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Abstract

ZnO thin films were grown by pulsed laser deposition on three different substrates: sapphire
(0001),MgO (100) and fused silica (FS). The structure and morphology of the films were
characterized by x-ray diffraction and scanning electron microscopy and defect studies were
carried out using slow positron implantation spectroscopy (SPIS). Films deposited on all
substrates studied in this work exhibit the wurtzite ZnO structure and are characterized by an
average crystallite size of 20—100 nm. However, strong differences in the microstructure of
films deposited on various substrates were found. The ZnO films deposited on MgO and
sapphire single-crystalline substrates exhibit local epitaxy, i.e. a well-defined relation between
film crystallites and the substrate. Domains with different orientation relationships with the
substrate were found in both films. On the other hand, the film deposited on the FS substrate
exhibits fibre texture with random lateral orientation of crystallites. Extremely high
compressive in-plane stress of o ~ 14 GPa was determined in the film deposited on the MgO
substrate, while the film deposited on sapphire is virtually stress-free, and the film deposited
on the FS substrate exhibits a tensile in-plane stress of o ~ 0.9 GPa. SPIS investigations
revealed that the concentration of open-volume defects in the ZnO films is substantially higher
than that in a bulk ZnO single crystal. Moreover, the ZnO films deposited on MgO and
sapphire single-crystalline substrates exhibit a significantly higher density of defects than the

film deposited on the amorphous FS substrate.

(Some figures may appear in colour only in the online journal)

1. Introduction

Externally pumped lasing observed in epitaxial ZnO films
stimulated a great interest in the preparation of high-quality
ZnO films for realizing efficient excitonic UV blue lasers at
room temperature [ 1, 2]. Moreover, ZnO films are considered
as promising materials for flat panel displays and optical
coatings for solar cells [3]. ZnO films can be fabricated by

0022-3727/12/225101+12$33.00

several techniques, e.g. dip coating, sol-gel [4], magnetron
sputtering [5, 6] or pulsed laser deposition (PLD) [7-15].
PLD enables the production of high-quality ZnO films
at lower temperatures than other methods due to the high
energy of ablated particles in the laser-produced plasma
plume [12, 13]. There are several important parameters which
determine the morphology and microstructure of thin films
deposited by PLD: (i) the energy and surface dynamics of

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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adsorbed atoms, determined mainly by the laser wavelength,
fluence and substrate temperature, (ii) the ambient atmosphere
in the deposition chamber and (iii) the type of substrate.
Previous works have explored aspects of the relationship
between the thin film properties and these growth parameters.
Cracium et al [14] used PLD for deposition of ZnO films
on glass and silicon substrates and studied the influence of
deposition parameters on the film quality. The best films
were obtained using laser fluences around 2Jcm™2 and the
substrate temperature 7, between 300 and 350 °C. Systematic
investigations of ZnO films deposited by PLD on sapphire
(0001) were performed in [15]. ZnO films were grown
at 750 °C under various oxygen background pressures. All
ZnO layers were found to be c-axis oriented; however, the
in-plane orientation was strongly influenced by the oxygen
pressure [15]. The morphology of ZnO films deposited at
low oxygen pressures (1073-1072 Pa) exhibited 3D growth
features evidenced by well-faceted hexagons. Increasing the
oxygen pressure to ~1Pa led to a substantial reduction in
roughness, and the consequent formation of smooth films.
A further increase in oxygen pressure to 10Pa resulted in
hetero-epitaxial growth of films exhibiting irregular grains with
different sizes [15].

The majority of ZnO films investigated to date have been
of thicknesses of several hundred nm. Very thin ZnO films
(thickness below 100 nm), i.e. much less than the wavelength
of visible light, are becoming increasingly important in
nanotechnology applications nowadays, in particular in those
involving quantum confinement effects [7]. It is well known
that with decreasing film thickness the role of surface energy
and the energy of the interface between the film and the
substrate becomes increasingly important. As a consequence
very thin films may exhibit extraordinary structures and/or
orientation with the substrate. Suchea et al [8] showed that
very thin (40nm) ZnO films, grown on glass substrates at
various substrate temperatures, exhibited granular morphology
and polycrystalline structure. Nie et al[7] and Myongetal [11]
studied the structural and optical properties of very thin ZnO
films grown on a sapphire (0 00 1) substrate and found that the
band-gap energy increased with decreasing film thickness and
decreasing out-of-plane crystallite size, respectively [7, 11]
due to the quantum confinement effect.

In this work, we aim to further clarify the role played by the
substrate on the properties of very thin ZnO films. To this end,
we have carried out systematic investigation of the structure,
morphology and defect properties of very thin (<80nm
thickness) ZnO films, deposited by PLD under identical
conditions, on MgO (1 00), sapphire (000 1) and fused silica
(FS) substrates, respectively. We selected these substrates
because of their different crystallographic structures; MgO
crystallizes in a rocksalt structure in contrast to the hexagonal
lattice of sapphire and amorphous phase of FS. The substrates’
properties make them interesting for ZnO growth study [16,
17].  Structural and morphological characterizations of the
films were performed using x-ray diffraction (XRD) combined
with scanning electron microscopy (SEM) and measurement
of optical transmittance and reflectance. Since lattice defects
strongly influence the electrical and optical properties of ZnO

films, slow positron implantation spectroscopy (SPIS) [18] was
employed for characterization of open-volume defects in the
ZnO films.

