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Biphasic solid state composites of the type metal/metal oxide or element/element oxide can be
synthesized in one pot chemical reactions using so called molecular “‘single source precursors’.
Due to their singular genesis these composites show peculiar hetero-structures based on core—shell
hierarchies such as superlattices and composite nanospheres or nanowires. They exhibit superior
or new functional properties compared to their individual constituent compounds. In the current
work, we review in particular the synthetical and mechanistical approach of bi-phasic (Al/Al,O3)
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nanostructures such as nanospheres, nanowires and nanoloops using a single source precursor.
Other bi-phasic materials of the general formula M/MO, (for example M = Ge, Sn, Pb) are
addressed for comparison. The impact of different synthetical conditions as well as of
modification of surfaces by laser techniques and their technological relevance are presented

briefly. Additionally, functional applications of the prepared surfaces are explained with some

outstanding case studies. These case studies are primarily concerned with their use as biomaterials

and their application in medicine as well as with their use as thin films for optics and functional

surfaces.

1 Introduction

In recent years, zero dimensional (0D) and one dimensional
(1D) metal/metal oxide or element/element oxide hetero structures,
such as composite core—shell spheres or co-axial core-shell nano-
wires, began to attract significant attention not only in view of their
specific nanostructures: the hetero structures exhibit superior or
new functional properties compared to their individual constituent
compounds.' As a route to these composites either a physical
top down process can be applied using ball milling of the two
constituent phases,” or the mixing of the two phases can be achieved
in a bottom up approach starting with atomic agglomerates in a
physical vapour deposition.” In an alternative approach the biphasic
composite can also be produced by the use of chemical reactions, as
will be shown by some examples in the next section. The common
principle of the formation of these composites is a chemical process
with self-assembly* of phases.

We became in touch with this field when we discovered in
1994 that the molecule Sn[OC(CH3)3]3Ba[OC(CHj3)3]3Sn in the
gas phase at a temperature above 350 °C produced the solid
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phases Sn/BaSnOj; together with the volatiles (CH3);COH
(tert-butanol) and (CH;3),C—CH, (iso-butene). The Sn/BaSnO;
metal/metal oxide composites were obtained as fractal composites
of spherical core—shell particles, the nanometric cores being
metallic B-tin.’> Other composites of the type Ge/GeO,,
Sn/Sn0,, Pb/PbO,° or Al/AL,O;® could be obtained in
further studies. In the case of Al/Al,O; composites we found
that besides core—shell spheres also nanowires can be produced
by changing the temperature of the deposition on the
substrate. The bi-phasic nature of the spheres and the wires
is due to the disproportionation of the element (Ge, Sn, Pb
are divalent in the molecular precursor and form zero and
tetravalent states in the solid).® On the way to Al/ALO;
composites the aluminium in the transient “AlO” is formally
divalent and disproportionates into zero- and three-valent
states which is followed by self-assembling of aluminium and
alumina.® Various nanostructures such as nanospheres, nanorods,
nanowires or nanoloops may be obtained by simply altering
deposition parameters like pressure or temperature. In each case,
the bi-phasic nature (Al core and AlL,O; shell) stays identical
which opens up a wide spectrum of applications for surfaces made
up of these materials (from biomedical, optical, bio-mimetical up
to adhesive applications).

2 Synthesis

In the following sections the different synthetical methods to
obtain metal/metal oxide composites are described.
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2.1 Production methods for functional bi-phasic nanostructures

As stated above, composites of metallic phases and oxide
phases, which show a core/shell structure, may be obtained
by physical or chemical means. Most of the work published
recently has been devoted to group-14 elements Si, Ge, Sn.>'°
In the following we will give a selection of preparation
methods in order to illustrate the different techniques. We
also include the synthesis of a composite with two structural
arrangements of the same element (germanium).
Silicon/silicon oxide, Si/SiO,, core-shell nanowires have
been synthesized as by-products in the process of obtaining
Si nanowires through different methods such as oxide-assisted
growth,'"™" and thermal evaporation of silicon monoxide.'*®
Nucleation and growth of silicon nanowires by laser ablation

and thermal evaporation of silicon powder sources which were
mixed with SiO» have been investigated by means of transmission
electron microscopy. At the initial nucleation stage, silicon oxide
vapour (SiO,) condensed on the substrate and formed silicon
nanoparticles which turned out to be the nuclei of nanowires.
Each silicon nanowire nucleus consisted of a polycrystalline Si
core containing a high density of defects and a silicon oxide shell.
A growth mechanism was proposed based on the microstructure
and different morphologies of the Si nanowires observed.'”
Synthesis of core—shell nanostructures Ge (single crystal)/
Ge (poly crystalline) is achieved by chemical vapour deposition
(CVD) of dicyclopentadienyl germanium ([Ge(CsHs),]). The
one-dimensional nanostructures are formed on an iron substrate.
A base-growth model in which a Fe—Ge epilayer functions as a
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catalytic bed is assumed to be responsible for the selective wire
growth. The missing catalyst particles at the tip of the nano-
wires are contrary to the characteristic feature of a one-
dimensional growth based on the vapour—liquid—solid (VLS)
mechanism. The diameter and length of the nanowires were in
the ranges 15-20 nm and 25-40 pum, respectively, as found by
high-resolution electron microscopy. Both axial and radial
dimensions of the nanowires can be controlled by adjusting
the precursor feedstock, deposition temperature, and size of
alloy nuclei in the Fe—Ge epilayer. High precursor flux produced
coaxial hetero-structures where single-crystalline Ge cores are
covered with an overlayer of nanocrystalline Ge.'

