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Abstract. ZnO thin films deposited on various substrates were characterized by slow positron
implantation spectroscopy (SPIS) combined with X-ray diffraction (XRD). All films studied
exhibit wurtzite structure and crystallite size 20-100 nm. The mosaic spread of crystallites is
relatively small for the films grown on single crystalline substrates while it is substantial for
the film grown on amorphous substrate. SPIS investigations revealed that ZnO films deposited
on single crystalline substrates exhibit significantly higher density of defects than the film
deposited on amorphous substrate. This is most probably due to a higher density of misfit
dislocations, which compensate for the lattice mismatch between the film and the substrate.

1. Introduction
Externally-pumped lasing observed in epitaxial ZnO films stimulated a great interest in the preparation
of high-quality ZnO films [1]. Pulsed laser deposition (PLD) enables the production of high-quality
ZnO films at lower temperatures than other methods, due to high energy of the ablated particles in the
laser-produced plasma plume [2]. The quality of films deposited by PLD is influenced by laser
fluence, substrate temperature, the atmosphere in the deposition chamber, and also by the type of
substrate. In the present work, we aim to clarify the role played by the substrate. To this end we have
carried out structural investigations of very thin ZnO films, deposited by PLD under identical
conditions, on MgO (100), sapphire (0001) and fused silica (FS) substrates, respectively. We selected
these substrates because of their different crystallographic structure; MgO crystallizes in a rocksalt
structure in contrast to the hexagonal lattice of sapphire and the amorphous phase of FS.
2. Experimental
ZnO films were deposited by PLD using a frequency-quadrupled Nd:YAG laser providing 90 mJ of
266 nm laser light in 6 ns pulses at the repetition rate of 10 Hz, ablating an ultra-high purity ZnO
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ceramic target with a fluence on target of 2.8 Jcm-2. Polished sapphire (0001), MgO (100) and FS
substrates baked out in vacuum at 950ºC were used for depositions. The ZnO films were grown in an
oxygen atmosphere at a pressure of 10 Pa, with a substrate temperature of Ts = 300ºC as a result of
5,200 laser shots. A hydrothermally-grown bulk ZnO (0001) single crystal with an O-terminated
surface supplied by MaTecK GmbH was used as a reference material in SPIS investigations.
XRD studies were performed with an X’Pert MRD diffractometer using Cu-KD radiation. SPIS
investigations were performed using a slow positron beam, SPONSOR [3], with the energy of incident
positrons adjustable in the range from 0.03 to 36 keV. Doppler broadening (DB) of the annihilation
photopeak was measured by a HPGe detector with an energy resolution of (1.09 ± 0.01) keV at 511
keV. Evaluation of DB was perfor using the line shape S parameter. The central energy region for the
calculation of S was chosen as |E – m0c2| < 0.93 keV and all the S parameters presented in this paper
are normalized to the bulk value S0 = 0.5068(5) determined in the reference ZnO crystal.
3. Results and discussion
The XRD studies described in detail in Ref. [4] revealed that all films studied exhibit wurtzite ZnO
structure with lattice parameters comparable with those given in literature and have crystallite size
falling in the range 10-200 nm. The half-widths (FWHM) of the ZnO (0002) rocking curves of the
films on MgO, sapphire and FS substrates were 1.2°, 1.3° and 10°, respectively. The ZnO films
deposited on single-crystalline substrates (MgO, sapphire) exhibit local epitaxy, while the ZnO film
deposited on FS exhibits (0001) fibre texture with a random lateral orientation of crystallites in the
plane of substrate. Hence, the mosaic spread of planes is relatively small for the films grown on single
crystalline substrates while it is substantial for the film grown on an amorphous FS substrate.
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Figure 1. The dependence
of the S parameter on the
positron energy E for the
reference ZnO (0001)
single crystal. The mean
positron penetration depth
zmean is shown on the upper
horizontal axis. The solid
line shows the model
curve
calculated
by
VEPFIT.

SPIS measurements were performed on (i) a reference ZnO (0001) single-crystal in order to
determine positron characteristics of bulk ZnO, (ii) bare substrates in order to characterize the defects
in the substrates, and (iii) ZnO films deposited on the MgO, sapphire and FS substrate. The S(E)
curve, showing the dependence of S on positron energy E for the reference ZnO single crystal, is
plotted in Fig. 1. At the lowest energy, virtually all positrons annihilate on the ZnO crystal surface.
With increasing energy, positrons penetrate progressively deeper into the ZnO crystal and the fraction
of positrons diffusing back to the surface decreases, ultimately yielding the bulk values S0 which
correspond to all positrons annihilating in the ZnO bulk. The mean positron diffusion length L0 = (47 ±
1) nm was obtained from the fitting of the S(E) curve by VEPFIT [5] assuming a single layer system.
This value is in reasonable agreement with the positron diffusion length determined in a ZnO single
crystal in Ref. [6], but is significantly shorter than the mean positron diffusion length of about 100-200
nm, typical for nearly defect-free semiconductors [7]. This can be explained by positron trapping in
complexes consisting of a Zn-vacancy associated with a hydrogen atom (VZn+H) detected in the ZnO
single crystal by positron lifetime spectroscopy [8].