In the rest of the paper, we present detailed analyses of
the experimental results and discuss the marked differences
that were observed in the properties of the thin ZnO films as a
function of the type of substrate.

2. Experimental details

2.1. Samples

The experiments were carried out in a stainless-steel vacuum
chamber (dedicated to ZnO growth) evacuated by oil-free
turbomolecular pumping to a base pressure of 2 x 107 Pa.
A frequency-quadrupled Nd: YAG laser providing 90 mJ of
266 nm laser light in a 6 ns pulse was used to ablate an ultra-
high-purity ZnO ceramic target with a fluence of 2.8 Jcm~2 on
the target. The laser was always operated at the repetition rate
of 10 Hz and all the samples were grown as a result of 5200
laser shots. The target-to-substrate distance was kept fixed at
55 mm in all the experiments. The films were grown in oxygen
atmosphere at a pressure of 10Pa (5SN-pure oxygen flow
rate was 40sccm). These conditions were optimized in our
previous works [19,20] as favourable for ZnO p-type doping
in order to avoid compensation due to oxygen vacancies.
Polished sapphire (000 1), MgO (100) and FS supplied by
MaTecK GmbH were used as substrates for the depositions.
After standard cleaning and degreasing, all substrates were
baked out in vacuum at 950 °C for 5 min (temperature rise/drop
ramps were 30 min) before the deposition in order to remove
remaining surface contamination. The ZnO thin films were
grown at a substrate temperature of 7, = 300°C and
subsequently annealed in situ at 750 °C (temperature rise and
drop ramp were 15 min and 60 min, respectively) in a 10 Pa
oxygen atmosphere.

A hydrothermally grown bulk ZnO (000 1) single crystal
with O-terminated surface supplied by MaTecK GmbH was
used as a reference material in SPIS investigations.

2.2. Characterization of optical properties

The optical transmittance and reflectance of the samples
were both measured in the wavelength range from 250 to
900 nm using an apparatus coupled to a spectrophotometer
(USB4000, Ocean Optics) by means of optical fibres. Absolute
transmittance and reflectance were obtained using the standard
reduction procedures of the optical transmission and reflection
measurements, based on dark background subtraction and
normalization of intensity with respect to void sample intensity
and the use of a known reflective standard (aluminium mirror),
respectively.

2.3. SEM

The morphology of the samples was observed using a scanning
electron microscope, JEOL JSM-7500F.
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Figure 1. An example of Doppler broadened annihilation photopeak
measured on the ZnO film deposited on the FS substrate using
positrons with an energy of 2 keV. Dashed line shows subtracted
background. The shadowed region shows the central area of the
annihilation photopeak used for calculation of the S parameter.

2.4. XRD

The crystalline structure of the ZnO films was investigated
using X’Pert Pro and X’Pert MRD powder diffractometers
(PANalytical B.V) with Cu Ko, radiation (wavelength
1.540562 A) in conventional para-focusing Bragg—Brentano
(®-20) geometry with automatic divergence and anti-scatter
slits and grazing incidence (® = 0.35° and ® = 0.5°)
parallel beam arrangement with a Goebel mirror. The
X’Pert MRD diffractometer equipped with a polycapillary and
Eulerian cradle was used for texture characterization and all
measurements of asymmetric reflections.

2.5. SPIS

SPIS investigations were performed using a magnetically
guided slow positron beam SPONSOR [21]. The energy of
positrons in the beam can be varied in the range from 0.03
to 36 keV. The implantation profile of positrons with energy
E is described by the Makhovian function [22] and the mean
positron penetration depth zmean (expressed in A) increases
with energy following the power law [23, 24]

_ 400 6
Zmean = P E, (H

where p is the sample density in gcm™3 and E is expressed
in keV [23,24]. Using equation (1) and ZnO density
of 5.606gcm™ one can calculate that the mean positron
penetration depths into ZnO are 0.026 nm and 2205 nm for
positron energies of 0.03 keV and 36 keV, respectively.

The non-zero momentum of an annihilating pair causes
Doppler broadening (DB) of the annihilation photopeak which
was measured using a HPGe detector with an energy resolution
of (1.09 £ 0.01) keV at 511keV, i.e. at the position of the
annihilation photopeak. An example of Doppler broadened
annihilation photopeak is shown in figure 1. The evaluation of
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Figure 2. (a) Optical reflectivity and transmission spectra measured
on ZnO films deposited on the sapphire (000 1), MgO (1 00) and
FS substrates; (b) Refractive index n, extinction coefficient £ and
Tauc’s plots for ZnO films deposited on the sapphire (000 1), MgO
(100) and FS substrates.

DB was performed using the line shape S parameter [18,25]
calculated as the central area of the annihilation photopeak
(with subtracted background) divided by the net peak area.
Hence, the S parameter is a measure of the contribution
of positrons annihilated by low-momentum electrons. The
central energy region shown in figure 1 was selected from
510.07 to 511.93 keV so that the bulk S parameter value for the
reference ZnO crystal Sy is close to 0.5, where the S parameter
is most sensitive to changes in the shape of the annihilation
photopeak. All the S parameters presented in this paper are
normalized to the bulk S parameter for the reference ZnO
crystal So = 0.5068(5). The dependence of the S parameter
on positron energy E was analysed using the VEPFIT software
package [26].

