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Abstract
There is increasing demand to functionalize meso- and nanoporous materials by coating and
make the porous substrate biocompatible or environmentally friendly. However, coating on a
meso-porous substrate poses great challenges, especially if the pore aspect ratio is high. We
adopted the pulsed laser deposition (PLD) method to coat Ni3Al-based meso-porous
membranes, which were fabricated from a single-crystal Ni-based superalloy by a unique
selective phase dissolution technique. These membranes were about 250 μm thick and had
channel-like pores (∼200 nm wide) with very high aspect ratio. Two different coating materials,
i.e. diamond-like carbon (DLC) and titanium, were used to coat these membranes. High energy
C or Ti ions, produced in the plasma plume by the PLD process, penetrated the channel-like
pores and deposited coatings on the pore walls deep inside the membrane. The thickness and
the quality of coatings on the pore walls were examined using the dual-beam system. The
coating thickness, of the order of 50 nm, was adherent to the pore walls and was quite uniform
at different depths. The carbon and the Ti deposition behaved quite similarly. The preliminary
experiments showed that the PLD is an adequate method for coating fine open cavities of
complex geometry. Simulations based on stopping and the range of ions in matter (SRIM)
calculations helped in understanding the deposition processes on pore walls at great depths.

1. Introduction

The preparation of thin porous membranes with oriented pore
structures has received considerable attention because such
structures provide advantages in many applications, like in
separation, catalysis, fuel cells/batteries, chemical/biosensors,
microelectronic/photonic devices and therapeutic or diagnostic
systems for biotechnology [1]. Meso- to nanoporous materials
abound in nature, both in biological systems and in natural
minerals. With the ability to manipulate at the nanoscale,
which has emerged in recent years, it is now possible to
fabricate porous membranes and thin films in a wide variety
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of inorganic and polymeric materials with increasing control
over pore size and pore structuring, often to atomic level
perfection. There are various ways available for the fabrication
of fine porous materials using widely different techniques,
e.g. sol–gel [2] and chemical vapour deposition (CVD) [3]
methods to produce silica membranes, hydrothermal synthesis
to derive zeolite substrates [4], anodization of aluminium
(alloys) for pore patterning in alumina membranes [5] and de-
alloying techniques to create nanoporous gold structures [6].
Furthermore, functionalization of the internal pore surfaces
in these porous substrates by deposition of functional or
protective coatings offer numerous new possibilities for
engineering materials for advanced applications and make the
porous substrate biocompatible or environmentally friendly.
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In addition to the above-mentioned processes, electro-
chemical material removal techniques are among the impor-
tant processing technologies for micro- and nanofabrication of
materials and they have also been adopted for porous struc-
ture fabrication [7]. Traditional lithographic approaches with
etching can produce nanopores; alternatively, substances can
be selectively leached out of a solid, leaving pores of differ-
ent shapes and sizes. Recently, we adopted a selective electro-
chemical phase dissolution technique to produce meso-porous
structures from simple two-phase metallic alloys [8–10]. The
porous membrane having elongated channel-like pores, only a
few 100 nm wide, is unique and has the potential for functional
applications in separation processes, as catalytic substrates and
in biotechnology. This process has been suitably adapted to
produce other nanostructures as well, e.g. nanoparticles and
nanostructured surfaces [11].

Coating on a meso-porous substrate is a great challenge
but can add functional value to these materials. However,
a uniform coating on all pore walls is difficult to produce,
especially when the pores are very fine. The gas phase
sputtering techniques allow high rates of deposition and are
economical. However, these techniques are based on a line-
of-sight path and their application for coating the inner walls
of meso-porous materials with very fine pores and high aspect
ratio (depth to width ratio) is a great challenge. Further, in
membranes having fine pores with a tortuous path, deposition
of a coating with uniform thickness even by electrochemical
processes is also extremely difficult. The application of the
atomic layer deposition (ALD) method also suffers similar
problems as in the electrochemical and gas phase deposition
methods, i.e. the continuous supply of the layer-forming
vapour or liquid deep into the pores. At present, amongst
the different processes available, ALD is considered the best
applicable technique for coating fine porous substrates, but it is
a slow process, generally needing a long deposition time when
the pore aspect ratio is high [12].

