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1. Introduction

Nanofoam is a class of nanostructured materials characterized
by a disordered and porous structure, featuring a substantial
volume fraction of submicrometric voids and pores, typically
exceeding 90% of their volume. Nanofoams have attracted grow-
ing attention within the scientific community due to remarkable
properties that are related to their structure at the micrometric

and nanometric scale. Among the most
interesting attributes of nanofoams is their
low mass density, typically falling within
the range of 1–100mg cm�3. This, in
combination with a very high surface-to-
volume ratio, makes nanofoams interest-
ing for a broad range of applications,
including supercapacitor devices,[1,2] energy
storage,[3,4] hydrogen storage,[5,6] advanced
catalysis,[7,8] solar energy conversion,[9,10]

pollutant removal,[11,12] gas sensing,[13,14]

and nanomedicine.[15,16] In the past
years, nanofoams have been studied
as effective enhancers in high-intensity
laser–matter interaction[17] for laser-driven
ion acceleration,[18–21] neutron[22] and
radioisotopes generation,[23] and inertial
confinement fusion.[24–26] Moreover,
nanofoams can serve as model materials
for fundamental nanotechnology research.
Scientists study their unique properties
and behavior to gain insights into nanoscale
phenomena, which can lead to further
advancements in materials science.

Taking into consideration the ample
range of different applications, the interest in producing
nanofoam with different properties is clear. For instance, the
nanofoam composition is fundamental when chemical or
nuclear reactions are involved. The desired density can also vary,
and the same can be said for the nanofoam morphology: it can
range from solid materials with voids to bottom-up fiber-assem-
bled or nanoparticle-assembled structures. For all these reasons,
a single technique able to produce nanofoams with controlled
properties, and different materials, is of certain interest.
Various techniques have been employed for the synthesis of
nanofoams, each one being usually suited for specific combina-
tions of elements, morphologies, and average density ranges:
chemical vapor deposition (CVD),[27–29] thermal evaporation
for metallic foams,[30] sol–gel method for silica nanofoams,[31]

CO2 foaming processes[32] for polymer nanofoams, and aerosol-
assisted chemical vapor deposition for ceramic nanofoams.[33]

Among these methods, pulsed laser deposition (PLD) stands
out as a versatile and promising tool for nanofoam synthesis.
PLD versatility can be exploited to fine tune material properties
by acting on the main process parameters, such as laser wave-
length, pulse energy and fluence, pulse duration, composition
and pressure of background atmosphere, target-to-substrate dis-
tance, and overall geometry of the deposition system. Notably, its
flexibility is extended to the material composition, and nanofoams
of different elements can be produced with the same technique.
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Nanofoam materials are gaining increasing interest in the scientific community,
thanks to their unique properties such as ultralow density, complex nano- and
microstructure, and high surface area. Nanofoams are attractive for multiple
applications, ranging from advanced catalysis and energy storage to nuclear
fusion and particle acceleration. The main issues hindering the widespread use of
nanofoams are related to the choice of synthesis technique, highly dependent on
the desired elemental composition and leading to a limited control over the main
material properties. Herein, femtosecond pulsed laser deposition is proposed as
a universal tool for the synthesis of nanofoams with tailored characteristics.
Nanofoams made by elements with significantly different properties—namely,
boron, silicon, copper, tungsten, and gold—can be produced by suitably tuning
the deposition parameters. The effect of the background pressure is studied in
detail, in relation to the morphological features and density of the resulting
nanofoams and nanostructured films. This, together with the analysis of the
specific features shown by nanofoams made of different elements, offers fresh
insights into the aggregation process and its relation to the corresponding
nanofoam properties down to the nanoscale, opening new perspectives toward
the application of nanofoam-based materials.
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As a relevant example, gold nanofoams for catalytic
applications,[34] tungsten oxide nanofoams for gas sensing,[35]

and carbon nanofoams for laser-driven particle acceleration[20,36]

were all synthesized with the same PLD system in our laboratory
based on a nanosecond pulsed laser. Nevertheless, the conven-
tional nanosecond pulsed laser deposition (ns-PLD) technique
is not without limitations, such as the presence of micrometric
droplets (due to melting of the target surface), the necessity of
a background pressure in order to produce nanoparticles (since
the ablated species are atoms and ions), and the difficulty of ablat-
ing certain classes of materials (for which lower laser wavelength
and/or higher fluence may be required).

