
Fabrication of ZnO-nanowire-coated thin-foil
targets for ultra-high intensity laser interaction
experiments

Cite as: Matter Radiat. Extremes 6, 046903 (2021); doi: 10.1063/5.0044148
Submitted: 14 January 2021 • Accepted: 6 May 2021 •
Published Online: 17 June 2021

D. Calestani,1 M. Villani,1,a) G. Cristoforetti,2,a) F. Brandi,2 P. Koester,2 L. Labate,2 and L. A. Gizzi2

AFFILIATIONS
1IMEM-CNR, Parco Area delle Scienze 37/A, 43124 Parma, Italy
2ILIL, INO-CNR, Area della Ricerca CNR di Pisa, via G. Moruzzi 1, 56124 Pisa, Italy

Note: This paper is part of the Special Issue on Matter in Extreme States Created by Laser.
a)Authors to whom correspondence should be addressed: marco.villani@imem.cnr.it and gabriele.cristoforetti@cnr.it

ABSTRACT

The coupling of ultra-intense, ultra-short laser pulses with solid targets is heavily dependent on the properties of the vacuum–solid interface and
is usually quite low.However, laser absorption can be enhanced viamicro or nanopatterning of the target surface. Depending on the laser features
and target geometry, conditions can be optimized for the generation of hot densematter, which can be used to produce high-brightness radiation
sources or even to accelerate particles to relativistic energies. In this context, ZnOnanowires were grown onmetallic, thin-foil targets. The use of a
thin-foil substrate was dictated by the need to achieve proton acceleration via target normal sheath acceleration at the rear side. The chemical
process parameters were studied in-depth to provide control over the nanowire size, shape, and distribution. Moreover, the manufacturing
process was optimized to provide accurate reproducibility of key parameters in the widest possible range and good homogeneity across the entire
foil area.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044148

I. INTRODUCTION

Relativistic laser interaction with matter is an exciting and
promising tool for investigating the properties of matter in ex-
treme conditions,1 reaching multi-keV temperatures at quasi-
solid densities, and accelerating ions and electrons to relativis-
tic energies. Thus, it has a multitude of potential applications.
However, the energy coupling of an ultra-intense, ultra-short laser
pulse with a flat target is usually quite low since the laser light is
largely reflected at the plasma critical density. This results in both
negligible delivery of energy (and therefore heat) to the denser
regions of the plasma and inefficient conversion of laser energy
into accelerated high-energy particles.

In order to circumvent this limitation, the coupling of laser
energywith a target can be enhanced. This can be done in twoways: by
modifying the laser pulse temporal profile to produce a smoother
plasma density profile and by structuring the target surface to support
laser–matter interaction. In the first scheme, a fraction of the laser
light impinges on the target before the arrival of the main peak,
producing a controlled μm-scale plasma in front of the solid target

surface. This can be achieved by lowering the contrast of the chirped
pulse amplification laser system2,3 or using laser pre-pulses emitted by
the same laser system or by secondary sources. This scheme can
significantly improve energy conversion into accelerated particles,
increasing both their quantity and their energy. However, it requires
an accurate knowledge and control of the laser pulse profile, which is
often difficult to achieve. Moreover, laser absorption occurs at even
larger distances from the dense plasma regions in this scheme. Thus,
the dense plasma regions remain at low (less than keV) temperatures.

The second approach to improve laser-plasma coupling involves
the use of targetswith nano ormicrostructured surfaces, such aswires,
tubes, gratings, and foams. Unlike in the scheme mentioned before, a
high-contrast laser is required here to prevent the surface structures
from being damaged or destroyed before the main laser peak strikes
the target. This issue is even more critical for nanostructured targets,
where the threshold for preplasma formation can drop significantly
due to the increase of laser absorptivity,4 and for PW irradiation
experiments, where the precursor radiation and rising edge of the
pulse play major roles in ion dynamics.5 When PW laser systems are
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used, the contrast ratios for Amplified Spontaneous Emission (ASE)
and for the ps pedestal should be at least 1012 and 108, respectively.
This avoids pre-filling of the voids among the nanostructures and
premature surface homogenization.6 This requirement can be
achieved easily by using pulse cleaning to produce a plasmamirror or
via frequency doubling.

By modifying the geometry of the targets and the irradiation
conditions, laser-matter interaction can be optimized to get the
plasma in the Hot Dense Matter regime, to produce high-brightness
radiation sources, or to generate relativistic particle beams.

