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High quality ZnO single crystals of dimensions 10 x 10 x 0.5 mm®, grown by a hydrothermal approach,
have been implanted by 40 keV N* ions to a fluence of 1 x 10'> cm™ at room temperature. Their proper-
ties revealed by positron annihilation and Hall effect measurements are given in the as-grown and as-
irradiated states, and after post-implantation annealing in an oxygen ambient at 200 °C and 500 °C.
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1 Introduction Future applications of zinc oxide (ZnO), e.g. for visible and UV light emitters and
detectors, will not only rely on provision of high-quality bulk material and films but on a full understand-
ing of the role of lattice defects, as they largely control the optical and electrical properties [1, 2].

Positron Annihilation Spectroscopy (PAS) [3, 4], especially in the form of Slow Positron Implantation
Spectroscopy (SPIS) using mono-energetic positrons [5, 6], is now a well-established tool for the study
of electronic and defect properties of bulk solids and thin films.

Recently, a consistent theoretical modelling of bulk and defect positron properties of ZnO has been
performed [7]. A survey of positron lifetimes in ZnO from the literature led to the conclusion that four
well-separated lifetime levels exist between those for the bulk and the Zn vacancy — and it was postu-
lated that a hydrogen-defect interaction could be responsible for this finding [8].

In the present study, hydrothermally grown ZnO single crystals are investigated by PAS and tempera-
ture-dependent Hall (TDH) measurements before and after implantation by 40 keV N ions to a fluence
of 1 x 10" cm™ at room temperature (RT), and post-implantation annealing.

2 Experimental Hydrothermally grown (HTG) high quality ZnO single crystals, of dimensions 10 x
10 x 0.5 mm, were supplied by MaTecK GmbH (Jiilich) with the O-face polished.

PAS studies were performed by positron lifetime (PL) measurements using a fast-fast PL spectrometer
with a timing resolution of 160 ps [9] collecting up to 107 events per spectrum. SPIS studies were per-
formed with a positron energy adjustable from 0.03 to 36 keV accumulating about 10° events per spec-
trum [10]. The energy resolution of the Ge detector used is (1.09 £ 0.01) keV at 511 keV.

The motion of the electron-positron pair prior to annihilation causes a Doppler broadening of the 511
keV annihilation line and can be characterized by the line-shape parameters S and W [3, 4]. The depth
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information was obtained from the correlation of S and W with positron energy E using the versatile
program package VEPFIT [11], in which a density of 5.605 g cm™ for ZnO was used.

TDH measurements were performed in the temperature range 20-325 K at Leipzig using an auto-
mated Hall setup as in previous investigations [7].

After the PL and SPIS measurements were finished, the polished side (O-face) of the as-received ZnO
single crystal was implanted at Rossendorf with N* ions of 40 keV to a fluence 1 x 10" cm™ at RT at an
angle of 7° with respect to the surface normal in order to avoid ion channeling. Subsequent sample an-
nealing at 200 °C and 500 °C was performed in an oxygen atmosphere.

3 Results and discussion The HTG ZnO samples investigated here are found to exhibit a single
component positron lifetime spectrum with a lifetime of (182.1 + 0.4) ps. On the one hand, this is longer
than the calculated ZnO bulk lifetime of 159 ps [7] as well as the ZnO bulk lifetime of (151 + 2) ps ob-
tained from application of the two-state positron trapping model to the experimental PL data measured
on a pressurized melt growth ZnO single crystal [7]. On the other hand, the lifetime is shorter than (214.2
+ 0.6) ps reported for a negatively charged Zn-vacancy [8]. Thus, all positrons are trapped in a defect
exhibiting an obviously smaller open volume than the Zn vacancy [7, 8]. The decrease of the positron
lifetime, compared to that for a Zn vacancy in ZnO, could be due to the ‘attachment of hydrogen’ — an
effect known to exist in metals [12] - but this needs further investigation and clarification.

The theoretical calculation of positron lifetimes for defects decorated with an impurity is a difficult
task. In the case of HTG ZnO the decorating impurity of a Zn vacancy is most probably hydrogen. Hy-
drogen as a cause of doping has been extensively considered in a recent paper [13]. A very first and still
rough calculation using the atomic superposition (ATSUP) method [14] has already been performed for
two extreme cases: (a) the H atom is placed directly into the centre of the Zn vacancy, and (b) the H atom
occupies a so-called perpendicular bond-centre position [13], and the results are: (a) Tgereet = 185 ps, (b)
Taetect = 207 ps [8]. The electron-positron correlation was treated using the corrected Boronski-Nieminen
(BN) approach in the same way as in Ref. [7].