In this study we adopted the pulsed laser deposition
(PLD) method to coat the porous membrane with two different
materials, i.e. diamond-like carbon (DLC) and titanium. PLD
is a physical vapour deposition (PVD) coating technique for
producing thin films. In PLD a high-power laser beam is
focused periodically onto a target material inducing surface
atoms from the target to evaporate, developing a dense plasma
plume with ions, electrons and atoms. The highly energetic
species ablated from the target are driven away at high
speeds into the controlled vacuum chamber. The spatial
distribution of the plume is dependent on the background
pressure inside the PLD chamber, where it strikes the surface of
a substrate forming a thin film coating with the same chemical
composition as the target material. In the laser ablation
process, after evaporation of the target material, ionization of
the dispersing vapour (as well as the process gas) generally
takes place during and after the laser–target interaction [13].
Due to the fast ablation and high vapour pressures, the ablated
species possess very high kinetic energy and thus expands
extremely fast to the target surface [14]. Akhsakhalyan
et al [15] calculated and measured the distribution of the
ablated species for Nd:YAG laser–PbTe target interaction and

found two fractions possessing very different energies: high
energy ions form the highly energetic fraction (with ion
energies between 100 and 1000 eV) at the expansion front
and contain an inhomogeneous distribution of the ionized
vapour and electron energies (high non-equilibrium plasma).
Neutral atoms and lower excited ions represent the low-
energetic fraction (ion energies between 10 and 50 eV) and
form the major fraction in the plume (about 30–70% of the
ablated material). This is very close to an equilibrium plasma
state and expands with lower speed behind the first highly
energetic fraction. Thus, the application of the PLD with this
split particle energy distribution could allow—based on path-
of-flight estimations—a highly advantageous possibility for
coating meso-porous materials. A relatively high gas pressure
may be used inside the PLD chamber, thereby controlling the
scattering, which helps the particles to go deep inside the pores
and cover the inner walls of the pores. Ablated atomic material,
both ions and neutrals, are significantly more energetic during
PLD than for other thin film deposition techniques. This means
that condensing species are energetic enough to stimulate the
growing thin film, leading to smoother, denser thin films as
a result of increased adatom mobility without using substrate
heating [16].

DLC and titanium were chosen for their high compatibility
to human tissue and blood cells, which was proved in
several works of coating polymers at the Laser Centre Leoben
(e.g. [17]). It is envisaged that the biocompatibility of
the Ni3Al membrane material can also be improved by the
deposition of thin surface layers of DLC or Ti. Such coated
membranes may find applications in tissue engineering or as
body implants. The aim of the present work is to present the
results of the initial experiments with PLD deposition.

2. Experimental details

2.1. Meso-porous membrane from Ni3Al intermetallic phase

The meso-porous membrane used in this study is fabricated
from a single-crystal Ni-based superalloy, i.e. CMSX4. The al-
loy was heat treated to contain a coherent dispersion of Ni3Al-
type γ ′ precipitates in a γ phase Ni-solid solution matrix [18].
By exploiting the natural tendency of self-assembly of the co-
herent γ ′ precipitates, that exists in such alloy systems due
to the anisotropic lattice misfit distribution, the precipitates
align and agglomerate into a continuous interconnected net-
work (commonly known as rafting) when the superalloy is
subjected to a thermomechanical treatment [8]. For example,
when a tensile stress of 170 MPa is continuously applied at
1000 ◦C for 400 h in a 〈001〉 oriented single-crystal CMSX4
alloy, the deformation (2.41% plastic strain) is sufficient for the
cuboidal precipitates to agglomerate (i.e. directionally coarsen)
into interconnected plate-like rafts [9]. Such a microstructure
is suitable for producing the porous membrane. However, a
wide range of thermomechanical parameters can actually be
used to prepare the alloy for the production of porous mem-
branes [8, 9]. Once a suitable microstructure is generated by
the directional coarsening, thin sheets are produced from the
bulk alloy by cutting or spark erosion and subsequently the
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Figure 1. SEM image from the surface of Ni3Al-type membrane
(260 μm thick) with through-thickness porosity. The membrane is
produced from a single-crystal CMSX4 alloy.

matrix γ phase is selectively leached out by electrolysis [9].
In this way a thin membrane of Ni3Al-type (100–300 μm
thick) with through-thickness porosity is produced, which con-
tain regularly arranged oriented channel-like pores with widths
of about 200 nm (figure 1). Such porous membranes (size:
20 mm × 20 mm × ∼250 μm) were used as a substrate for the
coating deposition by PLD.