In this regard, the less explored approach of femtosecond
pulsed laser deposition (fs-PLD) is of particular interest. Due
to the short timescale of the laser energy deposition (femtosec-
onds), faster than the ion reticle relaxation time (nanoseconds),
the ultrafast ablation mechanism is electronic in nature.[37,38] No
or limited heating of the target material occurs, while clusters
and nanoparticles can be emitted directly.[39,40] Picosecond lasers
share many of the features of ultrafast ablation, such as direct
nanoparticle emission, but the material removal efficiency is
lower for pulse durations higher than the mechanical expansion
time, that is, a few picoseconds.[41] By virtue of their convenient
features, femtosecond lasers are widely exploited in surface treat-
ment and micro/nanostructuring of materials.[42–46] In the con-
text of fs-PLD and nanofoam production, the femtosecond laser
ablation features are especially interesting for multiple reasons:
the nanoparticles—which are the basic building blocks of nano-
foammaterials—are readily available, and the absence of heating
and melting can reduce unwanted film contaminations from
droplets, one of the main issues observed in ns-PLD produced
films. Moreover, not requiring heating and vaporization of the
target during the ablation process, fs-PLD allows greater flexibil-
ity in target material choice: materials with substantially different
properties can be efficiently ablated under the same laser condi-
tions (fluence and wavelength), opening the possibility of simul-
taneous codepositions of different materials to grow composite
films. The reduced dependence of the ultrafast ablation process
on material properties leads also to the possibility of preserving
the target stoichiometry in the produced materials.[47,48] Finally,
considering the subset of materials and films that can be
obtained through either nanosecond, picosecond, or femtosec-
ond PLD, investigating the pulse duration as an additional
PLD process parameter remains worthwhile: it leads to an
increased flexibility in controlling the properties of the produced
nanostructured films, by choosing the best technique depending
on the desired outcome.

In previous works, we focused our attention to carbon, due to
the intrinsic interest and widespread applications of carbon-
based materials. We studied the synthesis of carbon nanofoams
using both ns-PLD and fs-PLD.[36,49–51] We have elucidated the
dynamics of carbon nanoparticle aggregation into a nanofoam
and the evolution of nanofoam morphology in ns-PLD by means
of a snowfall model:[49] the ablated species, expanding in a gas
background, cool down and condensate in form of nanoparticles;
these nanoparticles coalesce into micrometric fractal-like aggre-
gates through a process described by the cluster–cluster aggrega-
tion mechanism. The aggregates then land onto the substrate
producing the porous, connected web-like structure typical

of nanofoams. Moreover, we have assessed the relationship
between nanofoam properties at the nanoscale (e.g., nanoparticle
size, gyration radius of fractal-like aggregates, and their fractal
dimension) and at the macroscopic scale (such as average density
and uniformity) in both ns-PLD and fs-PLD, highlighting the
peculiarities of each deposition regime.[51]

Nevertheless, the versatility of PLD comes with inherent com-
plexities. Indeed, the relationship between process parameters
and resulting material properties is in general not straightfor-
ward. Furthermore, the set of optimal parameters required to
grow a nanofoam is inherently material dependent. This implies
that achieving nanofoams for a broad range of materials is far
from obvious.

