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a b s t r a c t

The growth of ZnO films by pulsed laser deposition was systematically studied on three different

substrates, namely YSZ(1 1 1), Al2O3(0 0 0 1), and Si(1 0 0). The dependence of the film morphology on

oxygen background pressure and substrate temperature was investigated. A strong dependence of the

ZnO morphology on all three growth parameters was found allowing for tuning the microscopic

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a material with applications for UV-
photoelectronic devices due to its large exciton binding energy of
60 meV and direct band gap of 3.4 eV [1–3]. In addition it finds
applications as transparent conducting oxide, [4] gas sensor, [5]
and photocatalyst [6,7] or electrodes for photoelectrochemical
cells [8–10]. By appropriate doping the ferroelectric and ferro-
magnetic properties of ZnO can be altered and produces
potentially important materials such as room temperature
ferromagnetic semiconductors [11]. In addition a variety of
nanostructured ZnO morphologies have been synthesized by
solution or vapor transport methods with and without the use of
metal catalysts [12–14]. Recently, it has been shown that aligned
ZnO-nanowires can also be grown by pulsed laser deposition
(PLD) on sapphire substrates without metal catalysts [15–18]. PLD
has the advantage of transferring the composition of a target to a
film and thus provides a convenient way of growing complex,
many-component materials and for growing films with defined
dopant concentration. Therefore, growth of ZnO-nanowires by
PLD has the potential advantage of enabling control of the
nanowire properties by doping. In this communication we
concentrate on the microstructure of pure ZnO films and
ll rights reserved.
investigate the role of the substrates and other growth para-
meters on film morphologies.

ZnO films have a preference to grow with a c-axis orientation
[19]. In addition ZnO films with a defined crystallographic
relationship with the substrate have been grown successfully
by various deposition methods on c-plane oriented sapphire,
i.e. a-Al2O3(0 0 0 1), and also on yttria stabilized zirconia YSZ
(1 1 1) [20]. It appears that the same hexagonal symmetry of the
substrates’ surface unit cell compared to the c-plane of ZnO, i.e.
the (0 0 0 1) crystallographic plane is sufficient to cause the
epitaxial relationship between substrate and film. This crystal-
lographic relationship between the substrates and ZnO(0 0 0 1) is
illustrated in Fig. 1. The lattice mismatch between the substrates
and ZnO is large with 8% and 26% for YSZ and sapphire,
respectively. This large misfit prohibits a pseudomorphic growth
and consequently results in defects and film imperfections that
affect their properties.

Up to now, most ZnO thin films have been grown on sapphire
and only a few studies have been reported on YSZ [21–23].
However, since YSZ has a more favorable lattice match with ZnO
compared to sapphire we investigate if better film and surface
properties of ZnO films can be obtained on YSZ. To this end we
compare the growth of ZnO films and nanostructures on Si (with
native oxide layer), Al2O3(0 0 0 1), and YSZ(1 1 1) substrates as a
function of growth temperature and pressure.

With increasing pressure (4300 mTorr) and higher substrate
temperatures (4500 1C) a transition from contiguous ZnO film
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growth to a columnar and finally to the formation of vertically
aligned nanopillars is observed on all substrates. This is in
agreement with previous studies. It was also noted that at very
high pressures (41 Torr) the nanopillars seem to grow with
larger diameter while at intermediate pressures (300–500 mTorr)
nanopillars with diameters as small as 50 nm were obtained. The
transition from film growth to nanopillar formation at a threshold
background pressure has been proposed to be a consequence of
the thermalization of the ablation plume and thus suggesting that
a lower surface mobility of the deposited species is required for
nanopillar formation. On the other hand, it has also been reported
that the nanopillar diameter decreases with sample temperature
at constant pressure, indicating that higher surface mobility
decreases the nanopillar diameter [17]. In this communication we
show that the substrate also effects the growth mode and we find
that alumina is best suited for the formation of well ordered
nanopillars while YSZ(1 1 1) is the preferred substrate for
contiguous ZnO films.
2. Experimental methods

ZnO films were grown on YSZ(1 1 1), Al2O3(0 0 0 1), and
Si(1 0 0) (with oxide layer) by PLD at various sample tempera-
tures and oxygen background pressures. The substrates were
cleaned ultrasonically with acetone, methanol, and DI water prior
Fig. 1. Ball-and-stick models of surfaces of ZnO(0 0 0 1), YSZ(1 1 1), and Al2O3(0 0

0 1). The hexagonal surface unit cells and their lattice constants are shown. All

models are drawn to scale.