The in situ structural evolution by electron beam irradiation
generated within a transmission electron microscope from
amorphous GeO nanospheres was examined. The GeO nano-
spheres, which were obtained by thermal oxidation from Ge
powders, turned into GeO/(Ge, GeO,) core-shell nanostructures,
and finally into Ge polycrystalline hollow nanospheres. In this
structural evolution process, the formation of GeO/(Ge, GeO,)
core-shell nanostructures was attributed to the gradual
decomposition of GeO into Ge and GeO,, producing a Ge and
GeO, composite (see also ref. 6). The polycrystalline germanium
hollow nanospheres were believed to form by GeO, evaporation
from the Ge/GeO, composites under electron beam irradiation.
This study demonstrated that electron beam irradiation within
the transmission electron microscope can be employed as an
effective and promising tool to fabricate nanomaterials and
nanostructures, especially for those that cannot be fabricated
using conventional chemical and physical methods."®

Freestanding Ge/GeO, core-shell nanocrystals with sizes down
to 11 nm and with varying shell thicknesses (up to 1.5 nm) were
obtained by the ball milling method. Analyses of HRTEM images
and XRD patterns revealed the presence of lattice strain in the Ge
core near the interface between Ge and GeO,. With increasing
milling time, the lattice strain initially increases up to 20 hours of
milling then partially released for further milling. The Raman
scattering studies show a red-shift in the Raman modes which
result from the combined effect of quantum confinement and tensile
strain. High densities of structural defects (lattice dislocation/
distortion) in the synthesized nanocrystals result in enhanced
photoluminescence (PL) in the UV and visible region and are
attributed to various Ge/GeQO, interface defects. No observable
visible PL emission is found for the Ge core.?®

Tin dioxide, SnO,, is an important functional material that
has been widely applied in optoelectronics and microelectronics.
For example, SnO, can be utilized in solar cells,?! transparent
conducting electrodes,? gas sensors,”>>* and transistors.>> Within
this field SnO,/Sn nanocables have been grown on single-crystal
silicon substrates using Au-Ag catalyst assisted thermal
evaporation of SnO powders.>® Again a disproportionation
of tin(m) into tin(0) and tin(1v) is assumed to be the chemical
key process in the emergence of the composite. The detailed
morphologies, microstructures and compositions of the resulting
SnO,/Sn nanocables have been characterized using SEM, TEM,
and PL and Raman spectroscopy. Using the experimental
observations a growth model of SnO,/Sn nanocables on the
basis of the vapour—liquid—solid process has been proposed.?’2*
Other ways to SnO (resp. SnO,/Sn) and its use for gas sensing
have also been reported.”

2.2 Production of stoichiometric biphasic composites using
molecular precursors

We first became aware of a chemical driven production of
solid biphasic composites in 1994 when we discovered that the
volatile molecule Sn[OC(CHj3);]3BaJ[OC(CH3)3)5Sn on heating
released iso-butene and zert-butanol and formed a solid composite
Sn/BaSnO;.° On the first glimpse this reaction seemed to be a
simple decomposition of the starting precursor; nevertheless, two
observations turned out to be important. The ratio of tin(0) to
tin(1v) found by XPS or chemical techniques revealed a constant
value of 1.0; in other words, the composite always had the
same stoichiometric amount of the two oxidation states of tin.
Secondly, the composite formed without the usual carbon
residues in the solid material (detectable mol% C lower than
0.1%). The explanation of these findings is that this “single
source precursor process’ is driven by a chemical reaction,
which takes place within the precursor molecule (for more
general discussion see ref. 30). For the composite Sn/BaSnO;
the major reaction can be expressed through eqn (1).

Sn[OC(CH3)3]3Ba[OC(CH3)3]5Sn
- Sn/BaSnO; + 3(CH;);C-OH + 3(CH;),C—CH, (1)

Note, as only stable volatile compounds are evolved (detected
in the on-line mass spectrometer), there is minor formation of
organic radicals, which are supposed to be responsible for carbon
contamination.

We were able to use this process also for the synthesis of
compounds with germanium and lead instead of tin with the
general formula M/BaMO; (M = Ge, Pb) and could transfer
it to the simple metal/metal oxide composites (eqn (2)).6

M[OC(CH3)3], - M/MO, + (CH3);C-OH
+ (CH3),C=CH, M = Ge, Sn, Pb) (2)

Generally, these cascade reactions within the molecule need
temperatures around 300 °C, but are run normally at much
higher temperatures (500-700 °C) in order to drive the
disproportionation reaction of the metallic element to an end.
We found in the case of Sn[OC(CH;);], that at temperatures
below 500 °C the process as compiled in eqn (2) deviates leading
besides the same volatiles fert-butanol and iso-butene to the
formation of solid SnO.*! From these findings it seems clear that
the cascade reaction within the molecule leading to the organic
products (see below) is separated from the disproportionation,
leading to the composite.

In this article we will concentrate on the formation of
Al/A1L,O3 composites. Following our idea of a “single molecular
precursor process™° we developed compounds of aluminium and
gallium, which could be used as volatiles in gas processes like
CVD. The hydrides H,AIJOC(CH3);] and HAI[OC(CHz);), as
well as their gallium analogues™ indeed meet several criteria: all
four compounds are dimeric with tetravalent aluminium or
gallium centres, they are volatile without decomposing at ambient
conditions (20 °C, 1-0.5 atm) and show a simple cascade
reaction when thermally induced. The mechanism of these
cascade reactions could be determined by gas analysis using
mass-spectroscopy and by the implementation of deuterium in
the place of hydrogen bond to aluminium.’ In eqn (3) the most
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important step in this reaction sequence is shown for
H,AI[OC(CH3)s], in which the Al-H bonds have been replaced
by Al-D bonds.’

{D>A[OC(CH;)s]}> — 2H-D + 2H,C—=C(CHs), + 2/n{DAIO},
3)

The two expelled molecules from the precursor (H-D and
iso-butene) form in equimolar amounts and no formation of
D, or H; is observed. The DAIO forms as a colourless, glassy
film on the substrate. We did not succeed in trapping the
DAIO or HAIO as molecular species at low temperatures
(liquid helium)*® and to characterize it through its IR spectrum,
but could calculate some properties due to its spectral data.>*
From these findings HAIO (DAIO) is polymeric with an inner
skeleton made up of AI-FO-Al and O-Al-O bonding and with
Al-H(D) bonds which are predominantly terminal but which
also participate in AI-H(D)-Al bridging. Note that during this
low temperature process (200270 °C at 0.1-0.8 atm) no biphasic
composite (as shown for group 14 elements above) is formed.

The formation of composites can nevertheless be triggered,
when the solid residue HAIO (DAIO) is heated up to 600 °C or
when the whole cascade reaction (eqn (3)) is run at temperatures
above 450 °C.

In the first case, the glassy film transforms to a greyish solid
under the release of D, (in the case of DAIO as starting
compound) or under the release of dihydrogen when HAIO
is the original film. This dihydrogen release may be followed
over a remarkable temperature range of approximately 4 =
300 °C which seems to be due to the polymeric glassy nature of
HAIO (DAIO) which hampers the release by encapsulation
phenomena.® In the solid residue the appearance of diffrac-
tion lines for metallic aluminium can be easily followed using
X-ray powder diffraction. The glass phase HA1O (DAI1O) had
decomposed to give Al(0) and alumina, the oxide under these
conditions being amorphous.