These results laid the foundation for a more comprehensive
investigation on PLD synthesis of nanofoam, exploring a wide
range of elements of potential interest in the view of applications,
from basic research to emerging technologies. In particular, in
this work, we assess the potential of fs-PLD as a universal tool for
the synthesis of nanofoams with tailored properties across a
diverse array of materials, with a wide range of properties.
From this point of view, the aim is to consider both metals
and semiconductors, high-Z and low-Z elements, with a range
of densities and melting temperatures. Secondarily, the material
choices are influenced by potential applications, with a specific
focus on our research activities: boron nanofoams are of interest
for laser-driven proton–boron fusion,[52] gold nanofoams for
X-ray generation in indirect drive inertial confinement fusion,[53]

gold and copper as catalytic materials,[34,54] tungsten for plasma–
matter interaction studies relevant in magnetic confinement
fusion.[55] Finally, precedence is given to materials for which
the conventional ns-PLD approach is challenging or not feasible,
especially in relation to the production of low-density nanofoams
with high thickness (boron and metals). For all these reasons, the
choice fell on boron (B), silicon (Si), copper (Cu), tungsten (W),
and gold (Au). We first perform a detailed investigation of the
effect of the background argon pressure on a subset of the inves-
tigated elements (i.e., boron, copper, and tungsten), to study the
morphological evolution and define the optimal conditions to
produce low density nanofoam films. The obtained insights
are then exploited to produce nanofoams of all the elements con-
sidered, with special attention to their nanoscale and microscale
morphology, density, uniformity, thickness, growth rate, and oxy-
gen content. Then the morphology evolution is discussed,
together with the observed differences among the elements, with
the help of a simplified model based on the nanoparticle inter-
action with the background gas atoms. The evolution of the nano-
foam average density with the argon pressure is explored in
greater detail, corroborating the discussion on the materials mor-
phological features. Finally, a comparison between the elements
considered in this work and carbon nanofoams—among the
most studied PLD nanofoams—is also performed, revealing
the distinctive behavior of carbon.

2. Results

Among all the elements investigated in this work, chosen for
their different characteristics—varying metallic character,
density, atomic number, physical properties—a subset was first

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2024, 2300560 2300560 (2 of 12) © 2024 The Authors. Small Structures published by Wiley-VCH GmbH

 26884062, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202300560 by PO

L
IT

E
C

N
IC

O
 D

I M
IL

A
N

O
, W

iley O
nline L

ibrary on [19/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-structures.com


selected to study the effect of the background gas pressure pres-
ent in the deposition chamber. This is one of the main fs-PLD
process parameters, and the most influential in determining
the deposited material characteristics, from nanostructure and
morphology to average properties like density and uniformity.

2.1. Morphological Characterization

Since the nanofoammorphology arises under specific conditions—
that is, when the ablated species, slowed by the background gas,
aggregate in fractal-like structures before depositing on the sub-
strate[49,51] —this analysis can also be exploited to determine if
it is possible to produce nanofoams with all the different mate-
rials and under which conditions. The effect of the background
argon pressure is investigated for boron, copper, and tungsten:
a low-, a middle-, and a high-Z element, respectively, one met-
alloid (B) and two metals (Cu and W) with varied physical and
chemical properties. The results of the morphological analysis
for each element and background argon pressure are shown in
Figure 1 (top view) and Figure 2 (cross section). One represen-
tative scanning electron microscope (SEM) image is shown for
each pressure condition (columns) and each element (rows). In
support of the morphological characterization, the average den-
sity of each sample is also reported in Figure 1, as the main
macroscopic parameter of the nanofoam. A second set of the
two images, in which the magnification is kept constant at
5000X for all micrographs, is included in the Supporting
Information.