Enhanced laser energy absorption with nano ormicrostructured
surfaces is produced mainly via volumetric heating, rather than via
surface heating of the target.7 Indeed, laser light propagates into the
structures for severalmicrometers before being absorbed completely.8

This produces absorption efficiencies that exceed 90%. As shown by
Purvis et al.,7 irradiating nanowires with high-contrast femtosecond
pulses of ∼0.5 J allows one to deliver a few GJ/cm3 into the nanowire
core. A period on the order of a picosecond is needed for plasma
homogenization. The result is a plasmawith an electron density in the
1023–1024 cm−3 range and temperatures of several keV. This corre-
sponds to pressures of the order of Gbar. Such extreme conditions
place the plasma in the hot dense matter regime and enable the
investigation of exciting new research scenarios, such as observation
of equations of state under extreme conditions, generation of Gbar-
strong shocks in dense matter, and production of high-efficiency
bright x-ray sources.9

Recent studies have shown that enhanced coupling of relativistic
laser light obtained with gratings, nanowires, and nanotubes is
mediated by the excitation of surface plasmon polaritons (SPPs) that
propagate along the plasma–vacuum interface and enable efficient
penetration of light even into gaps smaller than the diffraction
limit.6,10,11 This suggests that such phenomena may be considered an
extension of classical plasmonics in the high-intensity regime. This
research field is typically referred to as high-field plasmonics.12

In suitable target geometries, surface plasmon polaritons can
accelerate electrons efficiently across micrometer distances and into
the target at energies that are nearly relativistic. This has been shown
via experiments and kinetic particle-in-cell simulations.13–15 The
higher flux and temperature of hot electrons that propagate into the
target enables the use of nanostructured targets to accelerate protons
or light ions via target normal sheath acceleration (TNSA) when a
foil a few μm thick is used as substrate for the nanostructures.11,16,17

According to the TNSA scheme, relativistic electrons produced
during the interaction between an ultra-intense laser pulse and a thin-
foil cross the target and escape from its rear surface, generating a
sheath electric field of several TV/m. As a consequence, nearby ions,
including protons adsorbed on the target surface as impurities, are
accelerated in the forward direction at energies of up to several tens of
MeV per nucleon.18–20 The capability of nanostructured targets to
improve laser-target coupling and electron acceleration suggests the
possibility of producing compact electron or proton beam sources
using optimized structured targets and controlled irradiation
conditions.

The above-mentioned potential applications explain the large
number of recent papers dedicated to this subject and the increasing
interest from branches of the scientific community that are not di-
rectly involved in laser-plasma research. Since different target

geometries are suitable for different scopes, it is important to achieve a
deeper understanding of the interaction mechanisms and processes
involved in this system in order to optimize the experimental con-
ditions for various applications. Some experimental and numerical
results suggest for example that the size of the gaps between nano-
structures, e.g., the distance between nanowires or the channel size
in a nanotube, plays a key role in the interaction. Larger gaps seem in
fact to favor the acceleration of high-energy electrons via plasmonic
effects, whereas small gaps give rise to a stochastic heating that
produces a hot dense plasma.17

Thus, it is clear that both the processes of target optimization and
of understanding the underlying physics of interaction require an
accurate control of target fabrication and, if possible, a broad ver-
satility in determining critical target parameters such as the shapes of
the structures (wires, tubes, spheres, foams, or gratings), their di-
ameter and length, the fill-factor, the composition, and the substrate
features. Good control and a detailed description of target fabrication
are also needed for reproducibility and to compare experimental
results obtained in different laboratories.

Here, we report in detail the methodologies used at the IMEM-
CNR laboratories to fabricate targets that contain various types of
ZnOnanowires grown over thin-foil substrates. These targets are then
tested successively using the PW laser system available at the Intense
Laser Irradiation Laboratory (ILIL).21 The decision to use a thin-foil
substrate was dictated by the use of targets for proton acceleration via
TNSA22 (Fig. 1). This application requires a relatively thin (mi-
crometers thick) substrate.

The manufacturing process was optimized to provide accurate
reproducibility of key parameters, the widest possible range, and a
good homogeneity across the entire foil area (several cm2). The in-
fluence of various synthesis parameters on single–nanowire prop-
erties (length, diameter, alignment, density, etc.) is discussed to
provide important guidelines for producing, when possible, micro or
nanostructured thin-foil targets with desired characteristics.

