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Abstract

Positron annihilation spectroscopy and secondary ion mass spectrometry have been applied to study the evolution of
polishing-induced defects in hydrothermally grown ZnO samples depending on the annealing temperature. Annealing of
the as-grown ZnO wafer at 1200 – 1500 ◦C is found to lead to Li accumulation in the sub-surface layer, and significant
reduction of Li content in the bulk. Polishing is shown to introduce vacancy complexes involving both VZn and VO.
Post-polishing annealing of hydrothermally grown ZnO with removed Li layer at 800 ◦C reduces the concentration of
polishing-induced defects below the detection limit.
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1. Introduction

The boom in energy-efficient lighting and sustainable
energy technology created strong research interest in ZnO
as a potential substitute for GaN thanks to its superior
properties [1–5]. Among others, hydrothermal (HT) growth
has been proven to be the most efficient method in the
light of scale-to-cost ratio for manufacturing large-area
bulk ZnO [3]. Its application as a substrate in ZnO homo-
and III-nitrides heteroepitaxy has the advantage of almost
no or low lattice and thermal mismatch along with the po-
larity control [6–9].

The large fractions of incorporated Li originating from
the mineralizer during hydrothermal growth is one of the
dominating defects controlling the electrical and optical
properties of the material [2, 3, 7, 10]. High temperature
annealing has been shown to lead to Li accumulation in the
sub-surface region [11]: within a few tens of micrometers in
the O-face and a couple of micrometers on the Zn-face from
the surface [12]. Consequently, polishing is required after
the high temperature processing of HT ZnO in order to
remove Li from the material. Polishing and post-polishing
treatment are also essential to prepare ZnO substrates for
epitaxial growth.

Polishing required for substrate preparation induces
subsurface damage and has been shown to influence the
crystalline quality and electrically active defects drammat-
ically [6, 13]. However, a deeper understanding of the
prevailing defects and defect complexes as well as their
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thermal evolution are missing despite being of high scien-
tific and technological importance. Recent work [14, 15]
provides an insight on how to distinguish between vari-
ous kinds of defect complexes involving VZn, VO, H and Li
using positron annihilation spectroscopy.

In this work, positron annihilation spectroscopy and
secondary ion mass spectrometry have been employed to
study the thermal evolution of polishing-induced defects
close to the sample surface in HT ZnO. We show that
the Li accumulation in the sub-surface region (and its
corresponding depletion from the bulk) at high anneal-
ing temperatures strongly affects the thermal evolution of
polishing-induced sub-surface damage.

2. Material and methods

We have investigated HT-grown ZnO substrates pur-
chased from SPC Goodwill. These substrates were then
subjected to thermal annealing and mechanical polishing
processing steps. The mechanical polishing was performed
on as-received substrates as well as on substrates annealed
at 1200 ◦C and 1500 ◦C. After polishing, the substrates
were either left as they were or annealed at 600 ◦C, 800 ◦C
and 1000 ◦C. The polished samples are denoted by X/P/Y,
where X and Y stand for the pre- and post-polishing an-
nealing temperatures. RT indicates no thermal annealing.
Samples labelled X/U/Y have undergone the same thermal
processing, but without polishing in between the anneal-
ings. As an example, sample RT/U/RT is the as-received
substrate and sample 1200/P/600 was first thermally an-
nealed at 1200 ◦C, then polished and finally annealed at
600 ◦C. All of the annealings were performed in air for one
hour. The samples are listed in Table 1.

Preprint submitted to Materials Science in Semiconductor Processing April 4, 2020



Table 1: Surface treatment and annealing conditions of
hydrothermally-grown ZnO samples. U stands for unpolished and
P stands for polished samples. RT denotes room temperature (no
annealing). The near-surface damage and trapping by LiZn are iden-
tified in positron experiments. Number of fitted layers corresponds
to the number of layers used in the VEPFIT model. The presence
or the absence of near-surface damage and/or LiZn is marked with
× and – signs, respectively.