Nanostructured films in which nanoparticles are the basic
constituents are obtained in all pressure conditions, from
high-vacuum (less than 10�3 Pa) up to high-argon pressures
(thousands of Pa). By increasing the background pressure, the
morphology evolves similarly for all the elements, going from

nanoparticle-assembled compact films to porous nanofoams.
In high-vacuum conditions, compact nanoparticle-assembled
films are obtained in all cases, consistently with the direct nano-
particle emission typical of the ultrafast ablation process. Both
copper and tungsten films are characterized by spherical nano-
particles, with a partially melt appearance (evident from the
cross-section images of Figure 2). On the other side, the boron
film exhibits less distinguishable and irregularly shaped nano-
particles, leading to a seemingly more compact morphology.
Considering the nanostructure of the films, a near-solid density
could be expected, reduced in part by the presence of voids in the
nanostructure. This is the case for boron, featuring a density of
1.84 g cm�3 against a bulk density of 2.3 g cm�3. Copper and
tungsten films present densities of 4.48 and 8.39 g cm�3, corre-
sponding to approximately half of the respective bulk densities.
When low argon pressure is used, as can be appreciated by
comparing the copper and tungsten films at 100 Pa with those
in vacuum conditions, the overall morphology is similar and
the density comparable—somewhat decreased for copper and
slightly increased for tungsten. The main difference can be
found in the films nanostructure: the nanoparticles are smaller
on average, and most of the smaller ones aggregate on the
surface of the bigger nanoparticles. The morphological features
associated to partial melting—typical of the vacuum
conditions—are also less predominant, especially for tungsten.
The aggregation of the smaller nanoparticles on the surface of
the larger ones is more evident in the case of copper, leading
to a clear increase in film porosity (and resulting decrease in
average density). On the contrary, the tungsten film presents a
more compact morphology, less aggregate formation, and a
general decrease in average nanoparticle size. The peculiar
density increase with increasing pressure for tungsten in these
conditions—while small enough to be within the experimental

Figure 1. Top-view SEMmicrographs showing the evolution of film morphology, from vacuum conditions up to 5000 Pa background argon pressure (left
to right). The corresponding film average density is also reported. Boron films are in the upper panels, copper in the middle, and tungsten in the bottom
ones. The respective cross sections are shown in Figure 2. Note that the scale bar is not the same for all images: for each of them, the most appropriate
magnification to highlight the main morphological features of the film was chosen.
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uncertainty—could be the result of a tighter packing due to the
smaller nanoparticle size.

Further increasing the pressure leads to a sharp change in
morphology, as demonstrated by the tree-like and cauliflower-
like morphology of tungsten at 1000 Pa, copper at 400 Pa, or
boron at 100 Pa. In these conditions, the growth of the film is
largely directional, as reflected in its nanostructure, characterized
by more voids of larger size. The resulting density is thus notice-
ably lower, in the order of 0.1–1 g cm�3. The morphology in this
pressure range is the most varied and can also simultaneously
present features of both compact nanoparticle assembled films
and porous aggregates, as can be appreciated from the cross-
section images of Figure 2. Moreover, different deposition rates
can have a noticeable impact on the tree-like morphologies: the
high deposition rate of tungsten is the reason for the emergence
of the highly directional tree structures absent in the copper and
boron films. Nevertheless, the film morphology remains similar,
despite different spatial scales, as can be appreciated from the
top-view micrographs of boron at 100 Pa, copper at 400 Pa,
and tungsten at 1000 Pa of Figure 1. When even higher argon
pressures are reached, in the order of 400 Pa for boron,
1000 Pa for copper, and 5000 Pa for tungsten, the last morpho-
logical transition takes place, with the emergence of the nano-
foam structure. The morphology is fractal-like, with aggregates
formed by strands and clusters of nanoparticles linked together.
The resulting void fraction can be higher than 90%, which leads
to densities down to 10–100mg cm�3. Interestingly, under these
conditions only (i.e., when the pressure is high and a nanofoam
material is obtained), it is possible to see some light emission/
scattering along the laser path in the PLD chamber (Figure 3),
akin to what happens when light travels through vapor. This hap-
pens regardless of the target material and could be an indication
of the high concentration of ablated species and nanoparticles
inside the deposition chamber under those specific conditions.
No data was reported for boron samples at 5000 Pa, since under
those conditions the plume confinement resulted too high, and

most of the ablated species redeposited in the vicinity of the tar-
get and only a small fraction was able to reach the substrate. No
film was grown on the substrate in those conditions, only a few
single aggregates were present. This detrimental effect resulting
from an excessively high pressure is not unexpected and was
already observed in our previous work on carbon nanofoams.[51]