II. EXPERIMENTAL METHODS

In order to provide a homogeneous distribution of ZnO
nanowires and achieve similar results on thin foils made of different

FIG. 1. Scheme showing proton acceleration via target normal sheath acceleration
(TNSA) using nanowire-coated foils as targets.
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materials, a two-step synthesis process was required. Thefirst stepwas
designed to produce a continuous seed layer consisting of ZnO
nanoparticles on one side of the thin foil, whereas the second step was
intended to promote nanowire growth from this layer. Chemical
solution methods were used for both steps.

The ZnO seed layer was obtained via the successive ionic layer
adsorption and reaction (SILAR) method.23,24 This technique
involves a series of rapid immersions in complementary reagent
solutions (e.g., metal salt and alkaline solutions), which were alter-
nated with rinsing in distilled water. It enables an almost layer-by-
layer reaction to occur on the substrate surface. Equimolar zinc
acetate and ammonia solutions (10 mM) were used to nucleate ZnO
nanoparticles. A thin, continuous film was formed after 20–30 fast-
cycle repetitions.

ZnO nanowires were then grown on this seed layer via chemical
bath deposition. In order to obtain nanowires with various aspect
ratios, alignments, and fill factors, various concentrations
(10–200 mM) of hexamethylenetetramine (HMTA) and zinc acetate
or zinc nitrate, with and without the addition of polyethylenimine
(PEI), were investigated. The reactions occurred at 95 °C for between
1 and 6 h.

The procedure described above could be adapted to various
substrate materials. Here, we used 5 and 12 μm-thick nickel (Ni) and

titanium (Ti) foils. ZnO nanowires must be grown on only one side of
the thin foil. The other side must be protected from oxidation,
erosion, and other possible undesired reactions. Moreover, such thin
foils are not easy to handle, especially in liquid processing envi-
ronments. Thus, a holder was designed to hold a 13 1 in.2 square foil
piece in position throughout all of the previously described operations
(Fig. 2). The holder kept the foil stretched, protected its back side, and
aided in placing it such that it faced towards the bottomof the reaction
container at a 45° angle. This last precaution was intended to prevent
other ZnOnanostructures thatmay grow in the solution volume from
depositing on the foil surface via gravity, as this may interfere with
nanowire growth.

The nanostructured foil was finally removed, rinsed with dis-
tilled water, and dried in vacuum. The entire foil piece was then
suitable for placement in amulti-window target designed formultiple
PW laser system tests.

III. RESULTS AND DISCUSSION

Top-down technologies such as photolithography, electrode-
position, and ion beam milling enable the production of accurate,
regular patterns over various types of surfaces. Nevertheless, they can
be quite time-consuming and expensive when applied to large areas.
Moreover, these processes can be incompatible with some target
materials or with the use of particularly thin foils, because of the
reagents, solvents, or treatments used. For example, photoresist
developers and removers, strong alkaline solutions used for alumina
template dissolution, or the accumulation of surface electrostatic
charge because of insufficient electrical conductivity can inhibit
processes or be so aggressive that they oxidize or etch the target.

In contrast, bottom-up technologies are significantly cheaper
and more scalable. Furthermore, they do not need templates or li-
thographymasks. In these cases, dimensional control can be achieved
via either thermodynamic or kinetic control and can easily be used to
create arrays of nanostructures over vast areas (hundreds of cm2).
However, these approaches do not provide the precise dimensional
and positioning control associated with top-down methodologies.
The patterns obtained are irregular on a micrometric scale but can be
quite homogeneous across large areas and have reproducible size and
density ranges once good control over the parameters that lead to
nanostructure nucleation and growth is achieved.

ZnO nanowires have been grown at IMEM laboratories via both
physical25,26 and chemical27,28 bottom-up methods. The former
strategies can produce nanowires with higher purities and thus well-
defined physical properties (e.g., electrical conductivity), but often
involve high temperatures and oxidizing processes that are not
suitable for thin metallic foils. In contrast, the chemical method
described herein can be applied at lower temperatures (<100 °C) and
in less aggressive environments. It can therefore be implemented
using metallic substrates that are only a few micrometers thick. Most
importantly, it is suitable for use with large-area substrates.