3. Results and discussion

3.1. Optical properties

The measured reflectance (R) and transmittance (7') spectra
are shown in figure 2(a). The spectra were carefully
analysed in the framework of a numerical model based on the
solution of the Fresnel equations for the ambient/substrate/ZnO



J. Phys. D: Appl. Phys. 45 (2012) 225101

M Novotny et al

Table 1. Properties of ZnO films deposited on MgO (1 00),
sapphire (000 1) and FS substrates: the band-gap energy derived
from Tauc’s plot (E tac) and exciton position (Eg ey ), the film
thickness calculated from measurement of optical reflectance and
transmittance (fopr), determined from XRD reflectivity curves
(txrp) and estimated by SPIS (#spis); the mean crystallite size
estimated by SEM (dsgwm); the lattice parameters a, ¢ determined by
XRD, the stress o determined by XRD; the S parameter for the ZnO
layer Sz,0; the mean positron diffusion length L, and the surface
value of the S parameter Sg,¢. Errors expressed in the order of the
last significant digit are shown in parentheses.

Substrate MgO (100) Sapphire (0001) Fused silica
Eotaue (€V)  3.28(5) 3.28(5) 3.28(5)
Egexe (V) 3.38(1) 3.41(1) 3.38(1)
topr (NM) 81(3) 41(3) 75(3)

txrp (NM) 76(2) 48(2) 75(2)

Ispis (nm) 80(2) 45(3) 76(1)

dsgm (nm) 30-100 25-70 20-50

a (nm) 0.3249(1) 0.3258(1) 0.32569(7)
¢ (nm) 0.52087(3)  0.5207(7) 0.5195(2)
o (GPa) 14(2) ~0 0.9(1)

Szn0 1.0566(6) 1.0552(8) 1.027(1)
L, (nm) 4.9(2) 6.9(1) 21.0(4)
Seurt 1.137(8) 1.184(8) 1.176(8)

film/ambient layered structure. The data were first analysed
in the transparent region using a simple Cauchy dispersion
function for the ZnO layer by fitting the model with the
measured R, T spectra. This procedure allowed us to obtain
estimates for the film thicknesses fopy, which are displayed
in table 1. The estimated thicknesses were 81 nm, 41 nm
and 75nm for MgO, sapphire and fused silica substrates,
respectively.  Such thin transparent layers do not induce
multiple interference oscillations in the measured range. Thus,
the accuracy of the thickness estimation is slightly lowered
leading to an estimation error of a few nm. The estimated
thickness is used in the fitting procedure in the absorbing region
of the spectra. The films deposited on MgO and FS both exhibit
comparable thickness, but the film deposited on sapphire is
remarkably thinner despite the fact that all parameters which
are under control were kept unchanged. It could be caused by
the fact that the ZnO film on sapphire grows in an orientation
which differs from the other films, see section 3.3. Moreover,
the lower thickness of the film on the sapphire substrate
might also be caused by the target degradation during its laser
ablation.

The refractive index (n) and the extinction coefficient (k)
in the absorbing region were evaluated by a fitting procedure
of R, T data independently from the dispersion model of the
ZnO layer by processing them for each wavelength separately.
As the thin ZnO films were partially transparent, even in
the absorbing region, unambiguous evaluation of both the
refractive indices and extinction coefficients was possible.
The results are shown in figure 2(b). The n(A) curves for the
ZnO films deposited on MgO and FS substrates are almost
identical, whereas that for ZnO on the sapphire substrate
shows a slightly lower refractive index in the transparent
region. The values of the linear absorption coefficient obtained
from the k values near the absorption edge were used to
estimate the energy of the (direct) optical band gap E, of

the ZnO thin films. Tauc’s plot method was used whereby
E, is estimated from a linear extrapolation of the dependence
of the square of the absorption on the photon energy (inset
of figure 2(b)). A value of Eg auc = (3.28 £ 0.05) eV was
obtained for all the films regardless of the substrate type. This
value agrees well with E; = 3.26 eV measured in ZnO films by
several authors [7,27-29], by the method of absorption edge
extrapolation (Tauc’s plot), but it is significantly smaller than
3.37 eV known for a bulk ZnO crystal at room temperature [30—
32]. The lower Eg 1ay value in ZnO films can be attributed
to the effects associated with exciton formation which are
responsible for significant peak maxima of both n(A) and k()
curves in the spectral region near the absorption edge. The
Coulombic interactions between electrons and holes have a
strong influence on the absorption spectrum, which prevents
accurate estimation of the band-gap energy from extrapolation
of absorption edge [33]. Thus, the correct value of the band-
gap energy (E; exc) wWas estimated from the exciton peak in the
absorption spectra, and is shown in table 1. We estimated the
band-gap energy of ZnO deposited on MgO and fused silica
substrates as equal to Eg oxc = (3.3840.01) eV, which is close
to that of single-crystal ZnO [30-32]. In contrast, the band-gap
energy of ZnO deposited on the sapphire substrate was found
to be increased being Egexc = (3.41 £ 0.01) eV. This slight
increase in the band-gap energy is comparable to that measured
by Nie et al [7] for a 40nm thick ZnO film on sapphire
where it is explained by the quantum confinement effect due
to small film thickness and reduction in the mean grain size
dimension. However, taking into the account the crystallite
size around 25-70 nm, which is much larger than the exciton
Bohr radius (about 2nm in ZnO), significant confinement
effects are unlikely to be expected [34, 35]. Hence, the band-
gap energy shift for the ZnO film on sapphire might be rather
related to its different orientation of growth compared with
MgO and FS substrates, i.e. in non-basal orientation with c-
planes of ZnO inclined with respect to c-planes of sapphire, as
we further discuss in section 3.3.