T pre

(◦C)
Surface
treat-
ment

T post

(◦C)
Near-
surface
damage

Number
of fitted
layers

LiZn

RT U RT × 2 ×
RT U 600 – 1 ×
RT U 800 – 1 ×
RT U 1100 – 1 ×
1200 U RT – 1 –
1200 U 600 – 1 –
1200 U 800 – 1 –
1200 U 1100 – 1 ×
1500 U RT × 2 ×
1500 U 600 × 2 ×
1500 U 800 × 2 ×
1500 U 1100 × 2 ×
RT P RT × 3 ×
RT P 600 × 2 ×
RT P 800 × 2 ×
RT P 1100 × 2 ×
1200 P RT × 2 –
1200 P 600 × 2 –
1200 P 800 × 2 –
1200 P 1100 – 1 –
1500 P RT × 2 –
1500 P 600 × 2 –
1500 P 800 × 2 –
1500 P 1100 – 1 –

Mechanical polishing (0.25 µm particle size) was per-
formed in order to remove the Li accumulated at the sur-
face. Li diffusion is known to start below 600 ◦C [10, 16, 17]
and its concentration reduces from 1017 to 1015 cm−3 in
the temperature range from 900 to 1400 ◦C [11].

Secondary ion mass spectrometry (SIMS) using a Ca-
meca IMS7f microanalyzer was employed to study the dom-
inant impurities in the samples. A beam of 10 keV O+
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ions was rastered over a surface area of 150 × 150 µm2

and secondary ions were collected from the central part of
the sputtered crater. Crater depths were measured with a
Dektak 8 stylus profilometer, and a constant erosion rate
was assumed when converting sputtering time to sample
depth. Calibration of the Al, Na and Li signals was per-
formed using implanted reference samples with the detec-
tion limit for all three signals in the 1014 cm−3 range.

Depth-resolved positron annihilation spectroscopy mea-
surements were performed at room temperature with vari-
able energy slow positron beams. The positron implanta-
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Figure 1: Li concentration versus depth profiles for a selected set of
samples.

tion energy varied from 0.5 keV up to 24/38 keV depend-
ing on the setup used. The resolution of HPGe detec-
tors used for measuring the Doppler broadening of the 511
keV annihilation line was 1.2 keV. The peak lineshape was
analysed using conventional low momentum parameter S
corresponding to longitudinal electron momenta [−0.4 –
0.4] a.u., and ± [1.6 – 4.0] a.u. window was applied for
high momentum W parameter. The momentum distri-
bution is different depending on whether the positron is
in the delocalized state or trapped at a vacancy-type de-
fect. The latter results in narrowing of the annihilation line
mainly due to the reduced overlap of the positron wave-
function with core electron wavefunctions. The signal is
also affected by the type of atoms surrounding the anni-
hilation site [18]. The known dependence of the Doppler
broadening spectrum and, consequently, of the S and W
lineshape parameters on the detector resolution and on the
width of the energy windows has been taken into account
during the positron data analysis. In order to compare the
results obtained with both slow positron beams, the data
were scaled taking into account the aforementioned factors
as described in detail in Ref. [19].

3. Results and discussion

Aluminium and lithium were identified as the dominant
impurities by SIMS. All samples show a uniform distribu-
tion of Al in the range of 0.8 – 2 × 1017 cm−3, except for
the 1500/U/* series, where Al is found in the near-surface
region down to about 500 nm (not shown), potentially
originating from surface contamination. Figure 1 presents
Li concentration versus depth profiles for a selected set of
samples. In the RT/U/RT sample a uniform concentra-
tion of Li of ∼ 4 × 1017 cm−3 is observed, but the bulk
concentration is significantly reduced after thermal treat-
ments. In the unpolished samples a near-surface region
is evident and strongest in the 1500/U/RT sample. In
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addition to Al and Li, Na is also found close to the sam-
ple surface, most probably due to in-diffusion from surface
contamination in some of the samples.