It is interesting to note that the morphological evolution is
analogous for all the elements investigated, going from nanopar-
ticle-assembled compact films in vacuum conditions to tree-like/
cauliflower-like morphologies and then nanofoams at higher

Figure 2. Cross-section SEMmicrographs showing the evolution of film morphology, from vacuum conditions up to 5000 Pa background argon pressure
(left to right). Boron films are in the upper panels, copper in the middle, and tungsten in the bottom ones. The respective top views are shown in Figure 1.
Note that the scale bar is not the same for all images, as the most appropriate magnification was chosen for each.

Figure 3. Camera picture of the fs-PLD ablation plume, in which the light
emission along the laser path can be clearly distinguished. The target is on
the left, the substrate on the right, and the laser comes from the back at
45° angle with respect to the target. The target was silicon and the pressure
1000 Pa, the same condition used to obtain the nanofoam of Figure 4. The
white bright spot on the top of the image is an optical artifact.
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pressures. The main difference between elements is the pressure
at which these morphological transitions take place, which can
vary considerably (e.g., 400 Pa to obtain the boron foam against
5000 Pa for the tungsten one). Moreover, this holds for all the
morphological transitions described, as shown in Figure 1
and 2: analogous morphologies are found in films on the top-left
to bottom-right diagonal. For example, the intermediate tree-like
morphology emerges at 100 Pa for boron, 400 Pa for copper, and
1000 Pa for tungsten. Considering the cross section of the tung-
sten sample at 5000 Pa in Figure 2, it may appear less porous
compared to the nanofoams of other materials. The higher mag-
nification top view of Figure 1 shows the porosity and character-
istic nanofoam morphology more clearly, better highlighting the
similarities among all the materials. The lower magnification of
the cross-section image, together with the high deposition rate of
tungsten, is at the origin of the more compact appearance of the
tungsten nanofoam in the cross-section micrograph.

The SEM images of Figure 1 are also useful to draw further
morphological details, such as nanostructure uniformity at the
nano- and microscale. In this context, the nanostructure unifor-
mity is not the macroscale uniformity of the film (i.e., the varia-
tion of the film thickness over the film surface) but is related
instead to the most predominant spatial scale at which the nano-
structure develops. In our previous works we also performed a
quantitative analysis of the nanofoams uniformity features, aided
by energy-dispersive X-spectroscopy (EDXS) maps and a method
based on their Fourier transform.[26,51,56] Due to the different
properties of the materials investigated in this work (higher-Z
elements together with higher density and film thickness), the
same approach would not be feasible. Moreover, in our previous
works, we showed that the results of the EDXS maps’ investiga-
tion were in agreement with the qualitative analysis of the nano-
foam morphology through SEM micrographs, which is already
rich in information and therefore has been chosen as the focus
of this investigation. Further qualitative characterizations, such
as EDXS maps or laser confocal microscopy (LCM),[57,58] are
beyond the scope of this work and could be addressed in future
studies. In the vacuum samples, all-nanoparticle-assembled
films, the uniformity is a direct consequence of the nanoparticles
dimensions: the smaller nanoparticles of the tungsten sample
lead to the highest uniformity, while copper and boron display
larger nanoparticles and a lower uniformity. The morphology
of the samples obtained under moderate-pressure conditions
is the most varied: it can be closer to tree like in some cases
or cauliflower like in others, but the transition between compact
and foam-like morphologies is not clear cut, and mixed morphol-
ogies can also arise. This is apparent in the cross-section image of
the boron sample at 100 Pa (Figure 2), with a more compact
tree-like morphology near the substrate on top of which porous
cauliflower-like structures grow. The nanostructure uniformity
in this intermediate regime remains a result of the specific mor-
phology: the copper sample (400 Pa) is the most uniform, since it
is halfway between a compact and a tree-like morphology; boron
(100 Pa) is less uniform, with a mixed morphology between tree-
like and cauliflower-like; tungsten (1000 Pa) is the least uniform,
due to the strongly anisotropical tree-like growth. The different
magnifications needed to highlight the main morphological fea-
tures of those three samples in Figure 1—10 KX for copper,
5 KX for boron, and 2 KX for tungsten—reflect the uniformity