In the present work, these calculations have been refined by relaxing the geometry of the zinc va-
cancy plus the hydrogen defect using the Vienna ab initio simulation package (VASP; version 4.6.21)
[15] and employing the local density approximation ultrasoft pseudopontials [16] supplied along with the
package. Positron calculations were carried out by means of the ATSUP method [14], using the relaxed
defect configurations. It is found that H in a Zn vacancy stays close to one of neighbouring oxygen at-
oms, i.e. not in the vacancy centre, so that the free volume is reduced compared to the case when no H is
present. The resulting lifetime (BN approach) amounts to 185 ps for the one possible configuration con-
sidered to date. The coincidence with the result for the non-relaxed defect mentioned above is just acci-
dental as during the relaxation surrounding O atoms move mostly outward (relative to the vacancy cen-
tre) and the H atom moves to one of the surrounding oxygen atoms.

To estimate the extent of the subsurface region expected to be damaged due to the ion implantation
performed, the profiles of ions and vacancies were simulated by TRIM [17] code calculations which
show that the maxima of the vacancy and ion distributions are at depths of ~42 and ~72 nm, respectively.

In Fig. 1 SPIS results are presented. By VEPFIT [11] analysis it is found that the as-grown material
exhibits a positron diffusion length L, = (22 + 1) nm [18]. This shows that the ion implantation creates
open volume defects of yet unknown structure which must be more attractive to positrons than the de-
fects already existing in the virgin sample. Neither fitting of a box-shaped (two layer model) nor a Gaus-
sian defect profile is possible, which suggests that the real defect profile deviates considerably from both
model profiles. However, from an estimate of the ratio Simp(E)/ Syirein(£) it can be concluded that (i) a
damaged layer is created that extends from ~10 nm to ~170 nm, and (ii) a narrow subsurface layer ex-
tending to a depth of ~10 nm still exists that should be nearly free of ion implantation-induced defects.
After annealing at 200 °C an increase of the surface S value is observed that indicates a slight surface and
near-surface change of the sample, whereas the deeper defect profile remains unchanged. Due to the
annealing at 500 °C two effects are visible: (i) the surface S value decreases compared to the previous
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sample treatment, and (ii) the implantation-induced defects begin to anneal out seen by the S(E) curve
which is approaching the as-grown one.

Due to incorporation of group I elements (especially Li and Na), HTG ZnO single crystals are highly
compensated - which means of very high electrical resistivity. At temperatures < ~180 K, such semi-
insulating samples become insulating and thus inaccessible to Hall effect measurements. Since scattering
at ionized impurities is dominant for even lower temperatures, the density of compensating acceptors N,
cannot be determined reliably by fitting the Hall mobility. However, RT Hall mobility g7 is an indirect
measure of N, - i.e. the lower zr, the higher N,. The highest 7 of ~160 cm?/Vs is observed for the as-
grown sample. It drops due to implantation to ~140 cm?/Vs and increases again slightly to ~145 cm?Vs
after annealing at 200 °C. Figure 2 shows the temperature dependence of the free carrier concentration »
for different sample states. The large scatter of data points for the as-implanted sample below 200 K is
due to the further rapid increase of sample resistivity with decreasing temperature. After annealing at
500 °C the resistivity of the sample becomes too high for temperature dependent measurements. The
value of # is reduced by implantation and furthermore with each annealing step. However, the thermal
activation energy which is represented by the slope of the drawn lines does not change (see Fig. 2).

Because Hall measurements give an integral value, one would expect to measure only small changes
after implantation, since the implanted volume is small compared to the non-implanted volume of the
sample. But the effect of implantation is clearly visible in Fig. 3, suggesting that the changes in the near
surface region are drastic.
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crystal in various states as a function of reciprocal n of a ZnO single crystal in various states.

temperature /7.
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Annealing at 200 °C leads to minor changes of the electrical properties. However a large change i is
found after annealing at 500 °C. The value of # drops by a factor of 50 from ~2 x 10> cm™ to ~4 x 10"
3. It has recently been shown [7, 19] that this annealing stage (~500 °C in an oxygen amblent) is very
effectlve for activating nitrogen acceptors and for reducing donor-like defects caused by ion implanta-
tion. Nevertheless, the HTG ZnO sample investigated here remains #-type.

4 Conclusions Results of refined calculations of the positron lifetime in a Zn vacancy decorated by
one H atom are presented. Certainly, further improvements of these calculations - including more than
one hydrogen atom - are required and remain a challenge for future work.

The formation of ion implantation-induced open-volume defects is clearly detected and its depth range
characterized by SPIS measurements, and the electrical behaviour of the ZnO single crystal is clearly
monitored by Hall measurements. The annealing behaviour is investigated up to 500 °C.
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