The composite Al/Al,O; can also be obtained directly,
without passing through the transient phase HAIO, when the
precursor {H,Al[OC(CHj)s]}, is heated up to 450480 °C
(0.1-1 atm) as expressed in eqn (4).

{H,AI[OC(CH3)s]}> — 3H-H + 2H,C—=C(CHs), + 2Al/ALO;
“

For the deuterated precursor the reaction is of course
similar, but different in the hydrogen evolution (eqn (5)).

{D,AI[OC(CH;)s]}, — 2H-D + D-D + 2H,C—C(CH3),
+ 2A1/ALL0; (5)

The solid residue obtained on metal or ceramic targets is
very granular and depending on the thickness of the layer grey
or black. The composition of the solid is almost equimolar in
aluminium and oxygen (EDX, XPS).** Powder diffraction
studies reveal metallic aluminium and amorphous or partly
crystallized y-Al,O;. The ratio of Al(0) and Al(3+) as found
from XPS is almost 1 : 1.

In analogy to the findings for alkoxides of germanium, tin
and lead (see above) we propose a disproportionation step to
account for the biphasic and stoichiometric nature of the
composites of aluminium and alumina produced in our process.

After the release of the organic side-products (iso-butene and
dihydrogen) H,AIl[OC(CHj3)3] transforms into the transient
species {HAIO}, which at higher temperatures loses hydrogen
(eqn (6a)).
{HAIO} - H + {AlO} (6a)
3{AIO0} - Al + Al,O3 (6b)

As we have stated above, HAIO does not seem to exist as a
molecular entity but exists in a condensed state [HAIO],. In
{AlO} aluminium is in the formal oxidation state +2, which
under the conditions (approximately 500 °C) and the exclusive
neighbourhood of oxygen(—2) is unstable, and therefore
disproportionates into Al(0) and Al(+ 3). Each generated Al(0)
thus has an two Al(3+) counterparts explaining nicely the
stoichiometric relationship between the two oxidation states.

The necessity for having a hydrogen bond to aluminium in
HAIO for the genesis of biphasic compounds is nicely illustrated
using two tert-butyloxide ligands instead of one in the precursor
molecule (eqn (7)).”

HAI[OG(CH3)3]2}> — 2H, + 3H,C=C(CH;),
+ HOC(CHs;); + ALO; @)

Apparently, only the single phase Al,Oj3 is formed together
with hydrogen, iso-butene and tert-butanol. In this reaction (7)
the aluminium atom always remains in its oxidation state +3
and therefore no second phase formation is observed. As
transient species in this reaction either {OAIJOC(CHj3);]} or
{OAIOH} can be assumed, which both condense together to
give Al,O3 and tert-butanol.

2.3 Deposition, characterisation and growth of Al/Al,O3
nanostructures

In the Al/Al,Oj5 single source precursor approach the growth
and evolution of the nanometric structures is highly dependent
on three parameters: temperature, pressure and time. In Fig. 1
an example is shown, in which two clearly different structures
are observed at different temperatures but similar deposition
times and pressure using the same precursor H,A[[OC(CH3)s].

2.3.1 Deposition of Al/Al,O3; composites on substrates.
Thin solid films of Al/Al,O3 are deposited on the heated
substrates (metals, ceramics, glasses) under a reduced pressure
of 2-5 x 1072 mbar by the use of a constant flow of the single
source molecular precursor H,Al[OC(CHj3);]. Prior to the
deposition process, the whole apparatus is heated, flooded
and pumped several times with nitrogen or argon in order to
eliminate residual oxygen and water in the apparatus. After
heating the substrate up to the desired deposition temperature,
the precursor is sent to the target by controlling the flow rate
with a manual valve.

The deposition process is carried out in a horizontal cold-
wall type reactor, as schematically shown in Fig. 2.° The
substrate is heated directly by the induction coil coupled to a
high frequency (HF) generator (running at 300-400 kHz with
a maximum power of 1500 W) while the rest of the reactor
remains cool. While the metallic substrates are heated directly
with the induced electromagnetic field, in the case of glass and
similar non-conducting substrates, an indirect heating approach
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Fig. 1 SEM-images of (a) Al/Al,O; nanoballs (obtained at 400 °C)
and (b) Al/Al,O3 nanowires (obtained at 550-600 °C) on a steel target.
The magnification factor is comparable.

Pressure
sensor

Temperature

Pump

Precursor

Fig. 2 Schematic illustration of the cold-wall CVD reactor used for
deposition of Al/AL,O;.

is applied by using a graphite holder. An electronic temperature
controller regulates the substrate temperature. The main principle
of such a controller is based on the feed-back between the
thermocouple attached to the substrate holder and the HF
generator. The pressure level is kept normally at 2-5 x 1072
mbar with the help of a mechanical pump, but may be raised as
desired. A standard Pirani gauge is used to monitor the pressure
during the deposition. The vacuum system includes a cold trap to
collect the solid or gaseous exhaust materials, which otherwise
could damage the pump.

Besides this standard apparatus we also have used vertical
systems, in which the precursor gas is directed through a
shower head on a rotating plate of graphite turning within
the induction field. The plate can accommodate several targets
in the same run which makes a higher throughput of coated
targets possible.

At the end of the deposition which typically takes 15 minutes
for a film thickness of 1 pm the targets are liberated from the
chamber and can be stored at ambient conditions. In Fig. 3
two glass targets are shown with different deposition times.

Fig. 3 Two Al/ALL,O; coated glass targets (diameter: 12 mm) with
different coating times (left: 15 seconds, right: 3 minutes).

The different exposition times are reflected by different film
colours.

2.3.2 The core/shell structure of Al/Al,O; composites.
A microscopic view (SEM) of the deposited Al/Al,O3 composites
is already given in Fig. 1. From these pictures it is clear that at
lower temperature ball-like species are observed while at
temperatures above 500 °C the species are one-dimensional
resembling a pile of spaghettis. A closer look on the ball-like
assembly reveals that the balls are made of smaller balls which
again are a compilation of even smaller ones. We have found
exactly the same fractal structure for the Sn/BaSnO; composite
several years ago® which also originates from a similar chemical
process (see above).