2.2. Pulsed laser deposition

High-purity titanium or carbon targets were used for the
PLD ablation experiments in Ar atmosphere for Ti and DLC
deposition, respectively. A pulsed Nd:YAG laser system,
which provides four beams of 1064 nm wavelength, 0.6 J pulse
energy and 10 ns pulse duration at a repetition rate of 50 Hz,
was used [19]. The energy fluence on the target was generally
between 1 and 2.5 J cm−2. The PLD deposition parameters
are proprietary information of the Laser Center Leoben. To
provide homogeneous film thicknesses over the whole surface
area, the substrates were moved with a relative speed of
5.4 cm s−1 through the plasma plumes during deposition.
The emitted species were deposited at room temperature
(∼25 ◦C) on both surfaces of the ultrasonically cleaned
porous membrane samples by turning over the substrate after
deposition from one side. Target to substrate distance was
maintained at 100 mm and a background pressure (inert argon)
between 0.01 and 1 Pa (1 × 10−4 and 1 × 10−1 mbar) was
applied.

2.3. Characterization of coated membranes in dual-beam
system

A Carl Zeiss 1540ESB CrossBeam® workstation, which
combines an ultra-high resolution GEMINI® field emission
column with the high performance Canion focused ion beam
(FIB) column into one integrated system, was used for
characterizing the coatings on the meso-porous membrane.
Cross sections of the porous membrane were investigated after
cutting a slit type groove ∼10–15 μm long and of similar width
on the membrane surface by the ion beam (figure 2). However,
such grooves could be used only to investigate the coatings on
the pore walls near to the surface of the membrane (a maximum
depth of only a few micrometers below the surface). In order to

Figure 2. A slit type groove ∼10 μm long and of similar width on
the membrane surface cut by FIB. Coating on the pore walls was
investigated on the cross sections of the porous membrane.

 

 

Figure 3. (a) Schematic showing how the porous membrane was cut
to investigate the coating conditions on the pore walls deep inside a
260 μm thick membrane. (b) Trenches were prepared by FIB at three
different positions marked S1, S2 and M near to the top and bottom
surfaces and in the middle, respectively, on the membrane cross
section.

investigate the coating conditions on the pore walls deep inside
the ∼250 μm thick membrane, grooves were also prepared at
three different positions (near to the top and bottom surfaces
and in the middle, marked S1, S2 and M, respectively) on the
membrane cross section (figure 3). For this the membrane
was cut as shown in figure 3(a) by a saw and then grooves
were prepared on the cut surface by FIB (figure 3(b)). It
may be noted that a cut surface of the porous membrane is
always smeared due to the cutting process and thereby the pore
structure is completely masked on this surface, as can be seen
in figure 3(b). This smeared layer is difficult to remove by the
conventional grinding and polishing used for metallographic
sample preparation. Therefore, preparation of the sample by
FIB is the best way to observe the thin coating layer. The
investigated area was always one of the surfaces of the slit wall
inside the groove.
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Figure 4. SEM images from (a) uncoated and (b) DLC-coated and
(c) Ti-coated porous membranes. The images at comparable
magnifications are taken with an in-lens detector from the coated and
uncoated membrane surfaces.

Further, we used FIB tomography to view the porous
structure in its entirety in three dimensions (3D). The principle
of FIB tomography is based on the deconstruction of a structure
physically by FIB slicing and reconstructing the structure
digitally from the scanning electron microscope (SEM) images
collected after each slice. The gallium ion beam with an energy
of 30 kV and an aperture current of 50 pA was used for slicing.
The sample was positioned with the ion beam normal to the
sample surface and the electron beam at an angle such that
the exposed surface can be imaged directly in the SEM mode
without repositioning. By slicing, 30 nm thick layers were
removed per slice by FIB. Additionally, some SEM images
were also acquired with the sample tilted at 14◦, i.e. the FIB
beam nearly parallel to the membrane surface, and at 54◦,
i.e. the FIB beam perpendicular to the membrane surface.