The process described herein is a two-step (i.e., seed-mediated
growth) bottom-up process. The first step involved the deposition of a
continuous ZnOnanoparticle seed layer onto the substrate of interest.
In the second step, the seed layer acted as a nucleation center for
subsequent ZnO nanowire growth. Control of the seed layer enabled
growth of ZnO nanowires on various materials such as metal foils or

FIG. 2. (a) Exploded scheme showing the foil holder components. (b) Drawing of the
assembled holder parts in the reaction solution.
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wires, including low-wettability materials such as the graphitic sur-
faces of carbon fibers.27,28

The key parameter controlling the seed layer thickness was the
deposition cycle, i.e. the number of sequential and alternating rinse
and deposition steps in the SILAR procedure. Different materials
typically require specific parameter tuning to obtain desired results.

However, similar results were achieved by using Ni and Ti thin foils
under similar conditions and 20–30 fast repetitions. Since no
meaningful differences were found between the process steps, the
substrate material and thickness are not considered in the following
discussion regardless of which metal (Ni or Ti) or thickness (5 μm or
12 μm) was chosen for the foil target.

A substrate with insufficient or excessive seed layer deposition
cycles can produceZnOnanowire growth that is inhomogeneouswith
regard to either size or spatial distribution [Figs. 3(a)–3(c)]. In ad-
dition, providing metal foils with sub-micrometer surface roughness
is equally important. Poor metal drawing may result in severe ZnO
nanowire misalignment [Figs. 3(d) and 3(e)]. Good homogeneity can
be achieved over large areas only when both these preliminary
conditions are fulfilled and the deposition of other nanostructures
from the solution is prevented [Figs. 3(f)–3(h)].

Unfortunately, not all of the ZnO nanowire properties (length,
diameter, density on the substrate, degree of alignment, and align-
ment direction) can be tuned independently during the second step of
the bottom-up growth process.

A sketch of the main ZnO nanowire properties evaluated during
this study is provided in Fig. 4. Some properties such as the length “l”
and diameter “d” are related to the nanowires themselves. Others refer
to the way that the nanowires grow compared to other nanowires or
the foil surface. Examples include the angle “θ” formedwith respect to
the substrate normal and the nanowire-to-nanowire distance “δ.”The
latter is clearly inversely proportional to the nanowire density. A fill-
factor can also be defined as the planar ratio between the area oc-
cupied by nanowires and the total area (the sumof light gray hexagons
vs the entire dark-gray rectangular area in the top right image of
Fig. 4). This fill-factor is 100% for a continuous layer of merged
nanowires but is for example∼25% for a regular hexagonal close-packed
pattern with δ � 2d. Since the nanowire pattern is generally irregular, we
mainly discuss the average values of these quantities (as shown in the case
of δ in the figure).

During the growth, the ZnO nanowire length is determined
mostly by the reaction time. Figure 5 shows various results obtained
for nanowires with similar diameters and densities: the shortest
nanowires [∼1 μm; Fig. 5(a)] are obtained after a 2 h reaction. The

FIG. 3. SEM images of inhomogeneous (x) and homogenous (✓) ZnO nanowire
patterns: (a) and (b) inhomogeneity in size or alignment; (c) inhomogeneity in
distribution across the thin foil; (d) and (e) inhomogeneity in height or orientation due
to the irregular foil surface; (f), (g), and (h) large-scale homogeneity. Images (a), (c),
(f), and (g) are takenwith the foil parallel to the view, while images (b), (d), (e), and (h)
are taken on tilted surfaces. Image (h) is taken on an intentionally broken film to
show the ZnO nanowire patterned section.

FIG. 4. Graphic visualization of the main nanowire parameters: the nanowire length
“l,” nanowire diameter “d,” nanowire-to-nanowire distance “δ,” and tilt angle “θ” with
the line normal to the substrate.
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longest nanowires [∼5 μm; Fig. 5(c)] are obtained after 8 h. However,
the nanowire length does not increase linearly with time. This is
because the reagent concentration becomes depleted during the re-
action and the growth rate decreases. Similarly, the reaction time
needed to achieve a specific length may change if a substantially
different reagent concentration is used.

The nanowire length is a crucial parameter that affects laser pulse
absorption. Wires and structures with sizes or lengths on the order of
tens or hundreds of nanometers tend to increase laser-target coupling
with respect to a flat surface. This has been observed in experiments
where rugged and coarse targets were used; this effect is produced
mainly by multiple laser scattering on surface structures. However,
the potential of nanostructures is fully exploited by using nanowires
that are several micrometers long. In this case, their length matches
the laser penetration depth and this condition results in the almost full
absorption of laser light and in the volumetric heating of the target. As
shown by Bargsten et al.8 via experiments and particle-in-cell
simulations, a high-contrast relativistic laser pulse can penetrate
into a high aspect-ratio nanowire array target for 4–5 μmbefore being
absorbed completely. For targets intended for use in TNSA experi-
ments, as in the present case, nanowires that are shorter than the
optimal value do not maximize laser absorption. On the other hand,
nanowires that are too long can result in a reduced coupling of hot
electrons generated into the plasma with the substrate.