Table 1
Comparison of ZnO(0 0 2) rocking curves and RMS roughness for different substrates a

Growth condition k Rocking curve FWHM Rocking curve FWHM Rocking curve FW

Sample- Al2O3-0001 YSZ-111 Si-100

300 1C, 100 mT 2.041 1.721 2.351

450 1C, 10 mT 0.461 0.291 1.381

450 1C, 100 mT 0.671 0.331 2.831

450 1C, 500 mT 0.571 0.361 –

600 1C, 10 mT 0.461 0.261 2.141

600 1C, 100 mT 0.401 0.201 8.511

600 1C, 500 mT 0.321 0.211 –
to mounting in the PLD chamber. The base pressure in the PLD
chamber was 10�6 Torr and the background pressure was
adjusted by leaking high purity oxygen gas into the chamber.
The ZnO target was ablated with a KrF excimer laser (l¼248 nm,
10 Hz, 154 mJ/pulse, and energy density of 2 J/cm2). The target to
the substrate distance was kept constant at 6 cm. All the films
were grown for the same amount of deposition time using 20,000
laser pulses at a repetition rate of 10 Hz. Films grown under low
ambient pressure of 10 mT had a nominal thickness of �450 nm
for substrate temperatures of 300–450 1C with a slight drop in the
thickness at substrate temperature of 600 1C to 400 nm. However
the films grown under a high ambient pressure of 100 and 500 mT
were over 1 mm thick with the thickness increasing with higher
background pressure irrespective of the substrate temperature.
The film thickness was same irrespective of the type of substrate
used.

After removing the samples from the growth chamber the
samples were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and for reasonably smooth films, by
atomic force microscopy (AFM). SEM images were also acquired in
a cross-sectional view by cleaving of the samples.
3. Results

The structural properties of ZnO films were assessed as a
function of background pressure and sample temperature for the
different substrates. XRD indicates that for all growth conditions
only c-axis oriented ZnO films and nanowires were obtained on
Al2O3(0 0 0 1) and YSZ(1 1 1) substrates. For different growth
conditions, the full-width at half-maximum (FWHM) of the
rocking curves for the ZnO(0 0 2) peak showed, however, varia-
tion with the growth parameters. Table 1 summarizes the FWHM
for the different films. These numbers may be compared to the
reference value measured on a single crystal ZnO wafer of 0.061.
The higher FWHM value of the films compared to the single
crystal clearly indicates that the film consists of grains with small
vertical misalignments. On both Al2O3 and YSZ the FWHM is
decreasing with increasing sample temperature with the largest
improvement observed between 300 and 450 1C. For identical
growth conditions the FWHM of the ZnO rocking curve is always
smaller on YSZ than alumina substrates indicating a better
vertical orientation and/or larger grain sizes on YSZ.

Further surface structural analysis was performed by SEM and
AFM. RMS roughness, for films that were smooth enough to allow
for reasonable AFM characterization, is also summarized in
Table 1. It is interesting to note that there is a trend for films
with smaller FWHM in the rocking curves, i.e. better c-axis
alignment of grains, to have a generally larger surface RMS
roughness measured in AFM. Such a correlation could be a
consequence of ZnO to grow in a columnar fashion which allows
a surface with smaller, misaligned grains to be smoother than a
nd growth conditions.

HM RMS roughness (in nm) RMS roughness (in nm) RMS roughness (in nm)

Al2O3-0001 YSZ-111 Si-100

24.0 42.1 19.7

91.8 90.0 90.1

24.9 15.2 41.4

Too rough Too rough –

57.5 39.3 –

Too rough Too rough –

Too rough Too rough –
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Fig. 2. ZnO film at 300 1C, 100 mT: (a) SEM on Al2O3(0 0 0 1), (b) SEM on YSZ(1 1 1), (c) SEM on Si(1 0 0), (d) AFM on Al2O3(0 0 0 1), (e) AFM on YSZ(1 1 1), and (f) AFM on

Si(1 0 0). The graphs in the inset show line profile of the AFM images.
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surface with better aligned but larger grains that grow indepen-
dently of each other.