The results of conventional Doppler broadening mea-
surements at room temperature for selected samples are
presented in Figures 2 and 3. Keeping in mind that the
signal at any given point is broadened by the positron im-
plantation profile and positron diffusion [20], the S param-
eter can be displayed as a function of positron implantation
energy and mean implantation depth. These two figures
are not directly comparable due to two different detector
systems used for the measurements. At low implantation
energies (less than 3 – 10 keV depending on the sample) a
fraction of the thermalized positrons diffuses back to the
surface and annihilates there. This phenomenon is dis-
cussed in more details in e. g. Ref. [15]. At higher implan-
tation energies positrons approach the bulk of ZnO. In the
polished sample without any thermal treatment RT/P/RT
(see Fig. 2), the polishing induces surface damage that
manifests itself in a dramatic increase of the S parameter.
The induced damage is clearly visible down to a depth
of at least 500 nm below the sample surface. As can be
seen in both Figures 2 and 3, a partial recovery of the
induced damage can be observed for all the polished sam-
ples after post-polishing annealing at 600 ◦C, 800 ◦C and
1100 ◦C, also including the 1200/P/*-series which is not
shown here. Interestingly, for both the RT/P/* and the
1500/P/* series the S parameter shows a slight increase
both close to the surface and deeper into the bulk after the
1100 ◦C post-polishing annealing. It is also important to
note that the 1500/P/* series all approach defect-free ZnO
bulk values at the highest positron implantation energies,
while for the RT/P/* subset the S parameter is slightly
higher than the defect-free bulk value.

The (S, E ) and (W, E ) data were further analysed fit-
ting the stationary positron diffusion equation with VEP-
FIT [22] in order to extract layer-specific annihilation pa-
rameters. Most of the samples from the U subset were
represented with a simple one-layer model. For the P se-
ries, the data had to be divided into two blocks with the
near-surface region and the bulk/substrate region except
for the RT/P/RT, the 1200/P/1100 and the 1500/P/1100
samples in order for the fit to match the data. The use
of several layers indicates the presence of sub-surface dam-
age, and an overview of the number of layers is provided in
Table 1. Interestingly, the increase in open volume defects
in case of the 1500/P/RT corresponds with a highly com-
pensated region observed by Quemener et al. [13] using
capacitance-voltage profiling on samples undergone sim-
ilar treatments. This indicates a significant presence of
acceptor-type defects induced by polishing.

Additional insight may be obtained with the (S, W )
plots presented in Figure 4. The data points are obtained
from the fittings and are normalized to the defect-free ref-
erence value meaning the delocalized annihilations in the
bulk [21]. Prior to the normalization the data have been
adjusted for different energy calibrations and detector res-

Figure 2: S parameter as a function of positron implantation en-
ergy and mean implantation depth for polished ZnO sample series
RT/P/*. The dashed line indicates the bulk ZnO value obtained in
the defect-free reference [21].

Figure 3: S parameter as a function of positron implantation en-
ergy and mean implantation depth for polished ZnO sample series
1500/P/*. The dashed line indicates the bulk ZnO value obtained
in the defect-free reference [21].

olutions as mentioned in the previous section. Filled mark-
ers correspond to the (S, W ) values obtained with the
one-layer model or to the bulk region in the case of a two-
layer model. In the latter case, empty markers represent
values from the near-surface layer as obtained from the
VEPFIT procedure. The (S, W ) characteristic values of
substitutional LiZn taken from Ref. [23] and the (S, W )
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point corresponding to the saturation trapping at Zn va-
cancies VZn determined experimentally in Ref. [24] have
been plotted for reference.

Figure 4: Normalized (S, W ) parameters based on fitting results
for (a) unpolished and (b) polished sample series. Empty markers
correspond to the sub-surface layer in the case when the two-layer
model was applied. The (S, W ) point for RT/P/RT corresponding
to the surface damage at E < 3 keV is omitted for clarity. The
dashed line ZnO bulk – VZn is for guiding the eye.

As seen from Figure 4(a), most of the values from the
RT/U/* and 1500/U/* are positioned close to the LiZn
corresponding to a high concentration of Li. Interestingly,
the values extracted from the layer close to the surface
(open markers) are shifted towards the VZn, indicating a
combination of positron annihilation occurring at the LiZn
defects and VZn-related defects. The presence of VZn –
nVO complexes [14, 15] cannot be ruled out based on these
findings, in particular for the samples for which the data

points are located to the right of the VZn-line.
For the unpolished samples RT/U/600, RT/U/1100

and 1200/U/1100, the annihilation parameters are found
close to the defect-free bulk values, yet with slightly lower
W parameter. One possible reason is the competition for
Zn sites between Na and Li as observed in Ref. [25]. Some
of the samples contain Na as contaminant, and NaZn has
been found to produce a signal distinguishable from ZnO
lattice [26].