Both, the “ball-like structures” as well as the “spaghetti
structures” have been analyzed by X-ray diffraction as well as
by transmission electron microscopy (TEM).*® Both structures
contain metallic aluminium as well as alumina. From the TEM
images of Fig. 4 it is clear that both zero- and one-dimensional
entities are made of core/shell structures.

In the case of the fractal assemblies each ball has an inner
metallic core, which is crystalline and an outer shell which
is either amorphous or as in the case of Fig. 4 crystalline
(a mixture of y- and 3-Al,O3). In the case of the “spaghettis”
(Fig. 4, left) the inner core can be visualized by contrast mode.
Electron diffraction of the inner wire reveals metallic aluminium;
the outer shell is amorphous and has an Al : O ratio (EDX) of
2 : 3. Using a cylindrical model for the wires and using the
standard densities of aluminium and of y-alumina we were able
to calculate diameters for the core and shell from the two-
dimensional TEM pictures.*® Interestingly the molar ratio of
Al : Al,O; was found to be 1.1(1) almost matching the theoretical
1.0 value.

2.3.3 One-dimensional (1D) growth by self-catalysis from zero
dimensions (0D) and process parameters for nano-architecture:
nanospheres, nanorods and nanoloops. The transformation of
the ball-shaped Al/Al,O3 core-shell particles, which nicely
assemble in a fractal manner on surfaces, to other morphologies,
especially from zero-dimensional to one-dimensional entities
(Fig. 4) is run at temperatures between 500 and 600 °C.

Fig. 4 Two TEM images of Al/Al,O; composites. Right: spherical
entity (created at 480 °C) with a metallic core (diameter approximately
20 nm), lattice corresponds to aluminium, the outer shell can be
indexed as y- or 3-Al,O5 (electron diffraction). Left: in the contrast
mode the inner metallic core is clearly visible while the shell is less
absorbing (Reprinted with permission from ref. 80. Copyright 2008,
Oldenbourg Wissenschaftsverlag).

This journal is © The Royal Society of Chemistry 2012
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Until now, no stoichiometric biphasic Al/Al,O3 nanowires
have been reported, although one-dimensional Al-wires or
alumina-wires have been generated.’” ! Normally, these wires
have been generated by catalyst-supported chemical vapour
deposition using particles different from the source material as
catalytic seeds.

[(CH3);C—O—AlH,),
e -

0-D Al/AlLO; 1-D Al/ALO;  (8)

T>490°C

For the growth of the stoichiometric Al/Al,O3z wires, which
can be represented by the chemical equation (8), we propose
the following mechanism (valid for 610 + 50 °C).*® As in the
VLS growth of ceramic nanowires we believe that a liquid
metal phase serves as seed.*? In contrast to the classical VLS
mechanism the catalyst is not a noble metal but aluminium
forming a droplet. This could form from the fractal entities of
ball-like shape (see Fig. 4) which have metallic cores and which by
Ostwald ripening® could fuse together. Although the melting
point of bulk aluminium is quite high (660.4 °C) the presence of
alumina in the melt as well as the lowering of melting point due to
the nanoscale could explain the existence of such an aluminium
seed at these relatively low temperatures.

In Fig. 5 some freshly prepared nanowires in the TEM
microscope are shown, illustrating that the wires have a globular
tip which in the contrast mode nicely reveals to be made up of
aluminium (what can also be verified by EDX). Under these tips
the core-shell composites grow with the usual proportion
between Al and Al,O5. The diameters of these wires are typically
in the range of 10-40 nm and may attain several pm in length.
The growth rate of the wires is dependent on the precursor gas
density and the substrate temperature which should be above
550 °C. We have been able to produce nanowires within seconds
using a pressure of 0.1 atm and a target temperature of 600 °C.

A strange phenomenon is observed, when the growth of the
wires is made under a very slow mass transport of the
precursor (the valve to the precursor supply is almost closed)

-19° tilt |

| 30 tit ;
73

and the temperature of the target is maintained between 500
and 550 °C.** Under these conditions, the primary globular
particles which are agglomerated in clusters are growing
further without producing the nanowires discussed so far. It
should be recalled that core-shell chaotic nanowires are
achieved at higher deposition temperatures and higher flow
rates, lower temperature deposition leads to self-assembled
core—shell nanoparticles. In Fig. 6 the growth of very large
clusters on the surface is shown; at the beginning of the
deposition process the cluster density is very low in comparison
to the total surface area of the substrate. It is believed that this
may result from the low substrate temperature. Glass substrates
are preferred in order to eliminate any metallic catalysis effect.
In addition, glass is the optimal substrate for controlling the
level of heating at low temperatures, since metallic substrates on
a graphite holder are heated additionally due to the electro-
magnetic induction.

During the deposition, previously nucleated clusters seem to
act as preferred nucleation sites for new clusters. Cluster—cluster
interaction induces a sort of agglomeration which reminds of
Oswald ripening, as one can see in Fig. 6(b) and (c). Indeed, the
nucleation of new clusters on the former ones rather than a
random landing triggers a directional growth (Fig. 6¢). This
effect is mostly observed between two adjacent cluster groups.
While the directional growth goes on, two or more worm-like
structures may meet head-to-head (Fig. 6d) and finally this ends
up with a closed loop structure as shown in Fig. 6(e). These
nanoloops are mostly seen on some parts of the substrate
surface where the nucleation density is higher. This growth,
although one-dimensional as in the case of the core—shell
Al/AL,O3 nanowires, is not triggered by a metallic seed, as there
is no evidence for this in the microscopic pictures. As may easily
be found, the diameters of these one-dimensional structures
are in the order of 100 to 150 nm and clearly different from
the ones discussed before (see above). We believe that
another mechanism is acting in this case, which relates on

Fig. 5 TEM images of Al/Al,O5 core—shell nanowires recorded at different tilt angles, changing the contrast mode. The arrows show the location

of aluminium entities.
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Fig. 6 SEM images showing the stepwise growth of nanoloops. (a) Cluster formation (low nucleation density). (b) New clusters nucleated nearby
the former clusters. (c) Directional growth between cluster groups. (d) Joining of worm-like structures head-to-head. (e) Closed loop-like structures

after the joining of the worm-like structures.

cluster—particle/cluster—particle interaction and ripening. It is
known that aluminium ions diffuse much faster than the oxide
ions* and, during the interaction of the particles, we cannot
exclude diffusion which may lead to a continuous core formation
within the shell.