The surface morphologies of ZnO films characterized with AFM
and SEM on the different substrates are discussed in the
following. Fig. 2 shows films prepared at a substrate
temperature of 300 1C with an oxygen background pressure of
100 mTorr. Under these low temperature conditions a high value
in the FWHM in the rocking curve suggests poor alignment of
crystals and this is also reflected in the surface micrographs in
Fig. 2. The largest crystallites are observed on YSZ(1 1 1) followed
by Al2O3(0 0 0 1) and Si(1 0 0).

Increasing the temperature to 450 1C and reducing the pressure
allows better ordering of the films, which results in larger
crystallites as is apparent from the micrographs shown in Fig. 3.
The surface morphologies of ZnO films grown on Al2O3 and YSZ are
very similar under these conditions, exhibiting large grains. The
surface morphology of ZnO on Si is different, exhibiting an
interconnected ‘ridge’ structure with 100 nm deep holes. Keeping
the temperature at 450 1C but increasing the pressure to 100 mTorr
causes the formation of, what appears to be, smaller grains on both
Al2O3 and YSZ, which also causes a smoother surface. This is shown
in Fig. 4. Under these conditions the surface structure is again very
similar on all three substrates. Increasing the pressure further
causes the clear formation of columnar ZnO growth which is
evident from the SEM micrographs shown in Fig. 5.

Figs. 6–8 show micrographs of samples grown at 600 1C and at
10, 100, and 500 mTorr, respectively. Under these high
temperature conditions a columnar growth is observed that
transforms to a nano-column growth of separated structures at
high pressures. Clear differences in the film morphologies are
observed for the different substrates. At 100 mTorr pressure the
film on Al2O3(0 0 0 1) show dense ZnO columns of �200 nm
width, while on YSZ(1 1 1) large grains with hexagonal shape and
micrometer width are observed. Increasing the pressure to
500 mTorr results in the formation of separated and aligned
nano-columns of �50–100 nm width on Al2O3(0 0 0 1). On
YSZ(1 1 1) also columnar growth is observed, however, the
column widths is a little larger in the range of 100–150 nm. The
top-view in SEM suggests that these columns are more densely
packed on YSZ(1 1 1) and the columns cluster together to form
structures that appear like meandering ‘worms’. In addition to
these narrow wires some larger hexagonal grains, reminiscent of
those observed at 100 mTorr, are observed dispersed within the
nano-columns. On Si(1 0 0) the film is very different. Although we
still observe growth of separated grains, the grains are much
larger (micrometer size) and no orientational alignment of the
grains are observed indicating the importance of the substrate for
determining the growth direction of the ZnO columns.
4. Discussion

The film morphologies of ZnO grown by PLD are strongly
dependent on the growth parameters (background pressure and
substrate temperature). Only considering the substrates with
hexagonal symmetry, i.e. YSZ(1 1 1) and Al2O3(0 0 0 1), we may
distinguish four growth regimes.

The first growth regime is at low temperatures (below
�300 1C) and the ZnO films exhibit poor c-axis alignment evident
from the broad rocking curves. The surface RMS roughness is,
however, comparable to their lowest values achieved for all the
growth parameters. Obviously, at low sample temperatures
thermal activation is not sufficient to find a low energy alignment
of the crystallites in the film.



ARTICLE IN PRESS

Fig. 3. ZnO film at 450 1C, 10 mT: (a) SEM on Al2O3(0 0 0 1), (b) SEM on YSZ(1 1 1), (c) SEM on Si(1 0 0), (d) AFM on Al2O3(0 0 0 1), (e) AFM on YSZ(1 1 1), and (f) AFM on

Si(1 0 0). The graphs in the inset show line profiles of the AFM images.

Fig. 4. ZnO film at 450 1C, 100 mT: (a) SEM on Al2O3(0 0 0 1), (b) SEM on YSZ(1 1 1), (c) SEM on Si(1 0 0), (d) AFM on Al2O3(0 0 0 1), (e) AFM on YSZ(1 1 1), and (f) AFM on

Si(1 0 0). The graphs in the inset show line profile of the AFM images.
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Fig. 5. ZnO film at 450 1C, 500 mT: (a) SEM on Al2O3(0 0 0 1) and (b) SEM on YSZ(1 1 1).

