, and similar
effects cannot influence interpretation of our PAS data.

4 Conclusions An extended investigation of HTG
ZnO single crystals, before and after treatment in remote
H plasma, has been performed by PAS (SPIS, PLEPS, LT)
measurements. The H content before and after the H plasma
treatment has been determined using NRA.

A varying quality of crystal polishing from the same
supplier has been noticed over the years. On the other hand,
the bulk quality has improved – reflected by an increase in the
measured positron diffusion length from (22� 1) nm
previously to (38� 11) nm now. An average single positron
LT of (180.6� 0.5) ps is consistently measured for five pairs
of virgin crystals, which is �1 ps less than the average value
of (181.7� 0.3) ps measured by the authors for a previous
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sample set but well above an earlier derived bulk LT of
tb¼ (151� 2) ps [17].

An explanation of the experimentally observed drop of
4.7 ps in the defect LT due to the remote plasma treatment
cannot be given and remains to be determined. From the
observed appearance of a LT component indicating the
annihilation of free positrons in bulk ZnO a positron bulk LT
of tb¼ (153� 2) ps could be derived, in very good agree-
ment with the value referred to above.

As Li impurities are often considered in relation to
defects in ZnO, it has been noted that Li related effects
cannot explain our bulk PAS results and thus cannot
influence interpretation of our PAS data.

In a second part of this work, complementary tempera-
ture-dependent Hall (TDH) measurements for electrical
characterization and supplementary PL studies have been
performed on HTG ZnO single crystals, before and after
treatment in remote H plasma, and an extensive discussion of
the modification of electrical and optoelectronic properties is
presented [45].
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