3.2. Morphology

The morphology of the deposited thin ZnO films was
analysed by SEM. The SEM micrographs of the films on FS,
sapphire (000 1) and MgO (1 00) substrates are presented in
figures 3(a), (b) and (c), respectively, and show nanostructured
surface morphologies for all the samples. Similar features
in the form of nanocrystalline grains can be distinguished in
figures 3(a) and (b) corresponding to the films grown on the
FS and sapphire substrates with crystallite sizes lying in the
range 20-50 nm and 25-70 nm, respectively. Contrary to our
observation a smooth surface with several islands (indicating
the film growth in layer-plus-island mode) was reported for
the ZnO film of similar thickness on sapphire [11]. However,
the film was prepared using a Nd: YAG laser (A = 355nm)
at an oxygen pressure of 47 Pa [11]. Different morphologies
may be attributed to the higher pressure because the roughness
of the ZnO films is found to increase with decreasing oxygen
pressure and the films tend to grow rather in 3D mode at a lower
pressure [15]; also, the effect of different laser wavelengths
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Figure 3. SEM micrographs of ZnO film deposited on the (a) FS,
(b) sapphire (000 1) and (c¢) MgO (1 00) substrates.

cannot be excluded [36, 37]. The mean size distribution of the
crystallites appears more homogeneous in the ZnO films grown
on the FS substrate, which may be related to the (000 1) fibre
texture (see section 3.3.) leading to completely random lateral
orientation of the crystallites in the plane of the FS substrate
observed by XRD. A similar morphology was also observed
for the ZnO film deposited under congruent conditions on a
glass substrate [38].

The film deposited on the MgO (1 0 0) substrate, shown in
figure 3(c), exhibits a comparatively different morphology in
the form of irregularly shaped features. This is attributable
to the cubic lattice of the MgO crystal. The crystallite
size falls into the interval from 30 to 100nm. Similar
surface features were observed in ZnO films fabricated by

ultrasonic spray pyrolysis on MgO substrates at 7, = 300 °C,
where nanoparticles merged to form smoother, more compact
aggregates [39].

3.3. Structural properties

Film thicknesses fxrp were determined by x-ray reflectivity
measurements. The results are listed in table 1 and agree well
with those obtained from the optical measurements presented
in section 3.1.

Figure 4 shows the XRD patterns taken in grazing
incidence parallel beam geometry (angle of incidence y =
0.35°) for the ZnO films deposited on the MgO (1 0 0), sapphire
(0001) and FS substrates. The 002 diffraction peak is
clearly visible in the XRD patterns for all the films while
another significant peak is 103. Note that 4-index (hkil)
notation is used for hexagonal lattice planes while 3-index & k [
notation is used for diffraction indices since this is the common
nomenclature in the diffraction literature. In the parallel beam
grazing incidence geometry, different peaks correspond to the
lattice planes differently inclined to the surface (by an angle
Y = ©® — y). Therefore, the 002 peaks correspond to the
(0002) (parallel to the (000 1)) ZnO planes making an angle
of about 17° with the surface.

Symmetric Bragg—Brentano scans were also acquired.
The one obtained for the film deposited on the FS substrate
is also shown in figure 4 as an example. The strong 00 2 peak
obtained in this geometry reveals a strong (000 1) preferred
grain orientation in the ZnO film deposited on the FS substrate.
A strong (000 1) preferred grain orientation was also found in
the ZnO film deposited on the MgO substrate. On the other
hand, the 002 peak was not visible in the symmetric Bragg—
Brentano scan performed on the film deposited on the sapphire
substrate (not shown here), indicating that this film does not
exhibit (000 1) preferred grain orientation.

Figure 5(a) shows a part of the 101 pole figure for the
ZnO film deposited on the FS substrate. The pole figure shows
complete cylindrical symmetry, which indicates a fibre (000 1)
texture. Hence, the ZnO film grows on FS with the basal plane
parallel to the substrate surface while the lateral orientation of
the crystallites is completely random.

On the other hand, the ZnO film deposited on the MgO
(100) substrate exhibits a strong orientation of the grains and
local expitaxy which is demonstrated by the 102 pole figure
shown in figure 5(b). Azimuthal angle scans (®-scans) taken
for several asymmetric diffraction planes revealed a pattern of
clear periodic maxima. A total of 12 maxima were found for
the (h 0 —h [) planes, while for the (% k i [) planes this number is
24. This is double the number of peaks that would be expected
from the consideration of point symmetry alone and can be
understood in terms of two possible orientations, rotated by
30° with respect to each other, of the wurtzite ZnO basal plane
on the (100) MgO cubic lattice plane, see figure 6. Hence, it
can be concluded that there are two kinds of rotational domains
for the present ZnO films grown on the MgO (1 00) substrate.
This orientation is also supported by azimuthal angle scans
for (11 1) lattice planes for the MgO substrate, which exhibit
four-fold symmetry and the positions of the MgO 111 peaks
coincide with that of the ZnO % 0/ peaks.
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Figure 4. XRD patterns (intensity in counts per second, square-root scale) of ZnO films deposited on sapphire (000 1) (ZnO-sapphire:
bottom thick blue curve), MgO (1 00) (ZnO-MgO: thin black curve) and FS (ZnO-FS: upper thick red curve). The patterns were taken in the
parallel glancing-angle geometry with the angle of incidence y = 0.35°. For comparison, symmetric Bragg—Brentano 6—26 scan of the ZnO
film on FS substrate is shown (ZnO-FS (BB): upper thick green curve).
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Figure 5. Results of texture measurements: (a) part of the 10 1 pole figure measured on the ZnO film deposited on the FS substrate (axis
divided by 45° — ¢, 10° — ¥); (b) 102 pole figure measured on the ZnO film deposited on the MgO substrate (axis divided by 45° — ¢,
18° — 9); (c) part of the pole figure for 00 2 reflection measured on the ZnO film deposited on the sapphire substrate (axis divided by
45° — ¢, 10° — ¥); (d) pole figure for 10 1 reflection measured on the ZnO film deposited on the sapphire susbtrate (axis divided by

