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A thorough growth study of thin polycrystalline ZnO:Al samples prepared by DC magnetron sputtering is presented. The
atomic areal density as a function of deposition time t was determined by Rutherford backscattering (RBS), from which a
growth rate GðtÞ can be deﬁned. It was found, that in the initial stages of ﬁlm growth GðtÞ increases with increasing deposition
time up to a thickness of about 300 nm, although the process conditions were kept constant. In addition, the preferred
orientation of each sample, as characterized by a h00:li ﬁber texture, was quantiﬁed by evaluating the texture index J for each
sample. The course of JðtÞ was identiﬁed to concomitantly increase with GðtÞ. The variation of both, growth rate and preferred
orientation, with deposition time is interpreted to be caused by an anisotropic growth velocity of ZnO grains. It seems that
such a close correlation between growth rate and texture has not been observed so far. [DOI: 10.1143/JJAP.44.L662]
KEYWORDS: thin film structure and growth, texture, preferred orientation, ZnO:Al, transparent conductive oxide, magnetron
sputter deposition.

Thin ﬁlms of doped and undoped ZnO are currently under
intense investigation and development for optoelectronic
and energy conversion applications. For instance, the low
electrical resistivity in combination with its optical transparency makes ZnO:Al a highly attractive material for thinﬁlm transistors in future liquid-crystal displays as well as for
solar cells. The growth of polycrystalline ZnO and ZnO:Al
ﬁlms was found for a large variety of deposition techniques
to be associated with the evolution of preferred orientation
of crystallites1–9) which is also called texture (both notions
will be used interchangeably in the following). In most
studies a pronounced h00:li ﬁber texture could be revealed
with the majority of crystallites having their crystallographic
c axis directed normal to the substrate plane. Moreover, the
eﬀect turned out to be highly relevant to ﬁlm functionality,
since it was shown that the increase of preferred orientation
is accompanied by an improvement of electronic properties
as indicated by a decrease in resistivity, for a recent study
see ref. 9. Rather low resistivity values of only a factor of
about 200 distinct from metallic copper were realized for
thin ZnO:Al ﬁlms with a nearly perfect alignment of
individual crystals.8) Therefore, a thorough understanding
of the crystallographic ﬁlm growth and the texture evolution
is a highly relevant issue for the processing of thin ZnO:Al
ﬁlms with optimized optoelectronic properties. It will be
shown in this letter that in the initial stages the increase of
texture in thin magnetron-sputtered ZnO:Al ﬁlms is accompanied by an increase in growth rate. To our knowledge, this
is the ﬁrst time that such an eﬀect is reported and we
interpret it as being caused by an anisotropic growth rate.
Fiber textures are a typical phenomenon observed in the
growth of polycrystalline thin ﬁlms, not only for ZnO but
also for a variety of materials, e.g., thin Si ﬁlms for
semiconductor applications10,11) or nitride compounds for
wear protection and diﬀusion barriers.12–14) Processes, which
dominate the texture evolution are precursor sticking
probability, adatom surface diﬀusion, interaction of energetic particles with the surface of the growing ﬁlm (creation
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of damage, re-sputtering) and grain growth. Theoretical
models to account for it rely on (i) anisotropic surface
diﬀusion and surface energy,15,16) (ii) re-crystallization
eﬀects in the bulk of the ﬁlm and residual stresses associated
with a volume-proportional elastic energy and (iii) ion
impact eﬀects. A recent synchrotron-radiation-based study
on thin TiN ﬁlms revealed the evolution of the h111i texture
as a re-crystallization texture.14) The ion-impact-related
models are focussed on the inﬂuence of plasma or ion
beams on the growing ﬁlm that may cause texturing due to a
selection of grain orientations by easy-channeling directions,17,18) on diﬀerential damage and subsequent re-crystallization,19) on preferential etching,11) or on plastic deformation.20) Texture also plays an important role in the structure
zone model,21,22) especially in growth zone T, which is
restricted to deposition temperatures between 20 and 40% of
the melting temperature.23) In this zone the ﬁlm morphology
is characterized by an increase of grain size and texture with
increasing ﬁlm thickness. It should be emphasized that the
texture evolution in various materials systems is still
controversially discussed and for many of them no ﬁnal
consensus has been achieved yet. The status of the
discussion has recently been reviewed by Kajikawa et al.