2.3.4 Local deposition approaches

2.3.4.1 Thermal gradient by induction. So far, we have
described the homogeneous deposition of stoichiometric
Al/Al,O; films over the whole surface of the target. Of course
we were also interested in creating patterned surfaces. Jin et al.
have shown that surface patterning can be achieved by localized
temperature and chemical reaction control.*® Following these
ideas we employed a simple selective heating method to
decompose the molecular precursor H,AJOC(CH3);] locally
and to create either nanoballs or nanowires. The process is
based on inducing a local temperature rise only within the
metal patterns on insulator substrates by applying induction.
This leads to a unique nanostructuring method which is totally
mask-free. For the metal structuring of the insulator target
(in our case glass), we used gold depositions.

A partially gold coated template is illustrated schematically
in Fig. 7(a). Fig. 7(b) shows the thermal camera image of such
a template heated by the electromagnetic induction. The
temperature at Au coated regions is higher than that of the
glass regions.

At a mean overall substrate temperature of 575 °C Al/Al,O4
nanostructures were deposited. Most of the material deposited
on the gold coated regions, because of the higher temperature
compared to the non-coated regions. Fig. 8 shows SEM
images taken from the gold coated and non-coated regions
of the glass substrate after the deposition process. The insets
indicate the part of the template where the corresponding image
is recorded. One can see that there are spherical particles on the
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Fig. 7 (a) Schematic drawing showing the partially Au coated glass
substrate. (b) Thermal camera image of the substrate (Au/glass) which
is heated by electromagnetic induction during the deposition (from
blue to red the temperature is raising).

glass portion of the substrate (Fig. 8a). This reminds of our
previous observations concerning the formation of Al/Al,O3
nanoballs prior to the growth of Al/Al,O; nanowires. The
beginning growth of one-dimensional structures is seen on
the glass part near to the Au coated region (Fig. 8b). The
morphology can be attributed to early stages of the one-
dimensional growth. The density of such wire-like structures
increases on the Au coated region (Fig. 8c). At the edges of the
gold coated template (which is in contact with the graphite
holder) we found the highest density of the wires (Fig. 8d).

2.3.4.2 Local laser assisted deposition. A focused laser beam
is used as the local heat source in the reaction zone of a CVD
process. Again H,AI[OC(CHs3);] is used as the precursor
molecule. In comparison to the thermal CVD of the same
precursor, the reaction zone is confined to an extremely small
area in the case of the laser-assisted chemical vapour deposition
(LCVD). In the LCVD processes, the growth rate is high due
to the effective, nearly three-dimensional mass transport of the
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Fig. 8 SEM images of the layers deposited at different parts of the
partially Au coated glass substrate. (a) Non-coated glass part. (b) The
border between the glass and Au coated region. (c) Au coated region.
(d) The edge of the Au coated region which is in contact with the
graphite holder.

gaseous species to the deposition zone. Layers which are
deposited as thin films by conventional thermal CVD of the
molecular precursor are deposited as lines, dots or three-
dimensional structures by applying LCVD.

A small cold-wall static-type reactor was developed and
used with a CW argon ion laser (mixed line: 457-514 nm) for local
heating of the substrate material, as illustrated schematically in
Fig. 9. The laser beam was focused on the substrate with the
help of simple plano-convex lens. The focal spot diameter was
determined to be 10 pm (1/e? decrease in intensity) by using the
scanning knife-edge technique.*’

The LCVD chamber is made of stainless steel and has inlet
and outlet connections for the precursor and residual gases,
respectively. The chamber has a cylindrical shape with a height
of 4 cm and a diameter of 8 cm. It is equipped with a quartz
window for the entrance of the laser beam. The whole process
can be run under argon or nitrogen to avoid reactions with
oxygen or water. The reactive precursor, HoAI[OC(CHj);],
was fed into the chamber by controlling the pressure of
the chamber with a Pirani gauge and a butterfly valve. An
X Y-micro-positioning system was used to move the chamber

reactant gas

in X- and Y-axes under the focused laser beam. The laser
intensity was measured online using a beam sampler and a
sensitive power-meter. The most remarkable difference to the
thermal CVD method is the use of a laser beam to heat the
surface of the substrate material locally (Fig. 9, right).

When the laser power is increased to 2.5 W (under a
constant scanning speed and flow rate), some nanoparticles
start growing (Fig. 10a). At a higher laser power of 3 W this
growth continues and larger microparticles form, as seen
clearly in Fig. 10(c). It is believed that an increase in the laser
power triggers the nucleation of the nanoparticles. The growth
of the particles with increased laser power is an indication of a
kinetically controlled growth regime.**

We have shown that at high flow rates fibrous structures are
deposited. It is believed that excessive heating induces the
growth of a layer composed of the microparticles beneath. In
this context, the scanning speed is increased to eliminate any
excessive heating. It is known that when the scanning speed is
kept very low, the laser acts as a stationary heat source. In the
case of a high scanning rate (2 mm s~ '), a high flow rate and a
moderate laser energy (2 W) chaotic one-dimensional structures
form, as seen in Fig. 11.* Fig. 11(c) reminds of the morphology
of Cornea Extra Cellular Matrix.*® XRD results show that
these structures are composed of Al and amorphous AL,Os.

2.3.5 Post-treatment of Al/Al,O3; composites with lasers.
The composite of nanometric aluminium particles covered by an
alumina shell (Al/Al,O3) with respect to oxygen is meta-stable.
Indeed, when the protecting alumina shell is damaged, oxygen
may diffuse to the metallic particles and transform them to
alumina. This reaction is remarkable, as it is highly exothermic
(eqn (9)) and because of the high surface area of the metallic
particles, it is very efficient.*’

2Al + 3/20, —» ALO; (AH = —1677 kI mol™)  (9)

To damage the protecting alumina shell is not an easy task,
as the nanoballs as well as the nanowires (see above) are highly
resistant to mechanical stress. On the contrary, if higher
energies (by the use of lasers) are employed, the core—shell
entities are broken and reactions like that given in eqn (9)
proceed. We have found that using several laser types
(CW-CO,, CW-Ar ", Pulsed Nd/YAG) the Al/Al,O; composites
are directly transformed to corundum (0-Al,O5).”333%3! This
transformation can easily be followed, as the place of the laser

laser beam

moving directon
—

exhaust
by-product gases

localized hot spot

Fig. 9 Left: Schematic illustration of the home-built LCVD apparatus. Right: Local deposition process using the LCVD method.
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Fig. 10 SEM images of the deposited Al/Al,O5 layers using LCVD at different laser powers of (a) 2 W, (b) 3 W and (c) 4 W.