Further, SEM was also used to identify and analyse the
coating composition by using energy-dispersive spectroscopy
(EDS). EDS analysis was done only on the surface of the
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Figure 5. EDS spectra from the surfaces of the DLC-or Ti-coated
membranes and the uncoated membrane surfaces are compared. The
peaks of Ni, Al, Ti, Ta, Cr, Co and W are visible in all the spectra and
are from the Ni3Al-type γ ′ phase, which constitutes the pore walls.
The electron beam at 15 kV penetrates the thin coatings (∼50 nm
thick) and x-rays are generated from the substrate material below.

porous membranes coated with DLC and Ti and compared with
the uncoated membrane.

3. Results and discussion

3.1. Experimental observations

The surfaces of the uncoated membrane and the two coated
ones are shown in figure 4, where figures 4(b) and (c) show the
DLC-and Ti-coated samples, respectively. The EDS spectra
obtained from the surfaces of the two coated samples are
plotted in figure 5 and compared with the spectra from the
uncoated membrane surface. The porous membrane is made
of Ni3Al-type γ ′ phase extracted from the CMSX4 alloy and
contains significant amounts of Ti, Ta, Cr, Co and W which
are in solution in the Ni3Al lattice [20]. The peaks of all these
elements are visible in the spectra from the uncoated sample
as well as both the Ti-and DLC-coated samples. However, the
three spectra have significant differences (figure 5). A strong
carbon peak is visible only in the DLC-coated sample, where
the Ti peak is relatively weak. In contrast, the Ti peak in the
Ti-coated sample is very strong and the C peak is extremely
weak and negligible. The coated layer is thin and therefore
x-rays are also emitted from the solid γ ′ phase scaffolds
underneath the coatings. Peaks from elements belonging to
the γ ′ phase (except Ti) in the samples have similar intensities
(figure 5). From the images in figure 4 and the chemical
information from the EDS measurements (figure 5), it is seen
that a homogeneous deposition of the respective coatings (DLC
or Ti) could be obtained on the porous substrate by the PLD
process. However, alone from this information it is not possible
to state if the plasma plume did penetrate the pores, coating the
inner pore walls. For this to happen, the pores must also be
interconnected. From figure 4 it is also not possible to estimate
the thickness of the coating layer either, or to see how uniform
the deposition is on the pore walls. A cross-sectional surface
was therefore prepared by FIB (trench cutting) to investigate
these questions.
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a)

b)

Figure 6. 3D representation of the porous membrane structure. The
volume reconstructed by FIB tomography is approximately 15 μm
wide, 7 μm high and 2.5 μm in depth and shows interconnected
pores. (a) Reconstructed volume, (b) the inverse rendered image,
where only the pores are made visible. The pores have a channel-like
formation and are interconnected.

The 3D representation of the porous membrane structure
based on stacking of 178 FIB slice images is shown in
figure 6. The pores have a channel-like formation. A digital
rendering of the 3D volume allows for visualization of the pore
structure by the setting of different levels of opaqueness for
the dense material and the hollow space. From the inverse
rendered image where only the pores are visible, one can
see that they are interconnected (figure 6(b)). The result is
consistent with prior results, demonstrating gas permeability of
the membranes [8, 9]. Therefore, it is in principle possible for
the plasma plume to travel inside the membrane through the
pores and coat the pore walls deep inside. The question still
remains regarding how continuous is the supply of the layer-
forming vapour deep inside the pores so that a uniform coating
is built up. Additionally, it is not clear if the energy of the
particles in the plasma plume is high enough to travel through
the narrow and tortuous paths to reach greater depths.