45° — 9, 10° — ).

Texture measurements were also performed on the ZnO
film deposited on the sapphire substrate. Figure 5(c) shows
a part of the pole figure measured on the 002 reflection
which exhibits three-fold symmetry and reveals three clear

non-symmetrical maxima at ¢ ~ 36°. This testifies that the
ZnO (0001) planes in the ZnO film deposited on sapphire are
not parallel to the (000 1) sapphire surface but are inclined
with respect to it by an angle of ~36°. In ZnO lattice the angle
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Figure 6. Schematic picture of two lattice planes—MgO (1 00)
substrate and ZnO basal plane (00 01), each with two kinds of
atoms, i.e. Mg (red circles-white squares) and O (green circles-white
crosslinks) in MgO substrate and Zn (light blue circles-white
triangles) and O (blue circles) in ZnO, in two probable respective
rotations (lateral shifts cannot be determined from XRD).

of the (20 —25) plane with the (0 00 1) plane is close to 36° but
no appreciable intensity at the peak position of 20 5 reflection
could be detected in a symmetrical Bragg—Brentano scan,
which can be ascribed to the very small thickness of the film.
Figure 7 shows the XRD pattern measured using the grazing
incidence parallel beam in the same geometry as in figure 4,
but extended to higher diffraction angles. Very strong 004
reflection, which can be seen in figure 7, confirms the result of
texture measurements and testifies that (000 1) planes in the
ZnO film are not parallel to the (000 1) sapphire substrate but
are inclined with respect to the substrate by an angle of ~36°.
The pole figure for the 1 0 1 reflection plotted in figure 5(d) also
exhibits three-fold symmetry but the maxima are split due to the
existence of domains with crystallites having slightly different
orientations with respect to each other. Hence, one can
conclude that the ZnO film deposited on sapphire exhibits local
epitaxy, though not determined by its basal planes. Note that
non-basal orientation of the ZnO film deposited on sapphire
could be the reason for the lower thickness of this film, since
stacking a given number of (2 0 —2 5) planes results in a lower
height than stacking the same number of (000 2) planes.
Thus, ZnO films deposited on the MgO and FS substrates
grow with the basal (000 1) plane parallel to the substrate.
Interestingly, this is not the case for the film deposited on
(000 1) sapphire, despite the fact that basal orientation, i.e.
ZnO (000 1)]| sapphire (000 1), has been reported by several
authors for ZnO films deposited on c-sapphire substrates [7, 40,
41]. The very large lattice mismatch between ZnO (000 1) and
the underlying sapphire (00 0 1) plane is decreased after 30° in-
plane rotation of the ZnO film in the basal plane leading to the
epitaxial relationship of ZnO [1 0 —1 0]|| sapphire [1 1 —20],
ie. the m-plane normal direction of ZnO aligns with the
a-plane normal of sapphire [40,41]. However, even after the
30° in-plane rotation the lattice mismatch between ZnO and
sapphire basal planes is still 18.4%, which is more than two
times larger mismatch than for the MgO (1 0 0) substrate. One
is led to believe that the non-basal orientation of the present
ZnO film, which is evident from the XRD characterization, is
related to its very small thickness. Itis possible that the slightly
distorted wurtzite ZnO structure with the c-axis inclined by
~36° with respect to the sapphire (000 1) plane enables

better matching of both lattices. The growth in the non-basal
orientation is then possible only for very thin ZnO films with
a high surface-to-volume ratio. From certain critical thickness
the increase in the volume energy caused by distortion of the
wurtzite structure prevails over the gain in the lowered interface
energy with the sapphire substrate and further growth of the
ZnO film takes place in the basal orientation. Further structural
investigations of very thin ZnO films deposited on sapphire
substrates are, therefore, highly desirable in order to fully
understand this phenomenon.

The half-widths (FWHM) of the ZnO 0 0 2 rocking curves
(w-scans, not shown here) of the films on the MgO, sapphire
and FS substrates were 1.2°, 1.3° and 10°, respectively. Note
that the 002 rocking curve for the ZnO film deposited on
the sapphire substrate was measured in asymmetric geometry
with the film surface tilted by an angle of 36°. Hence, as
expected, 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 the amorphous FS substrate.
A comparable FWHM value of 1.15° was reported for the ZnO
film on the sapphire substrate [11].