Fig. 6. ZnO film at 600 1C, 10 mT: (a) SEM on Al2O3(0 0 0 1), (b) SEM on YSZ(1 1 1), (c) AFM on Al2O3(0 0 0 1), and (d) AFM on YSZ(1 1 1). The graphs in the inset show line

profile of the AFM images.
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In the second growth regime this thermal limitation is lifted and
FWHM of the rocking curves is reduced significantly and the surface
is smooth without indications of c-axis aligned columns. This growth
regime is around �450 1C and pressures at or below 100 mTorr. The
surface topography differs between films grown with different
background pressures at 450 1C. At 10 mTorr micrometer sized
individual crystallites are discernable in SEM images, which give rise
to a fairly high surface RMS roughness. At higher pressures
(100 mTorr) the surface is less rough and the FWHM in rocking
curves is slightly increased compared to films grown at 10 mTorr.
This difference in the film morphologies at constant temperature but
different background pressure can be explained by a more efficient
thermalization of the ablation plume and consequently lower
mobility of ad-atoms at elevated pressures. Higher mobility gives
rise to the growth of larger crystallites with low-energy facets
exposed at the surface. Up to this point the films are continuous,
which is also evident from frequently observed cracks in the film
attributed to differential thermal expansion of the film and substrate
material. Such cracks can only occur if the film is continuous.

At higher background pressure (500 mTorr at 450 1C sample
temperature) or higher sample temperature (600 1C at 10–100 mTorr)
the ZnO films grow in columnar grains, with grain boundaries
intersecting the ZnO film from the substrate to the film surface
normal to the film, i.e. along the c-axis. From our cross-sectional SEM
it is not possible to tell if these columnar grains are already separated
or if these films could be still considered as continuous. It appears that
higher temperature and higher pressure have similar effects on the
film morphology. This is surprising since these two parameters
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Fig. 7. ZnO film at 600 1C, 100 mT: (a) SEM on Al2O3(0 0 0 1) and (b) SEM on YSZ(1 1 1).

Fig. 8. ZnO film at 600 1C, 500 mT: (a) SEM on Al2O3(0 0 0 1), (b) SEM on YSZ(1 1 1), (c) SEM on Si(1 0 0), (d) cross-section SEM on Al2O3 (0 0 0 1), (e) cross-section SEM on

YSZ(1 1 1), and (f) cross-section SEM on Si(1 0 0).
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should counteract each other, i.e. a higher pressure decreases the
energy of the atoms in the ablation plume while higher temperature
increases mobility of surface species. On the other hand, higher
mobility of surface species is often observed in the presence of oxygen
and this may compensate for the decreased kinetic energy of the
atoms in the plume at higher oxygen pressures.

Finally, at 600 1C and pressures of 100 mTorr or higher, free-
standing ZnO columns or ‘nano-pillars’ are observed. The excellent
c-axis alignment on alumina and YSZ is evident from the low FWHM
of the rocking curve. Isolated grain-growth is also observed on silicon
wafers under these conditions, however, as expected only very poor
alignment is observed demonstrating that a substrate with similar
symmetry to that of the ZnO lattice is needed to orient the growth.
5. Conclusion

In terms of growth parameters it appears that with higher
pressure and temperatures the growth mode in PLD converts from
a continuous film to a columnar growth that eventually results in
the growth of free-standing micro(nano)-pillars. The materials
transport and atomic processes that cause such a dramatic change
in the growth are currently not well understood and need further
investigation.

Compared to the growth parameters the choice of substrate,
i.e. Al2O3(0 0 0 1) or YSZ(1 1 1), affects the film morphology to a
lesser extent. However, some clear trends are noteworthy. The
FWHM of the rocking curves has been always less for YSZ(1 1 1)
substrates compared to Al2O3(0 0 0 1) substrates for otherwise
identical growth conditions. This indicates that the orientational
c-axis alignment of the ZnO film is better on YSZ than on sapphire.
On the other hand, growth of nanopillars at elevated tempera-
tures and pressures resulted in more uniform surface morphol-
ogies on sapphire than on YSZ. These differences may be
associated with the different lattice mismatch between the two
substrates. Therefore YSZ(1 1 1) is a better substrate for the
growth of c-axis oriented films while Al2O3(0 0 0 1) makes a
better substrate for separated nanopillar growth.
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