In figures 7(a) and (b) the cross section of the porous
membrane coated with DLC is shown. The images actually
show that the membrane surface and the cut cross section are
joined at an edge (marked in figure 7). While the coating on
the membrane surface is smooth and hardly distinguishable,
the coating on the pore walls is clearly discernible. From
these images it is clear that the plasma plume has penetrated
all the pores and coated the pore walls. The carbon coating
is in the form of a thin continuous film of about 50 nm
thickness. Even for small porous regions (marked with an
arrow in figures 7(b)) there is deposition of carbon. However,
at some places it is evident that the coating film is not adhering
to the pore walls and rather closes and chokes the pore (see
regions marked 1 and 2 in figure 7(a), for example). Despite

a) 

b) 

c) 

Figure 7. The cross section of the coated porous membranes. The
membrane surface and the cut cross section are joined at the marked
edges. (a) A thin film of carbon coating is clearly discernible on the
pore walls in the DLC-coated membrane. Although the thin film is
continuous, the coating film is not adhering at all places on the pore
walls and rather closes and chokes the pores in some channels
(e.g. regions marked 1 and 2). (b) However, even in small porous
regions there is deposition of carbon (marked with an arrow).
(c) shows the Ti-coated membrane. The Ti film is of similar thickness
to the carbon-coated sample, but its thickness is not so uniform.

these defects the coating seems quite adherent to the pore
walls. It is clear that further optimization of the deposition
process is possible. Further, it should be noted that figure 7
represents the pore structure and coating on the pore walls only
a few μm below the membrane surface. Even if ions have
penetrated the pores, the question is, up to what depth? The
Ti-coated material (figure 7(c)) shows similar behaviour to the
DLC-coated material and also has a similar coating thickness.
However, the film thickness is not as uniform.
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a)

b)

c)

Figure 8. The microstructure in the middle position marked M
(in figure 3) is compared to the coating at the position marked S1
(in figure 3) near the membrane surface. The pore structure in this
figure looks different as the observed surface lies parallel to the
channel-like pores (see inset in figure 8(a)) and not perpendicular to
the channels. SEM images on the FIB-prepared surface (refer to
figure 3(a)) at (a) position M and (b) position S1, and (c) higher
magnification image from position M.

The depth of penetration in the ∼250 μm thick membrane
is best investigated on the cross section of the membrane
and the microstructure in the middle (position marked M in
figure 3) was investigated. Since the membranes were turned
over during the PLD coating and C/Ti ions were deposited from
both sides of the porous substrate, the positions marked S1 and
S2 in figure 3 had identical coating conditions. The deposited
layers also look very similar. Figure 8 compares the coating at
position M with that at S1. The pore structure looks different
in figure 8 as the observed surface lies parallel to the channel-
like pores (see inset in figure 8(a)). The higher magnification
image (figures 8(c)) of the coating at position M shows that the

Figure 9. Percentage of ions reaching the substrate surface placed at
a distance of 100 mm from the target emission point, dependent of
the distance to the centre point. The centre point at the substrate
surface (R = 0 nm) is defined to be directly opposite the emission
point. Because of the choice of several statistical classes (each
10 mm wide), the percentage of ions directly hitting the centre point
is additionally given. The inset in the diagram shows the distribution
of classified ion energies for those ions directly hitting the centre
point. For the classification a width of 7.5 eV for initially 100 eV
charged and 0.075 for 10 eV charged ions is chosen.

deposition is quite uniform even at these depths. However, the
coating thickness is less than 50 nm.

3.2. Theoretical calculations

In order to understand the deposition process inside the
channel-like pores calculations using the SRIM (stopping and
range of ions in matter) software package [21, 22] were
performed. The carbon atom with lower mass was chosen
for our calculations—for the heavier titanium atoms much
less scattering is actually expected. The complex process of
deposition inside the pores with a complex geometry is difficult
to simulate. So the aim of the present calculation is only to
estimate the ion energies, their flight path and the pressure
range, which will allow their penetration deep inside the pores
and the deposition on the pore walls.