0,9um

Fig. 11 SEM images of deposited Al/Al,O; layers with LCVD.
(a) Overview, (b) low magnification, (c) high magnification.

impact turns completely to colourless, while the other area of
composites which are not damaged still remains almost black.

The laser transformation of Al/Al,O; composites can thus
be used to locally create a new a-Al,O3 phase. This can be
done in any x/y direction by the use of a mechanical drive on
the target. Using laser interference techniques two-dimensional
patterns may be created as exemplified in Fig. 12.

These two-dimensional patterns consist of a valley part
which results from the sintering of the alumina and which is
predominantly made of a-Al,O5 while the hill-side is still not
altered and consists of bundles of nanowires as may be seen
from Fig. 12. Such structures which have a pm as well as a nm
regime are specially interesting for applications in bio sciences
(see below) as the pattern in its dimensions is compatible with
cell structures. From a chemical point of view there is a
difference between the outer shell of the wires which are
amorphous or y-Al,O3 (on the top of the hills) and the valley
part which is a-Al,O3, although the acting chemical compound
at the outer shell is always alumina. Because of the partial
transformation of the composite the Al/Al,O5 ratio is no longer
stoichiometric.

We have systematically analyzed the oxidation states of
aluminium by XPS methods, either in the native state of the
biphasic Al/Al,O; nanoballs or -wires or after application of a
heat treatment produced by laser beams.®** In all cases we
could only detect Al° in the cores or AI** in the shell regions

Fig. 12 SEM (left) and AFM (right) of laser interference structured
Al/AL,O; layers. The width of the parallel drains is about 500 nm and
the depth around 300 nm.

or after laser treatment, although we looked especially for
other oxidation states.

3 Functional applications of Al/Al,O3
nanostructured surfaces

The Al/Al,O3 composites can be used in different ways. In the
following section we present some applications which have been
studied in the last few years. The basis of these applications is a
surface coating of different materials ranging from glass, ceramics,
metals to organic polymers. Through this coating the physical
and chemical surface properties are altered.

3.1 Surfaces for adhesion

One-dimensional, wire-like Al/Al,O; nanostructures exhibit
adherence to various surfaces depending on their aspect ratio,
their degree of interpenetration and entangling. The formed
composite film may be used for permanent bonding of metals
or ceramics.

We have been able to show that films composed of chaotic
Al/Al,O5 nanowires can be used as sort of glue between metal
or ceramic surfaces.> In this application the metallic or
ceramic surface which should be planar is coated with Al/Al,O3
nanowires. The coated face is now placed on a planar metal or
ceramic substrate, and the whole system is heated up to 650 °C
(either by induction or in an oven). After only 5 minutes the two
materials stick together in such a way that even under forces up to
1000 N the two materials cannot be separated anymore. Apparently
the composite has penetrated also into the uncoated surface and
serves as a connecting film between the two substrates.

The Al/Al,O5 coated surfaces can also be used as adhesion
promoters for organic layers. By applying a standard peel-off
test (ASTM D 3330), we tried to show the adhesion between

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 (a) Al/Al,O3 composite nanowire coated glass before sticking
the tape and (b) Al/Al,O3; composite nanowire coated glass after
sticking and peeling-off the tape. The arrow shows the accumulated
adhesive left on the surface of the coated glass after peel-off.
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Fig. 14 Comparison of adhesion behaviour of non-coated and Al/Al,O;
composite nanowires coated substrates of glass, aluminium and copper.

the Al/A1,0; composite film and the substrate. On the other
hand we observed a very interesting result which shows a
strong adhesion between the pressure sensitive tape (3M
Electrical Tape 92, Polyimide Film with Thermosetting Silicone
Adhesive) and the one-dimensional composite nanostructure.
The gain in adherence is due to the possibility of entangling
between the metal/ceramic nanowires and the polymer based
adhesive layer of the tape as may be deduced from inspection
of Fig. 13. We applied the peel off test on different surfaces
and definitely the nanowire coated surfaces exhibit an
enhanced adhesion on every type of coated substrate (glass,
aluminium, copper with Al/Al,O; wire-like composite) as
shown in Fig. 14.

3.2 Solar absorbers

As the Al/Al,O; core-shell nanowire films are black, the
absorption of light by such films is a characteristic property.
The nanowire films exhibit plasmon resonance absorption
over a broad region of wavelengths as may be seen in
Fig. 15. The entangled nanowires lead to broadening and
plasmon splitting resulting in a broad band absorption which
can be interesting for ultrathin solar absorbers.>

3.3 Implants and bioactive surfaces with Al/Al,O3
nanostructures

Alumina is known as one of the most biocompatible ceramics
for various implant applications.’* ¢ But also the morphology
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Fig. 15 Optical absorption spectrum of Al/Al,O; composite nano-
wires coated on glass substrates.

of Al,O5; has an impact on the cell behaviour: Webster et al.
showed that alumina nanofibres increased osteoblast cyto-
compatibility.’” In an early paper we showed that surface
films composed of Al/Al,O; nanowires were biocompatible
with different types of cells.® Even the possibility of cell
separation by the use of stoichiometric Al/Al,O3 coated
surfaces between different cell lines (MCF7, Jurkat, THP1,
K562) has been demonstrated.”® We were able to show that
certain of these cells adhere preferentially on Al/Al,O3 surfaces
compared to glass, or to glass with a layer of poly-L-lysin or to
polystyrene, thus making separations possible.

The synthesis of different topographies of Al/Al,O5 structures
(balls or wires or three-dimensional networks) opens the possibility
of cell-surface interaction studies. Despite the different surface
structures, the surface chemistry is always identical (Al,O3). There-
fore, the topography effect on the cell adhesion and proliferation
can be studied in a unique way as the surface chemistry between the
different topographies does not change and rests constant.