In order to determine lattice parameters of the ZnO film
®-20 scans were taken for several different asymmetric reflec-
tions, i.e. with ® and v angle fixed at the positions correspond-
ing to the maximum intensity of the corresponding reflection.
In the case of the film deposited on the sapphire substrate the
measurement of asymmetric reflections was not efficient due
to low intensity of reflections, and the lattice parameters of
the film were determined using positions of the reflections in
figure 7 measured in the grazing incidence geometry. The
lattice parameters were determined using the LAPODS soft-
ware [42] and are listed in table 1. A comparison with the
values found in structure databases [43,44] is not that triv-
ial since there is some range of values there for both a and
c. For example, in [43] records for zincite were found with
a = 0.3248-0.3253 nm, ¢ = 0.5204-0.5213 nm, if some out-
liers are excluded. The lattice parameters determined for the
ZnO film deposited on the MgO substrate fall into the afore-
mentioned range. The ZnO film deposited on FS and sapphire
exhibits slightly higher a and shorter c lattice parameter com-
pared with the literature [43]. However, the lattice parameters
determined in ZnO films can be influenced by residual stresses
induced by lattice mismatch with substrates and the stresses in
the ZnO films should be, therefore, determined.

Stresses were measured by the so-called sin? Y method
[45]. In the case of a simple biaxial stress, the measured strain
o is given by the relation

Ad 1
g = KL oo sin® Y + 2510, )
dpri 2

where dj, ¢ ; is the interplanar distance of (4 k i [) planes parallel
to the sample surface and Ad, ;; is the change in the interplanar
distance when the sample is tilted by an angle ¥. The symbols
s1, $» denote the x-ray elastic constants, given for elastically
isotropic mediaas s; = —(v/E); s, = (14+v)/E, where E and
v are the Young modulus and the Poisson ratio, respectively.
The stress o is obtained by the linear regression of Ady,x;/dpk;
plotted versus sin” /.
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Figure 7. XRD pattern (intensity in counts per second, square-root scale) measured on the ZnO film deposited on the sapphire (000 1)
substrate. The pattern was measured using the grazing incidence parallel beam with the angle of incidence y = 0.35°.

Stress measurements in the ZnO film deposited on
MgO substrate were performed for the 203, 213 and 205
reflections. An example of stress measurement at 205
reflection is shown in figure 8(a). Significant shifts of the
peak position are clearly visible. The dependence of & on
sin® ¥ is plotted in figure 8(b) for the 2 1 3 and 20 5 reflections
and presents quite linear behaviour. Data in figure 8(b)
were analysed using equation (2) with values of the Young
elastic modulus E and Poisson ratio v of 130 GPa and 0.36,
respectively [46]. This procedure yields a compressive stress
of o0 = (14£2) GPa, i.e. an extremely high stress value taking
into account that ZnO exhibits a hardness of 5.0 + 0.1 GPa
[47]. However, a thin ZnO film clamped on an elastically
stiff substrate may be substantially harder than a free-standing
bulk ZnO crystal. Indeed, it has been reported that ZnO films
deposited on sapphire substrates are significantly harder than
bulk ZnO crystals [48]. Although it is difficult to estimate the
exact influence of both the film strong texture and the use of a
narrow range of ¥ values on the accuracy of the o value, the
ZnO film deposited on the MgO substrate undoubtedly suffers
from high compressive in-plane stress, i.e. it is squeezed in
the plane of its substrate. This is readily explained in terms of
the relative lattice mismatch between cubic MgO with lattice
constant a = 4.212 A and wurtzite ZnO which is significant
and reaches about 8%.

Stress measurements for the ZnO film deposited on the FS
substrate performed on the 0 1 1 peak are shown in figure 9(a).
The dependence of & on sin® ¢ is plotted in figure 9(b) and
analysis using the linear equation (2) gives a tensile stress of
o = (0.90 £ 0.13) GPa in the film, i.e. the film has a lattice
expanded along the direction of a and contracted along the
direction of c.

Stress measurements for the ZnO film deposited on
sapphire were performed on the asymmetric peak 004 at
various ¥ inclinations. No shifts of the peak position were
observed in this case, which indicates the absence of residual
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Figure 8. Stress measurements on the ZnO film deposited on the
MgO substrate: (a) the line profile of ZnO 205 reflection for
various /-inclinations. (b) Application of the sin*y method to two
peaks as indicated in the narrow r-range. Parameters of linear fits
are shown. As reference stress-free d-values, the values from
PDF-4+ database [44] were taken.
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Figure 9. Stress measurements on the ZnO film deposited on the FS
substrate: (a) the line profile of ZnO 01 1 reflection for various
Y-inclinations; (b) application of the sin? ¥ method to 01 1 peak in
narrow y-range. As reference stress-free d-values, the values from
PDF-4+ database [44] were taken.

stresses in the ZnO film deposited on the sapphire (000 1)
substrate. This result is remarkable because the absence
of residual stresses supports the picture that the non-basal
orientation of the ZnO film with a slightly distorted wurtzite
structure likely provides good matching with the sapphire
(000 1) substrate.

All the above results of stress measurements are in full
agreement with the shifts of 0 02 peaks observed in 2® scans.