In addition to neutral species, the laser ablation gives rise
to two other particle fractions with low and high energies.
SRIM was used as the scattering model for estimating the
collision cascades. From the simple mean free path estimation,
it was found that low scattering of carbon ions with gaseous
argon occurs at pressures of 0.6 and 1 Pa (6 × 10−3 and
1 × 10−2 mbar). In the flight path between the target and the
substrate only about 1–6% of the propagating ions are scattered
in this low pressure range, whereas at 10 Pa (1 × 10−1 mbar)
about 95–98% of all ions scatter, transfer their energy to
the argon gas and finally thermalize. Figure 9 shows the
statistical distribution of points where the scattered ions hit a
substrate placed 100 mm from the target. It is observed that
the percentage of direct hits at the centre point (i.e. at R =
0, a point on the substrate directly opposite to the emission
point) decrease at higher pressures and lower ion energies. At
pressures 1 and 10 Pa (1 × 10−2 and 1 × 10−1 mbar), the
low-energetic ions (10 eV) hit the substrate away from the
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Figure 10. Dependence of the carbon ion fraction of a defined
starting energy (energy ranges given in the diagram) on the pore
depth, at which a deposition will occur either by thermalization of
low-energetic or by hitting the inner pore wall of higher energetic
particles, according to SRIM simulations performed for the scattering
of carbon ions in argon atmosphere at the given pressures of 0.6, 1
and 10 Pa (6 × 10−3, 1 × 10−2 and 1 × 10−1 mbar), respectively.

centre and figure 9 shows a maxima away from the centre point
(marked ‘maximum of distribution’). Deep ion penetration into
the pores is scarcely possible by these highly scattered ions and
therefore only the ions hitting the centre point are important
for the coating inside the membrane. Estimation shows also a
loss in energy of the un-scattered ions (see inset in figure 9)
due to strikes without deflection. However, the majority of
the ions show only a slight loss from their initial energy of
10 and 100 eV, respectively. It can be concluded that many
un-deflected ions with energies close to the initial values are
present at the surface of the membrane substrate.

If a carbon ion survived the flight phase in the background
gas and reaches the substrate surface quite perpendicularly,
the ions with energies >∼45 eV (nearly independent of the
Ar pressure) are subjected to backscattering effects from the
metal surface (nickel alloy). This leads to intense ionization
in a ∼0.2 μm thick plasma layer (SRIM results) in front of
the substrate surface. A larger thickness of this layer visible
in the plasma is observed and additionally indicates slightly
higher local particle densities in the region in front of the target,
caused by the expanding plasma plume hitting the substrate
surface.

It is further assumed that, after being thermalized due
to a collision or after hitting the wall of the 200 nm wide
pores, the particle will be physisorbed on the pore wall surface.
The results of the SRIM analysis are shown in figure 10. It
shows that ions of the lower energetic fraction in the laser
ablation plume (0.1–1 eV), despite scattering, will travel a
maximum depth of up to ∼75 μm through a straight pore. In
this depth range only a small number of straight propagating
highly energetic atoms are deposited. In contrast, the ions
of the higher energetic fraction (10–100 eV) will traverse the
whole length of a straight pore through the membrane. The
percentage of transmitting ions with 10 and 100 eV energies at
10 Pa (1 × 10−1 mbar) is 85.2% and 90.5%, respectively. At
1 Pa (1 × 10−2 mbar) pressure it is higher (98.8% and 99.2%,
respectively) and at 0.6 Pa (6 × 10−3 mbar) pressure nearly all
(99.2% and 99.4%, respectively) ions go through.

Figure 11. Percentage of backscattered ions dependent on the ion
energy (10 and 100 eV) and the incidence angle to the nickel alloy
surface in the argon background gas at 1 Pa (1 × 10−2 mbar; thus,
slight scattering in the gas is possible). The inset shows diagrams in
which each dot represents the ion energy–backscattering angle
dependence of a carbon ion for presenting their density after
scattering.

In contrast to the simulations, which considered ideally
straight pores, the experimental observation (figure 6) is that
the pores are bent and have complex geometry. Thus, several
other considerations are necessary to describe the coating
formation experimentally observed inside the irregularly
shaped open cavities. Three effects are considered here:

Effect 1: The plasma layer becomes denser in front of the
substrate surface due to slight angular deviations resulting from
collisions of carbon ions with the argon background gas during
the flight phase between the target and the substrate.