In numerous in vitro and in vivo studies the surface topography
of alumina implants has been shown to be important in the
enhancing implant performance.®* It has been reported that
modified surfaces have a higher early level of cell attachment than
the untreated alumina surfaces.®’ A basic understanding and
knowledge of cell-biomaterial surface interaction is of immense
interest in tissue engineering and also other related biomedical
applications. Studies have shown the effect of the micro- and
nanoscaled surface topographies on cellular functions including
morphology, adhesion, motility, proliferation and gene regulation.®?
Thus, various topographic features, namely pores, ridges, grooves,
fibres, nodes and combinations of these features, were created by a
wide range of fabrication techniques.®?

Using our synthetic approach (see section 2) we were able to
produce a huge variety of surface landscapes with either balls
or wires, grooves or nodes, either dense or deserted structures,
or a combination of all. In Fig. 16 the behaviour of the same
sort of NHDF cell on two surfaces (one with virgin Al/Al,O3
nanowires spread over the whole surface (Fig. 16, right), the
other after sintering to Al,O; um clustered particles using a
pulsing Nd/YAG laser (Fig. 16, left)) is shown. Apparently the
cell adopts two different states, and varies its adherence to the
surface.

In addition to the scale of the surface features (nano or
micro) the interspacing and distribution of structural objects
play a crucial role for the behaviour of the cell. While the
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Fig. 16 SEM images of NHDF cells growing on Al/Al,O3-nanowires
as-deposited (right) compared to NHDF cells growing on Al/Al,O3-
nanowires treated with three laser pulses (left) (Reprinted with permis-
sion from ref. 81. Copyright 2010, IOP Publishing).

composite-nanowires hinder the adhesion and proliferation of
NHDF, the same surfaces enhance those of HOB. Moreover,
with a denser nanowire layer the contrast between NHDF and
HOB responses becomes more dominant. We have shown that
the density of nanowires can be easily controlled by altering
the deposition time and this leads to precise control of the
selective growth of one type of cell. This may act as a solution
for the aseptic loosening of bone implants where hard tissue
growth is desired selectively over soft tissue interaction.®*

Similar to the aseptic loosening problem, selective cell
interaction plays a critical role for the performance of vascular
stent applications. It has been proposed that the restenosis of a
stent is largely determined by the first layer of cells to grow on
the stent surface (whether these cells are endothelial or smooth
muscle cells).®®” Palmaz described a method using chemical
affinities to regulate the growth of endothelial cells versus
smooth muscle cells.%® The same research group demonstrated
that surface relief patterns on metals enhance the growth of
endothelial cells.®” Dubrow et al. suggest using fibres to form a
substrate for use in various cardiovascular implants.”

We investigated the effect of the nano-topography on
vascular cell adhesion and proliferation in order to improve
endothelialisation for restenosis treatment (which is a problem
for stent applications). Human umbilical vein endothelial cells
(HUVEC) and human umbilical vein smooth muscle cells
(HUVSMC) were seeded and cultivated on surfaces made up
of Al/Al,O; nanowires. Our results showed that there is a
preference of HUVEC adhesion on nanowires in comparison
to that of HUVSMC.”! The control of the cell-surface inter-
action by the topography may represent a key issue for the
future stent material design.

Fig. 17 shows florescence images of HUVEC and
HUVSMC cultured on nanowires and control glass substrates
(without coating) after 72 hours. One can observe that HUVEC
cells cultured on nanowires exhibit a proliferation similar to that
observed on the glass control. Although the cell density is lower
on nanowires in comparison to the glass control, the morphology
of cells seems stable. In contrast, HUVSMC proliferation is
reduced significantly on the nanowire surface in addition to a
remarkable change in the cell morphology (Fig. 17d).

The HUVSMC cells seem to be elongated more on nanowires
compared to the normal spindle shape observed on glass. A
similar elongation and polarized growth was reported in the
case of HUVEC cells cultured on ZnO nanowires.” Clearly,
different cell types exhibit diverse responses to the same surface
topography. Although more work is needed to prove such an
effect of the topography, the ““cell specific response” idea could

50 [11]

50 m

Fig. 17 Fluorescence images of HUVEC (a, b) or HUVSMC (c, d)
cells cultured on glass (a, ¢) or on Al/AlLO; nanowires (b, d)
(Reprinted with permission from ref. 71. Copyright 2011, Trans Tech
Publications, Switzerland).

be extended for selective tissue growth and could open a way
for alternative approaches for aseptic loosening of implants.”

In summary nanostructured alumina surfaces trigger the
endothelialisation while they suppress the proliferation of
HUVSMC. This approach might be extendable to the fabrica-
tion of surfaces which promote the selective cell adhesion/
proliferation.

Recently we investigated the interaction of neuron cells with
Al/Al,O3 nanowires. Neurons isolated from dorsal root ganglia
(DRG) were seeded on Al/AL,O; coated glass cover-slips to
demonstrate the biocompatibility on one side, and also to deliver
first insights into their influence upon neuronal growth and the
formation of neuronal networks.” It could be demonstrated
clearly that DRG neurons (Fig. 18b) form a much denser neurite
network on the Al/Al,O; surface compared to the glass control
(Fig. 18a), thus giving evidence for their response to the nano-
topography of the Al/Al,O3 layer. Due to the random distribution
of the nanowires, neurites grow outward from the ganglia without
preference to any specific direction. These observations indicate
the potential of Al/Al,O5 coated surfaces to support the formation
of a communicative neural network in three dimensions.

3.4 Quantisation of cell adhesion on Al/Al,O3; nanowires

Biological cells stick together via trans-membrane proteins, which
are linked to receptor molecules of the extracellular matrix
(ECM). This specific biochemical adhesion plays a leading
role in many cellular processes, among them cell differentiation,

Fig. 18 Optical images of DRG neurons cultured on (a) non-coated
glass cover-slips and (b) Al/Al,O3 coated cover-slips.
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morphogenesis, and wound healing. Various medical applications
require endogen cells to bind to an exogene substrate as in the case
of an implant. Coatings with proteins that naturally belong to the
extracellular matrix are known to enhance the cell adhesion.
However, the choice of inorganic materials, which promote cell
adhesion, is limited. We have shown that our surface composed of
Al/A1L,O3 bi-phasic and stoichiometric nanowires promotes the
adhesion of fibroblast cells.”® Fibroblasts grow well on this
inorganic layer and keep proliferating. Using the cell monolayer
rheology (CMR) technique, we have shown that the adhesion of
fibroblasts on surfaces composed of Al/Al,O; nanowires is
quantitatively comparable to fibronectin coated surfaces. To
our knowledge, this is one of the strongest cell adhesions on an
inorganic surface which has been reported on so far.