3.4. Depth-resolved defects studies

The SPIS measurements were performed on (i) areference ZnO
single crystal in order to determine positron characteristics for
the bulk ZnO material, (ii) bare MgO (1 0 0), sapphire (000 1)
and FS 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 the S
parameter on the positron energy £, measured for the reference
ZnO single crystal is plotted in figure 10. At the lowest
energy £ = 0.03keV 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 value Sy corresponding to the

Zmean(nm)
110 50 100 500 1000
116 11 1 1 1 1
ke
1O
112
1.08
%]
%} L
1.04 |
1.00 |
0.96 L— e
0 10 20 30
E (keV)

Figure 10. Reference ZnO (000 1) single crystal: dependence of
the S parameter on positron energy E. The mean positron
penetration depth Zpe,, 1S shown on the upper horizontal axis in each
panel. The solid line shows the model curves calculated by

VEPFIT [26].

situation when all positrons annihilate in the ZnO bulk. The
S(E) curve of figure 10 was fitted by the VEPFIT software
package [26] using a model function calculated as a solution
of the positron diffusion-annihilation equation in a single layer
system. The model curve (solid line) is seen to reproduce the
experimental data accurately. The mean positron diffusion
length Ly = (47 £ 1) nm obtained from fitting is in reasonable
agreement with the positron diffusion length determined in a
ZnO single crystal in [49]. We note that the L, value found
for the reference ZnO crystal is significantly shorter than the
mean positron diffusion length of about 100-200 nm typical for
nearly defect-free semiconductors [25]. This can be explained
by positron trapping in complexes consisting of Zn vacancy
associated with hydrogen atoms detected in ZnO single crystals
by positron lifetime spectroscopy [50].

The S(E) curves for various ZnO films are plotted in
figure 11. Double-layer structures assumed in the fitting of
experimental points by VEPFIT [26] and consisting of ZnO
film and substrate are shown in the three panels in figure 12
and compared with the experimental S(E) curves. Each
layer is characterized by its thickness, S parameter and the
mean positron diffusion length L., and these are the fitting
parameters in VEPFIT. The dependence of the S parameter on
the positron energy can be generally written as

S(E) = Ssursturf(E) + SZnOFZnO(E) + Ssubstubs(E)a (3)

where Squrf, Szno and Sgups denote the S parameter and Fyy (E),
F7:0(E) and Fyps(E) denote the fractions, for positrons
annihilated on the surface, inside the ZnO layer and inside the
substrate, respectively. These fractions depend on the positron
energy E and always satisfy the normalization condition

Fouf (E) + Fzy0(E) + Fops(E) = 1. (4)

The calculated model functions plotted in figures 11 and 12
by solid lines are in satisfactory agreement with experimental
points for all films.
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Figure 11. Results of SPIS measurements: dependence of the S
parameter on positron energy E for ZnO films deposited on MgO,
sapphire and FS substrates. Dashed lines show bulk S parameters
measured on bare substrates. The mean positron penetration depth
Zmean 1S Shown on the upper horizontal axis in each panel. The solid
lines show the model curves calculated by VEPFIT [26].
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Figure 12. Layered model of ZnO films on various substrates. Each
layer is represented by a box with thickness corresponding to the
layer depth and height which equals the S parameter for the layer.
The experimental S(E) curves are plotted in the figure for
comparison.

Again at the lowest energy £ = 0.03keV virtually all
positrons annihilate on the film surface. With increasing
energy positrons penetrate into the ZnO film and the fraction
of positrons diffusing back to the surface decreases. Finally,
positrons begin to penetrate into the substrate and S converges
to the substrate value. Dashed lines in figure 11 show the
S parameters, Ssubs, determined on bare substrates. The FS
substrate is characterized by a substantially higher S parameter
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than MgO and sapphire because fused silica exhibits lower
electron density in inter-atomic regions. One can see in
figure 11 that at £ > 20keV, the S(E) curves measured
on ZnO films approach the bulk values for the corresponding
substrates. In order to reduce the number of fitting parameters
and thereby the associated uncertainties, the positron diffusion
lengths for the substrates were fixed at the values determined
previously in the study of bare substrates.

The best-fit values for the S parameter, mean positron
diffusion length and thickness of the ZnO layer for the
various samples of this work are listed in table 1, respectively.
Upon inspection of these results it becomes clear that all
ZnO films have a larger value of S parameters and shorter
positron diffusion length than the reference ZnO single crystal.
This demonstrates that ZnO films contain concentrations of
defects higher than that of the reference ZnO single crystal,
independently of the substrate used in the deposition. A
similar conclusion has been drawn for ZnO films deposited
on sapphire and ZnO substrates by PLD [51] and by molecular
beam epitaxy [52]. The ZnO films likely contain point defects
similar to the reference ZnO single crystal and 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. Note that the positron diffusion length in the film
deposited on the sapphire substrate is almost the same as that
determined in [53] for a ZnO film deposited by PLD on the
sapphire (000 1) substrate at 400 °C. ZnO films deposited on
sapphire substrates at higher temperatures show progressively
decreasing S parameter and increasing positron diffusion
length testifying decreasing concentration of defects [53, 54].