for the case of reactively sputter-deposited nitrides.24)
The thin ZnO:Al ﬁlms presented in this study were
prepared by reactive dc magnetron sputtering from a
metallic alloy target containing 2 wt% Al9) without intentionally heating the substrate. An average growth rate was
estimated in a preliminary deposition experiment by measuring the ﬁlm thickness d with a proﬁlometer. A series of
eight samples was prepared by setting the appropriate
deposition time to obtain ZnO:Al ﬁlms of an intended
thickness between d1  25 and d8  500 nm. No signiﬁcant
heating of the substrates was observed during the deposition
runs. Rutherford backscattering (RBS) spectra were recorded
at the Tandetron accelerator JULIA of the University Jena
using 1.4 MeV 4 He ions. From these measurements the
atomic areal density NA (with the units atoms/cm2 ) of the
ZnO ﬁlms was determined, which is the total number of Zn
and O atoms per unit area in the deposited layer.
In order to characterize the growth of thin ﬁlms it is
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intriguing to compare the total atomic areal density NA
measured by RBS with a usual proﬁlometer measurement of
the ﬁlm thickness d. The ﬁrst gives the real quantity of the
deposited material. The latter represents a pure geometrical
quantity. The relation between both values is given by NA ¼
N  d, where N represents the atomic volume density. The
usage of NA instead of a thickness d has the advantage that
no assumptions on the microstructure of the polycrystalline
ﬁlms have to be made. It is well known that thin ﬁlms
typically exhibit networks of voids and microcavities
causing a deviation of the ﬁlm density N from the value of
the bulk material. It is thus more appropriate to deﬁne the
growing ﬁlm by a growth rate, which corresponds to the real
number of deposited atoms.
GðtÞ ¼ dNA =dt ¼ N  dd=dt þ d  dN=dt

ð1Þ

Usually the growth rate is deﬁned by purely geometric data
as dd=dt neglecting changes of ﬁlm density N during the
growth. A second advantage of using NA is the high
precision that can be obtained by RBS-analysis. Even for
very thin ﬁlms the error can be reduced to less than 1% by
improving the counting statistics. Such a high precision
cannot be obtained by mechanical proﬁlometers, measuring
the absolute ﬁlm thickness. Apart from that proﬁlometry
may give erroneous results due to surface and interface
roughness. It is concluded that all misleading morphological
features are avoided by simply measuring NA .
In our experiments we obtained the growth rates by this
procedure. They are plotted in Fig. 1. It can be deduced from
the plot that the growth rate increases with time and saturates
after the ﬁlm has reached a thickness of a few hundred nm.
The increase amounts to about 36% from the lowest to the
ﬁnal value. It is concluded that the prepared ZnO:Al ﬁlms
exhibit a non-linear increase of growth rate G versus
deposition time.
The structural properties of the samples were investigated
by X-ray diﬀraction procedures. All thin ﬁlms showed the
Bragg reﬂections of wurtzite-structure ZnO (ICDD card
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Fig. 1. Growth rate G derived from atomic areal density measurements
(left ordinate) and texture index J (right ordinate) for a set of ZnO:Al
samples as a function of deposition time t. Growth rate G and texture
index J are seen to increase concomitantly.