Nanowires up to 8 μm in length were produced. Larger solution
volumes or a continuous reagent feed would be required to obtain
even longer nanowires. However, such lengths are significantly higher
than the estimated laser penetration distance;8 therefore, the ability to
produce longer nanowires goes far beyond the goals of this study.
Moreover, ZnO nanowires typically bend under their own weight
when the length-to-diameter ratio is too high.26

Other key parameters that dictate laser–matter interactions are
the thickness (diameter) of the nanowires in the array and the
nanowire density (which determines the fill-factor parameter). Im-
ages of targets with various nanowire thickness and densities are
reported in Fig. 6.

The wire thickness can be controlled within certain tolerances
from a thin 50–150 nm range (first row of the table in Fig. 6) to a thick
0.5–1.5 μm range (third row of the table in Fig. 6). The thickness is
affected mainly by the use of shape-directing agents such as poly-
ethylenimine (PEI). PEI is found to inhibit the development of ZnO
nanowire sidewalls by adsorbing onto their nonpolar m-planes
[presumably via the formation of PEI–Zn(II) ion complexes].

Moreover, it suppresses the homogeneous nucleation of zinc oxide
clusters, thus promoting heterogeneous nucleation and growth.29

In contrast, the density is affected mainly by the reactant (zinc
salt and HMTA) concentrations. The 20–100 mM range is proven to
provide the best fill-factor results. Samples with low densities are
shown in the first column of the table in Fig. 6, whereas samples with
high spatial densities are shown in the third column.

Both the nanowire diameter and the array fill-factor parameters
affect the laser light absorption efficiency as well as plasma evolution and
homogenization at the end of the laser pulse. The roles of these pa-
rameters can be deduced by considering Fig. 7, which reports the change
in the plasma kinetic energy normalized to the laser energy, i.e., the
fractionof energy absorbedduring irradiation of a siliconnanowire array
target using a 25 fs laser pulse at an intensity of I � 5 3 1018 W/cm2.
Results are presented for various combinations of nanowire diameters
and fill factors by running fully kinetic particle-in-cell simulations using
the code Aladyn in 2D Cartesian geometry.30 More details regarding
these simulations can be found in reports by Sarkar et al.31 Even though
the 2D geometry used in the simulation cannot quantify the absorption
efficiency accurately, it can show the effects of various nanowire array
parameters.

According to Fig. 7, if the gap (δ-d) between the wires is kept
constant, absorption increases when the wire thickness d is reduced
(compare the magenta, green, and red plots). This occurs because
laser light can penetrate and therefore is absorbed only within
∼50–100 nm, which is on the order of the plasma skin depth.

FIG. 5. SEM images of ZnO nanowires with similar diameters and different lengths.
Each length is calculated via correction of image tilt.

FIG. 6. SEM images of nanostructured targets with different ZnO nanowire diameter
and density ranges. Diameter ranges are labeled “THIN” for 50–150 nm, “MEDIUM”
for 150–500 nm, and “HIGH” for 0.5 nm–1.5 μm. Density ranges are defined based
on the ratio between the average nanowire-to-nanowire distance δ and the nanowire
diameter d. Approximately δ > 5 d represents “LOW” density, 2 d < δ < 5 d
represents “MEDIUM” density, and δ < 2 d represents “HIGH” density.
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Nanowires with smaller diameters therefore contribute fully to laser
absorption and are immediately ionized. The fast quivering of
electrons out of the nanowire can lead to a Coulomb explosion and to
a rapid homogenization of the plasma. When the nanowire size
increases beyond the laser skin depth, i.e., exceeds 100 nm, the in-
stantaneous absorption capabilities of the nanowire tend to saturate
and the wire is progressively eroded by the laser pulse. The core of the
wire remains at a temperature significantly lower than that of the
plasma at its edge and is heated only by electron collisions and the
return currents of cold electrons. When the diameter is several
hundreds of nanometers, the wires remain present at the end of the
laser interaction and the homogenization of the plasma requiresmore
time.