Effect 2: Laser ablation starts after the laser beam hits a
solid surface. Due to several effects (i.e. roughness of the target
surface, formation of a molten zone at or beyond the target
surface, intensity distribution in the laser beam and repeated
ablation from the same spot, etc) the propagation of the ablated
ionized vapour is not a parallel particle beam but a vapour
plume and increases effect 1.

Effect 3: Ions with energies of 10–100 eV present in
the laser plume would normally transmit through a straight
pore and cannot generally contribute to film formation on the
pore walls. However, if such ions hit a surface (e.g. the bent
pore wall) they will lose energy. For enabling binding to
the surface atoms on the pore walls, firstly the ionic energy
must be decreased to only a few eV (e.g. 1 eV). In our SRIM
simulations considering the incidence of carbon ions on the
nickel alloy substrate in an Ar background pressure of 1 Pa
(1 × 10−2 mbar), a stronger dependence on backscattering is
found as the incidence angle becomes smaller and for higher
ion energies (figure 11). At 20◦ incidence, backscattering
is negligible, but up to 66% of ions are backscattered when
the angle of incidence is smaller (e.g. 0.1◦). A maximum
backscattering angle of generally half of the incidence angle
was found (see, for example, the inset in figure 11). The
backscattered ions generally retain more than 55% of their
original energy—quite independent of the backscattered angle
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(beyond the maximum backscattering angle), if the strike on
the surface is non-elastic. Elastic strikes—mainly in the case
of very small incidence angles—can result in nearly no energy
loss. These backscattering events are very advantageous for
coating inside bend pore geometry, because they allow ions to
reach areas far away from the straight incidence line (i.e. line-
of-sight path).

The theoretical considerations suggested that an adequate
number of highly energetic ions available in the plasma plume
enter the pores. The bend pore path is advantageous for
the coating deep inside the pores as the carbon ions collide
with the pore walls and deviate from their path and also lose
energy, thereby contributing to continuous film formation. This
describes well the experimentally observed good covering of
the pore walls and proves that PLD is an adequate method for
coating meso-porous materials.

4. Conclusions

The PLD process presents a good technique for coating inside
pores in the meso-porous membranes up to a thickness of 125
(from one side) and 250 μm (from both sides). Calculations
have shown that scattering on the inner walls of the membrane
is necessary to reach all surfaces in the branched meso-porous
structures, as revealed by the microstructural observations. The
use of FIB for preparing the cross section in the dual-beam
system is a good way to characterize the coatings on the pore
walls. The preliminary experiments did not show significant
differences in the coating behaviour of DLC and Ti in the PLD
processing adopted.
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Technical University Berlin

[21] Ziegler J F, Biersack J P and Littmark U 1985 The Stopping
and Range of Ions in Solids (New York: Pergamon)

[22] Ziegler J F and Biersack J P 2006 SRIM—The Stopping and
Range of Ions in Matter Software-Version 2006.02

8

http://dx.doi.org/10.1016/j.memsci.2004.01.019
http://dx.doi.org/10.1038/nature00785
http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2<56::AID-ANIE56>3.0.CO;2-E
http://dx.doi.org/10.1016/j.memsci.2004.11.008
http://dx.doi.org/10.1126/science.268.5216.1466
http://dx.doi.org/10.1038/35068529
http://dx.doi.org/10.1146/annurev.matsci.34.052803.091100
http://dx.doi.org/10.1002/adem.200300520
http://dx.doi.org/10.1016/j.actamat.2004.11.038
http://dx.doi.org/10.1007/s11837-005-0234-7
http://dx.doi.org/10.1088/0957-4484/16/10/034
http://dx.doi.org/10.1002/cvde.200604228
http://dx.doi.org/10.1016/0169-4332(89)90247-X

	1. Introduction
	2. Experimental details
	2.1. Meso-porous membrane from Ni_{3}Al intermetallic phase
	2.2. Pulsed laser deposition
	2.3. Characterization of coated membranes in dual-beam system

	3. Results and discussion
	3.1. Experimental observations
	3.2. Theoretical calculations

	4. Conclusions
	Acknowledgments
	References