From an inspection of the upper panel of figure 12 it
becomes clear that in the film deposited on the MgO substrate
the slope of the S(E) curve is changed due to positrons
penetrating into the MgO substrate at an energy of ~4.5keV
corresponding to the thickness of 80nm. The ZnO film
deposited on the sapphire substrate (middle panel in figure 12)
is thinner which is reflected by the change in slope of the
S(E) curve occurring already at an energy of =3.2keV
corresponding to the thickness of 45nm. Since the positron
diffusion length in the ZnO film deposited on the FS substrate
is longer (see table 1) the change in the S(E) curve in this film
can be seen at an energy of ~3.5 keV (lower panel in figure 12).
Since the FS substrate has a higher positron affinity compared
with ZnO, free positrons diffuse from the ZnO layer into the
fused silica substrate. As a consequence, the S(E) curve is
influenced by the FS substrate already at energies lower than
4.4keV corresponding to the film thickness of 75 nm.

The surface values of the S parameter, S, obtained from
fitting of experimental S(E) curves are given in table 1. All
films studied exhibit higher Sy,+ than the reference ZnO single
crystal. This testifies the higher surface roughness of ZnO films
compared with a high-quality bulk single crystal. The films
deposited on the sapphire and FS substrates exhibit comparable
surface value of the S parameter, while the film deposited on
the MgO substrate exhibits a lower S, which testifies that the
surface of this film is smoother.
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3.5. Comparison of SPIS and XRD characterization

One can see in table 1 that the film deposited on MgO exhibits
the highest S parameter and the shortest positron diffusion
length among all the films studied. The S parameter measured
for the ZnO film deposited on sapphire is only slightly smaller
and the corresponding positron diffusion length is slightly
longer. On the other hand, the film deposited on FS exhibits
significantly smaller Sz,0 value and longer positron diffusion
length. Hence, the film deposited on the MgO substrate
exhibits the highest defect density, while the film deposited on
the FS substrate contains the lowest concentration of defects.
Hence, in general the defect densities in the films deposited
on the single-crystalline substrates (MgO and sapphire) are
remarkably higher than the concentration of defects in the film
deposited on the FS substrate.

The XRD investigations showed that the misorientation
of ZnO crystallites in the film deposited on the FS substrate
is substantially higher than that in the films deposited on
the single-crystalline substrates. Hence, 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 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 at open-volume misfit defects
at the interfaces between the crystallites. On the other
hand, we have shown in the previous section that ZnO
films deposited on the MgO and sapphire single-crystalline
substrates exhibit local epitaxy. In these cases, the lattice
mismatch between the film and the substrate is accumulated
mainly by misfit dislocations. Indeed, a large number of
threading dislocations was observed in the ZnO film deposited
on the single-crystalline sapphire substrate by transmission
electron microscopy [48]. Moreover, XRD investigations
performed in section 3.3 have revealed that both films deposited
on the single-crystalline substrates contain domains with
different orientations. This necessarily leads to the existence of
structural open-volume defects at the interfaces between these
domains. Hence in the films deposited on the sapphire (000 1)
and MgO (100) substrates positrons annihilated inside the
crystallites are trapped at threading dislocations and positrons
annihilated at the crystallite interfaces are trapped at open-
volume defects there. On the other hand, in the film deposited
on the FS substrate, positrons diffused to crystalline interfaces
are trapped at open-volume defects, while positrons inside
crystallites are annihilated from the free state. This leads to
lower S parameter for the film deposited on the FS substrate
although the volume fraction of crystallite interfaces in this
film is higher compared with the films deposited on single-
crystallite substrates due to the smaller crystallite size, see
table 1.

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 structural relationship but is not directly correlated with the
density of defects in the film. From a comparison of XRD
and SPIS results in this work we can conclude that ZnO films
deposited on single-crystalline substrates (MgO and sapphire)
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exhibit narrow rocking curves but the net concentration of
defects in these films is higher than in the film deposited
on the amorphous FS substrate which is characterized by a
significantly wider rocking curve.

4. Conclusions

Very thin ZnO films (thickness <80nm) were fabricated by
PLD on MgO (100), sapphire (000 1) and FS substrates under
the same deposition conditions. Transmittance and reflectance
analyses showed that the substrate plays a negligible role in the
optical properties for ZnO films on MgO and FS substrates;
however, we observed a slight increase in the band gap for the
film on the sapphire substrate which might be attributed to the
growth in non-basal orientation.

XRD investigations revealed that the ZnO layer has a
wurtzite structure in all cases. The ZnO films deposited
on single-crystalline substrates (MgO, sapphire) exhibit local
epitaxy, while the ZnO film deposited on FS exhibits (000 1)
fibre texture with random lateral orientation of crystallites in
the plane of substrate. The ZnO films deposited on MgO and
FS substrates grow in the basal orientation, i.e. ZnO (000 1)
planes parallel to the substrate. In contrast, the ZnO film
deposited on the (0 0 0 1) sapphire substrate grows in non-basal
orientation with ZnO (0001) planes inclined with respect
to the substrate by an angle of ~36°. Stress in ZnO films
depends strongly on the substrate used. The film deposited on
MgO exhibits extraordinarily high compressive in-plane stress,
while the film deposited on FS exhibits tensile in-plane stress,
and the film deposited on sapphire is virtually stress-free.

Depth-resolved defect studies of thin ZnO films were
performed by SPIS. All the films studied exhibit higher
concentrations of open-volume defects than a bulk ZnO single
crystal. The ZnO films deposited on the single-crystalline
substrates (MgO, sapphire) exhibits higher concentration
of defects than the film deposited on the amorphous FS
substrate. This can be explained by the higher density of
misfit dislocations, which compensates for the lattice mismatch
between the film and the substrate.
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