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Figure 2. Dependence of the S parameter on positron energy for (A) bare substrates and (B) ZnO
films. The mean positron penetration depth zmean is shown on the upper horizontal axis. Dashed and
solid lines show model curves calculated by VEPFIT for bare substrates and ZnO films, respectively.
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Figure 3. (A) The S parameter for ZnO layer obtained from fitting of S(E) curves for ZnO films in
Fig. 2; (B) estimated positron trapping rate to defects in ZnO films and the reference crystal.
The S(E) curves for bare substrates are shown in Fig. 2(A). These curves were again fitted by
VEPFIT (dashed lines) assuming a single layer structure for each substrate. The mean positron
diffusion lengths for the substrates are: (16.9 ± 0.4) nm for MgO, (20 ± 1) nm for sapphire and (22 ±
1) nm for FS. Hence, all substrates exhibit positron diffusion length significantly shorter than expected
for a perfect lattice [7]. This testifies that the substrates contain open-volume defects in the sub-surface
layer, which are most probably dislocations introduced into the substrates by surface polishing.
The S(E) for various ZnO films are plotted in Fig. 2(B). At low energies positrons annihilate in
the ZnO films, at higher energies E > 4 keV positrons are able to penetrate into the substrates, and S
converges to the substrate value indicated by dashed line in Fig. 2(B). The model functions calculated
by VEPFIT assuming a two-layered structure (ZnO film + substrate) are plotted in Fig. 2(B) by solid
lines. The thicknesses of the ZnO layers obtained from fitting are (80 r 2) nm, (45 ± 3) nm and (76 ±
1) nm for the films deposited on MgO, sapphire and FS substrates, respectively, and agree well with
those obtained by XRD reflectivity [4]. The best-fit values for the S parameter of the ZnO layer are
plotted in Fig. 3(A). Upon inspection of these results, it becomes clear that all ZnO films have a larger
value of the S parameters than the reference ZnO single crystal. This shows that ZnO films contain
concentrations of defects higher than that of the reference ZnO single crystal, independent of the
substrate used in the deposition. The ZnO films likely contain point defects similar to the reference
ZnO single crystal, i.e. VZn+H complexes. In addition, they will likely contain two other types of
defects, namely: (i) misfit dislocations compensating the lattice mismatch between the film and the
substrate, and (ii) open-volume defects at grain boundaries or interfaces between various crystallites.
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The positron trapping rate K in defects is proportional to the net concentration of defects in ZnO
films. This quantity can be estimated from the expression [7] K = 1/WB [(L+,B / L+)2-1], where WB = 154
ps is the bulk positron lifetime [8], L+,B is the positron diffusion length in defect-free ZnO, and L+ is
the positron diffusion length measured in the ZnO film. Since defect-free ZnO crystals are not
available L+,B | 150 nm was estimated from expression L+,B = (D+ WB)1/2 using the positron diffusion
coefficient D+  1.6 cm2s-1 estimated from the formula D+ = 1/3 <l> (<v2>)1/2, where <l>  5 nm is the
mean free path between positron scattering events by longitudinal acoustic phonons determined for
defect-free semiconductors GaAs and Ge in Ref. [9] and <v2> is the mean square thermal positron
velocity [7]. From inspection of estimated trapping rates in Fig. 3(B), it becomes clear that all the ZnO
films studied exhibit higher defect concentration than the reference ZnO single crystal. Moreover, the
defect densities in the films deposited on the single crystalline substrates (MgO and sapphire) are
higher than the concentration of defects in the film deposited on the FS substrate.
In the ZnO film deposited on the FS substrate, the mismatch between atomic positions in the
substrate and in the film is, to some extent, compensated for by many differing orientations (tilting) of
the ZnO crystallites. As a consequence, the density of misfit dislocations in ZnO crystallites is
relatively low and positrons are trapped predominantly in open volume misfit defects at the interfaces
between the crystallites. On the other hand, ZnO films deposited on MgO and sapphire single
crystalline substrates exhibit local epitaxy. In these cases, the lattice mismatch between the film and
the substrate accumulates mainly by misfit dislocations. Finally, it should be mentioned that the width
of the rocking curve, which is often used for characterization of quality of epitaxial thin films, is a
measure of the perfection of the structural relationship but is not directly correlated with the density of
defects in the film. From comparison of XRD and SPIS results in this work, we can conclude that ZnO
films deposited on single crystalline substrates (MgO and sapphire) exhibit narrow rocking curves, but
concentration of defects in these films is substantially higher than in the film deposited on the
amorphous FS, substrate which is characterized by significantly wider rocking curve.
4. Conclusions
Very thin ZnO films deposited by PLD on various substrates were characterized. All films exhibit
higher concentrations of open volume defects than a bulk ZnO single crystal. The ZnO films deposited
on the single crystalline substrates (MgO, sapphire) exhibit a higher concentration of defects than film
deposited on an amorphous FS substrate. This is most probably due to a higher density of misfit
dislocations, which compensate for the lattice mismatch between the film and the substrate.
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