variations. Finally, the nanostructure uniformity is lowest for the
nanofoams, due to the larger voids and aggregates forming the
material; further increasing the pressure leads to an only minor
decrease in uniformity. No substantial variations are observed
among the different elements, coherently with the morphological
similarities and hinting at an analogous aggregation mechanism.

2.2. Thickness Evolution and Deposition Rate

Exploiting the insights gained through the morpohological
analysis, notably the optimal pressure conditions, we were able
to produce nanofoam films from a wider variety of elements. In
addition to boron, copper, and tungsten, we have investigated the
synthesis of nanofoams of silicon (Si) and gold (Au). These
elements are not only interesting per se due to their widespread
scientific and technological applications, but also because they
possess physical characteristics that are complementary with
respect to the elements already considered (Si is a low-Z semi-
conductor, Au is a high-Z noble metal). The nanofoams of boron,
copper, and tungsten are obtained at 400, 1000, and 5000 Pa
respectively, resulting from the previous analysis. 1000 Pa was
also used for silicon and gold. In all cases, the nanofoams display
the same distinctive morphology (upper panels of Figure 4): a
disordered network of fractal-like structures with significant void
fraction (>95%), whose basic constituents are solid nanoparticles
from a few to a few hundreds nanometers in diameter.

Despite the morphological similarities at the microscale, inter-
esting variations in nanoparticle sizes and nanoscale morphology
can be highlighted among the different elements, as shown in
the high-magnification SEM images of the nanofoams (bottom
panels of Figure 4). Copper and gold foams both display very
well-defined spherical nanoparticles—arranged in chain-like
structures or more compact 3D clusters—with a predominance
of bigger nanoparticles in the range of 50–200 nm (this effect is
more prominent in the case of gold, where the nanoparticle
dimension is larger on average). Boron and silicon instead show
the typical nanofoam web-like morphology also at lower spatial
scales: the larger nanoparticles are present but less predominant,
and most of the structure is made up of strands of smaller nano-
particles (10–50 nm), giving rise to the typical “hazy” appearance
under the electron microscope. Finally, tungsten shows nano-
scale features that are a middle way between the two groups:
the nanostructure morphology is quite similar to that of gold
and copper, but the nanoparticles are even smaller than boron
and silicon and more uniform in size (none is bigger than
50 nm in diameter). The nanofoams of Figure 4 were all obtained
with the same fluence conditions—that is, 110mJ cm�2 on
target—confirming the universal character of the ultrafast
ablation mechanism. Moreover, the effective ablation threshold
of B, Si, Cu, and W is found to be quite similar, in the range
of 20mJ cm�2 (≈18mJ cm�2 for copper and tungsten,
≈24mJ cm�2 for boron and ≈26mJ cm�2 for silicon).
Operatively, starting from zero fluence and gradually increasing
the laser energy on target, this is the fluence condition in which
the ablation plume appears (in vacuum conditions).

The thickness of the nanofoam can be controlled by changing
the deposition time accordingly: the deposition rate remains con-
stant with an increase in deposition time (see Figure 5 for boron
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and copper) and the density and morphology of the material are
largely unaffected.