When following the annihilation parameters obtained
from the sub-surface layer of RT/P/* subset presented in
Figure 4(b), it is clear that for the surface of the RT/P/RT
sample is highly defected and its annihilation parameters
are close to the (S, W ) parameters typically observed for
annihilation at the very surface. As the sample is exposed
to post-polishing annealing, the open volume of the defect
is reduced in size. After 800 ◦C the annihilation parame-
ters are positioned on the VZn-line, indicating a substan-
tial concentration of VZn-related defects, in the order of
1017 cm−3. When the sample is finally treated at 1100 ◦C,
the defect concentration increases. A similar trend is also
observed for the samples pre-annealed at 1500 ◦C. The
overall trend is also evident for the samples pre-annealed
at 1200 ◦C; however, contributions from both Li and Na
obscure the picture, and further studies are needed to con-
firm the details of the dynamics.

In general, one may conclude that various types of
vacancy complexes involving both VZn and VO may be
introduced by polishing. During post-polishing anneal-
ing at temperatures of 600 ◦C and 800 ◦C the sample
is oxidized, and removing VO from the complexes is ob-
served as a leftward shift of the data points in the (S, W )
plane. As the temperature is increased to 1100 ◦C, ZnO
will start to evaporate O and again VO are introduced to
form new defect complexes. It has been previously found
that when heating ZnO crystals in air, at temperatures
above 1000 ◦C, ZnO starts to decompose and become non-
stoichiometric in composition with excess zinc due to the
preferential loss of oxygen atoms [27]. This is also consis-
tent with the observed annihilation parameters deeper into
the bulk of the sample, which show that the 1500/P/800
treatment results in the lowest overall concentration of de-
fects.

As shown in [28], Li can be used as a tracer for intrinsic
defects, and it typically agglomerates in regions with open
volume defects like VZn. Hence, the observed Li concentra-
tion is in accordance with the increase of the S parameter
for the unpolished samples. For the polished samples, on
the other hand, a uniform and low concentration of Li is
observed in SIMS measurements, also in accordance with
Figure 3.

As mentioned above, Li redistribution is mostly re-
vealed at 1500 ◦C making polished samples 1500/P/* clearly
different from the rest of the series. There the surface-
related data assemble towards the ZnO bulk point indi-
cating removal of Li indicating that post-annealing at rea-
sonably high temperature suppresses polishing-induced de-
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fects. Before that, in samples with the presence of Li, even
high temperature post-annealing at 1100 ◦C does not af-
fect polishing-induced defects.

4. Conclusions

The evolution of polishing-induced defects in the near-
surface region of HT ZnO substrates after annealing was
investigated by positron annihilation spectroscopy and sec-
ondary ion-mass spectrometry. In agreement with Ref. [11],
annealing at high enough temperature (1200 – 1500 ◦C)
causes Li accumulation close to the ZnO surface, and sig-
nificant reduction of Li content in the bulk. After anneal-
ing at 1500 ◦C and polishing, Li concentration was found
to be in the order of 1014 cm−3. Mechanical polishing
used to remove the Li-rich layer induces sub-surface dam-
age in as-grown and pre-annealed HT ZnO. In samples pre-
annealed at low temperatures, high Li content is uniformly
distributed for at least 2µm in depth. Post-annealing of
HT ZnO with removed Li layer at high enough temper-
ature reduces the concentration of polishing-induced de-
fects below the detection limit. The study reveals how
the nature and concentration of polishing-induced vacancy
complexes consisting of both VZn and VO can be manipu-
lated by post-polishing heat treatments at different tem-
peratures. These findings have to be taken into account
during the preparation of high-quality ZnO substrates for
epitaxy.
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[5] U. Özgur, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov,
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