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number 36-1451) when investigated in the symmetric =2
scanning mode. The texture analysis was performed with a
highly sensitive area detector which enables to determine
complete pole ﬁgures with only three tilts of the sample.9)
Furthermore, even for the thinnest sample a data collection
with suﬃcient signal-to-noise ratio was possible in a short
time of only a few minutes due to the high degree of parallel
counting of scattering events from many diﬀerent crystallites. Experimental pole ﬁgures were analyzed in the
framework of Bunge’s texture formalism.25) The samples
were all found to exhibit a pronounced h00:li ﬁber texture
that increased with increasing ﬁlm thickness. The analysis
yielded a set of Cl coeﬃcients to describe the orientation
distribution function (ODF) of the ZnO grains, for further
details see ref. 9. From the Cl coeﬃcients the texture index
J was derived according to J ¼ ð4Þ1 l; ðCl Þ2 , which is a
measure of the texture sharpness.
The values of J for each sample have also been included
in Fig. 1. The texture index JðtÞ as a function of deposition
time can be seen to increase similarly to the growth rate GðtÞ.
We conclude that both the degree of texture and growth rate
have concomitantly increased. The small deviations in the
course of GðtÞ and JðtÞ in Fig. 1 do not contradict such an
approach, but may be understood from the fact that the
information stems from the diﬀerent sample regions: whereas the growth rate G is governed by the surfaces of the topmost layer, the texture index J monitors the bulk of the
sample, since ZnO grains from all depths contribute to the
evaluated Bragg reﬂections.
The variation of the ﬁlm’s growth rate during the process
appeared an unexpected result, because the deposition
conditions were kept constant varying only the deposition
time. We therefore checked very carefully the experimental
conditions to exclude instrumental eﬀects possibly responsible for it. Our reactive sputter system was especially
designed to realize a stable pressure over the whole range of
reactive gas ﬂows. The well-known hysteresis eﬀect of
reactive gas partial pressure was overcome by choosing an
appropriate high vacuum pumping speed as was already
outlined in ref. 26. The usage of the voltage mode of the
plasma generator served as a further stabilizing factor. This
mode makes use of a positive feedback mechanism and
prevents target poisoning.27) Because of the measures taken
we are convinced that the obtained growth rate change with
deposition time is a signiﬁcant eﬀect of the growth process.
It shall ﬁnally be discussed the possible interpretations of
this interesting result. We will interpret the experimental
data by assuming that the increase in ﬁlm growth rate G and
in preferred grain orientation are correlated. This approach is
corroborated by investigations of ZnO single crystals that
were prepared by the hydrothermal synthesis technique.28,29)
In these works the growth rates were found to take
maximum values along the h00:li direction, associated with
a prismatic growth habit of ZnO crystallites. Of course, one
must not transfer the results of these experiments directly to
the magnetron sputtering process, because the reaction
conditions in both preparation procedures diﬀer substantially. The decisive point, however, is the pronounced
anisotropic growth rate, i.e., the diﬀerence in growth rate
between c axis direction and those in the basal plane. This
may be caused by the energetics of the hexagonal crystallo-
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graphic structure of ZnO, which is an intrinsic property. We
interpret the concomitant increase in G and J as corroboration that anisotropic growth rates also occur by ZnO grains
in thin ﬁlm growth. We observed that the concentration of
preferentially oriented crystallites at the surface will increase
with deposition time. Consequently, the growth rate increases. We emphasize that the known mechanism for
texture evolution might also be active during the growth of
thin ZnO:Al ﬁlms—independent of the above considerations.
In conclusion, we have presented experimental results on
the textured growth of magnetron-sputtered ZnO:Al ﬁlms.
Characterizing the ﬁlm growth rate by the highly accurate
atomic areal density from RBS-measurements and evaluating X-ray diﬀraction pole ﬁgures we observed a concomitant
increase of h00:li preferred orientation and growth rate.
These results are interpreted in the framework of an
anisotropic ZnO grain growth, which predicts the density
of h00:li crystallites on the surface of the growing ﬁlm to
increase with increasing thickness. This new experimental
result should be helpful in the optimization of fully ﬁbertextured ZnO:Al ﬁlms.
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