In order to reliably determine cell-mechanical properties,
the “Cell Monolayer Rheology (CMR)” technique was used.”®
The study of rheological properties with the help of rheometers
is a well-described method that has been used by material
scientists for decades.

For the comparison of the mechanical behaviour of cells on
Al/Al,O; nanowires coated and non-coated glass plates, a
detailed CMR analysis was performed. For this measurement,
a cell monolayer was deformed harmonically (sinusoidally) at
a defined amplitude and frequency. The resistive torque was
measured in phase and at a 90° shift. The elastic and viscous
moduli, G’ and G” thus can be obtained, which represent the
resistance to deformation of the elastic and the fluid type.
Amplitudes or frequencies were varied in the measurements.
Amplitude sweeps deformed the cells from 0.1% to 10% of the
resting length at a frequency of 1 Hz. Here, the mean force
applied to a cell at 10% deformation corresponded to a force
in the order of a uN which was in good agreement with earlier
measurements.”’

Due to variations in cell density, different amounts of cells
contribute to the measurement in each newly formed cell
monolayer. This leads to a variation in the absolute values
of the viscoelastic moduli. This fact was taken into account by
normalizing the data using the values of G’ and G” for a
deformation of 0.01 or at a frequency of 1 Hz. In Fig. 19(a)
and (b) it can be seen that fibronectin and Al/Al,O; nanowire
films exhibit similar rheological behaviour in terms of ampli-
tude and frequency sweeps. This indicates a similar structure
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of the cell cytoskeleton, which is strongly governed by cell
adhesion properties.

The Al/Al,O5 bi-phasic stoichiometric nanowires substantially
promote the fibroblast adhesion compared to untreated glass. The
highly porous inorganic layer provides a cell adhesion similar to
that of fibronectin coating, which is a standard control substrate
for most of the in vitro cell studies demanding good cell adhesion.

3.5 Hydrophobic/hydrophilic bio-mimetic layers of Al/Al,O3

The stoichiometric Al/Al,O3; core/shell systems may be
obtained as nanoballs or nanowires as described before
(section 2). Instead of creating only one type of structure one
may also mix up different structures or may create micrometre
assemblies which are made of nanometre objects. The fabrica-
tion of such surface materials can be tuned by the use of
different temperatures and pressures in the same process with
the effect that the created surface is no longer homogeneous but
structured. An example for such a surface obtained from the
CVD of H,AI[OC(CHj3);] at two different temperatures is
shown in Fig. 20 (left). As may be seen from comparison with
Fig. 20 (right) (although the two surfaces are chemically comple-
tely different) the micro- and nano-topography of the artificial
Al/A1,O3 surface (Fig. 20, left) compares well with the natural
Lupinus polyphyllus surface shown in Fig. 20 (right).

Barthlott has shown that leaf surfaces like that of the lotus
leaf family are water repelling.”®” He pointed out that
nanoobjects arranged in a micrometre array are necessary
for that effect. It was therefore not a surprise when we
discovered that our Al/Al,O3 surfaces, under certain condi-
tions (nm/pm ratio) could even function as ultra-hydrophobic
(Fig. 21).%°

As exemplified, the Al/Al,O5 topographic structures may be
used to mimic functional biosurfaces such as the lotus leaf.
Indeed, certain structures exhibit ultra hydrophobic behaviour
which is accompanied with a good durability and stability
in comparison to organic surfaces. As this water repelling
effect is clearly dependent on the topography, you can also
use the same Al/Al,O3; composite material for hydrophilic
behaviour. This is shown by the following experiment. We
first have prepared a homogeneous layer of chaotic Al/Al,O3
nanowires. By the use of an Nd/YAG laser we transform
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Fig. 19 (a) Normalized viscoelastic moduli derived by an amplitude sweep at f = 1 Hz for fibronectin and Al/Al,0; nanowire coated glass plates.
(b) Frequency-dependence of the normalized moduli determined by a frequency sweep with oscillation amplitude of 1% (Reprinted with

permission from ref. 75. Copyright 2011, Elsevier).
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Fig. 20 Left: SEM picture at the same scale of Al/Al,O; nanowire
assemblies on a glass plate obtained under changing conditions (two
temperatures); right: SEM picture of the surface of Lupinus polyphyllus
(Reprinted with permission from ref. 78. Copyright 1997, Academic
Press/OUP).

Fig. 21 (a) Photo of a water droplet (diameter 1 cm) on a Al/Al,O3
surface (comparable to Fig. 20) with capillary. (b) The capillary is now
raised with respect to the surface and the droplet completely
recovered.

the composite wires into a-Al,O5 using either 1, 2 or 3 pulses
(see also section 2.3.5).

In Fig. 22 the result of the experiment is shown:** while the
non-treated Al/Al,O; surface has a wetting angle against
water of about 5° (hydrophilic) the laser impact changes the
topography (neglecting the transformation of Al/Al,O; to
a-Al,O3) affecting at the same time of the wetting angle
(1 pulse: approximately 40°, 2 pulses: approximately 46° and
3 pulses: approximately 15°). The surface is becoming smoother
by sintering with more pulses which also affects the number of
voids or cavities which may explain the more hydrophilic
surface obtained with three pulses. These surfaces may act as
model for studying the topography effect on the cell behaviour
regardless from other surface properties.®!

\

as-deplosited 1X pulse 2X ptlllses 3X ptlllses

Fig. 22 SEM pictures of Al/Al,O; surfaces together with the corre-
sponding wetting (contact) angle and the laser pulses applied on the
Al/Al,O; surface.

4 Conclusion and outlook

The self-organisation of bi-phasic systems using a unique
chemical route has been demonstrated with the stoichiometric
composite Al/Al,O5. This is extendable to other metal/metal
oxide systems. The ease of fabrication of the bi-phasic system
opens up the way for higher throughput production. Because
of the simple change of aspect ratios the topography of films
can be tuned in a wide range making applications of such
surfaces easily accessible. The presence of the two phases
seems to be a prerequisite for the structural variety which still
is not fully explored. The possibility to arrange nanoobjects in
micrometre assemblies thus creating secondary and tertiary
structures seems to be relevant especially in biological cell
contacts as the dimensions of the cells and the surface meet.
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