The effect of density, i.e. of the distance between the nanowires,
on laser absorption is determinedmainly by the ability of laser light to
propagate into the gaps. Laser light can propagate into gaps smaller
than the diffraction limit by driving surface plasmon polaritons6,11

(SPPs) along the nanowire surface. The efficiency of SPP excitation
increases with the gap size. This explains why the absorption effi-
ciency rises in Fig. 7 when the gap is increased and the nanowire size is
kept at comparable values.

In addition, it is worth considering that when the fill-factor
increases, a larger portion of the laser pulse strikes the tips of the wires
and is therefore back reflected without entering the array. Unfor-
tunately, the fill-factor cannot be varied independently of the other
parameters. It can only be tuned to a certain extent. For example, it is
quite difficult to obtain a densely packed pattern of thin nanowires
or a sparse distribution of thick microwires. This is because opposite
and incompatible process parameters promote these aspects of
nanowire growth. For instance, using PEI and a low reactant con-
centration (<20 mM) invariably leads to a sub-optimal areal ho-
mogeneity and a large variability in the nanorod aspect ratio. This can
be explained by considering the coordinating effect of PEI with re-
spect to Zn2+ moieties. Such interactions limit the availability of Zn

sites at the lateral nanorod surfaces, thus preventing heterogeneous
nucleation when the available amount of Zn2+ in solution is low.
Similarly, using a Zn:HMTA ratio above 1:1may lead to non-uniform
growth of ZnO nanowires. When an excess of HMTA is present, the
hydrolysis reaction favors the formation of the Zn[OH]4

2− interme-
diate, which is stable and soluble and depletes the Zn2+ cations that
would otherwise be available for growth.

In addition, the nanowire alignment is strongly correlated with
other nanowire properties. The denser and thicker the nanowires
are, the more perpendicular is their alignment with respect to the

FIG. 8. SEM images of ZnO nanowires with various densities and alignments: (a) a
low density and alignment with a broad θ range; (b) a high density and alignment with
a narrow θ range centered around 0; and (c) a nearly continuous film of extremely
high density microwires.

FIG. 7.Energy absorbed by silicon nanowire array targets with various combinations
of diameter d and gaps δ-d during irradiation with a 25 fs, 800 nm laser pulse at an
intensity of 53 1018 W/cm2. The graphs are obtained by performing 2D, fully kinetic
particle-in-cell simulations using the code Aladyn.
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surface (Fig. 8) and θ ≈ 0 is observed for most of the nanowires. Since
this type of growth is not epitaxial on an oriented crystallographic
surface, nanowire alignment seems to be affectedmore strongly by the
presence of other nanowires growing nearby. Indeed, grown nano-
wires generally do not co-penetrate each other unless their thickness
becomes comparable to or lower than the average nanowire-to-
nanowire distance. Using a high ZnO:HMTA ratio (<2:1),
without a co-surfactant or a shape-directing agent like PEI, signifi-
cantly lowers the aspect ratio of the final ZnOnanowires. As a result, a
film of aggregated parallelepiped hexagons is obtained [Fig. 8(c)].

Optimization of the above growth parameters and a deeper
understanding of the intrinsic limits of this technique enabled the
production of targets for PW laser system tests. Micro and nano-
structured targets were fabricated with different ZnO nanowire
textures on several 13 1 square inch metal foil pieces. The foil pieces
were suitable for fitting onto a holder designed with an array of
windows to enable multiple PW laser system tests (Fig. 9).

IV. CONCLUSIONS

The use of micro and nanostructured thin-foil targets in the
context of high-intensity laser-target interactions was discussed and
the roles of critical parameters in energy coupling and electron
heating were highlighted. Targets suitable for ion acceleration ex-
periments were produced by growing ZnO nanowires on the surface
of 5 μm and 12 μm-thick foils made of nickel and titanium. The
solution-based, two-stepmethod enabled better control over random,
self-assembly based, growth of the nanowires. The processing time,
reagent concentration, and use of a seeding layer and poly-
ethylenimine as shape-directing agents, enabled homogeneous
growth of various nanowire patterns over areas several cm2 in size.
Special attention was devoted to the control of the nanowire length,
diameter, density, and alignment within specific ranges (i.e., lengths
of 1–5 μm, diameters of 0.05–1.5 μm, andfill factors of 10%–50%) that
play critical roles in attempts to optimize energy coupling in laser-
target interaction experiments with a PW laser system.
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