This holds as long as the nanofoam is thick enough to be
able to define a meaningful thickness (and thus density) value.
Considering the additive growth mechanism, the first growth
stages lead to the formation of separate aggregates on the sub-
strate, and only when enough aggregates deposit on the
substrate, the nanofoam structure grows. Therefore, the mini-
mum nanofoam thickness achievable is close to the average
aggregate dimension, with incomplete coverage and low unifor-
mity. As long as the foam thickness is a few times higher than the

largest aggregate dimension, a mostly complete coverage and a
satisfactory uniformity are reached. Aggregate dimensions are
generally in the micrometer range (they can vary according to
material properties and deposition conditions). Therefore, the
minimum foam thickness is in the order of 5–10 μm. The maxi-
mum thickness has no definite upper bound: in principle it is suf-
ficient to increase the deposition time in accordance to the desired
thickness. Figure 4 shows that a thickness of 100 μm and above
can be readily reached for all the elements considered. It should
nevertheless be noted that themechanical rigidity of the nanofoam
is lower to that of a solid material, and it is prone to morphological
rearrangements if subjected to vibrations or stresses, effect wors-
ened when the thickness is increased. For all these reasons, an
upper limit on foam thickness in the order of a few hundreds
of micrometers is expected, above which structural stability prob-
lems (e.g., collapsing under its own weight, on-substrate reorga-
nization, and coalescence) might become important.

A high deposition rate is one of the advantages of the fs-PLD
technique, thanks to the material removal efficiency of the ultra-
fast ablation mechanism. As shown in Figure 5, there is a notable
difference in deposition rate among the different materials,
which can be roughly divided in two groups: gold and copper
have a lower deposition rate, close to 1.1 μmmin�1, while all
the others—boron, silicon and tungsten—are in the range of
8–10 μmmin�1 (considering the 1 kHz repetition rate, they cor-
respond to 0.018 and 0.13–0.17 nm/shot respectively). This same
behavior is reflected in the deposition times used to obtain the
thick nanofoams of Figure 4: 10min are enough for silicon and
tungsten, 20 are used for boron (resulting in a correspondingly
higher foam thickness), and 60 for copper and gold. As men-
tioned before, the density of the foam is largely unaffected by
the deposition time; therefore a linear relationship also holds
between deposition time and foam mass thickness; in that case,

Figure 4. SEM micrographs of nanofoam materials of different elements, produced through fs-PLD. Top view is shown in the upper panels, with the
corresponding cross-section view right below. Note the foam thickness, close to or surpassing 100 μm in all cases. In the bottom panels, higher
magnification images reveal the nanoscale morphology and nanoparticle sizes. All are obtained with a laser fluence of 110mJ cm�2, and different
background argon pressure: 400 Pa for B, 1000 Pa for Si, Cu e Au, 5000 Pa for W.

Figure 5. Evolution of the foam thickness against the deposition time for
boron, copper and gold (linear fit shown). A single point for silicon and
tungsten foams at 10min is shown as comparison. The deposition con-
ditions—beside the deposition time—are the same as in Figure 4.
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the specific nanoparticle density also plays an important role,
since the foammass thickness is proportional to the nanoparticle
density.

Considering the nanofoam highly porous morphology—and
the resulting high surface area-to-volume ratio—some oxygen
content is expected to be present, in particular for the materials
that can undergo oxidation (copper, tungsten, silicon) and even
more if they are efficient oxygen getters such as boron. The oxy-
gen content was consistent in the boron, silicon, and tungsten
foams (up to 30% in atoms), lower for copper (less than
10%), and virtually absent for gold foams. As could be expected,
the oxygen content of the films is gradually reduced for the more
compact films (i.e., those obtained with lower argon pressure).
It should be noted that all samples have been exposed to
ambient air before oxygen content determination through
EDXS. Therefore, applications requiring low oxidation should
consider—and benefit from—special care to avoid exposure to air.

A further point worth mentioning, in view of the use of fs-PLD
for nanostructuredmaterial production, is the macroscale unifor-
mity of the deposition across the substrate, which is one of the
main drawbacks of exploiting ultrafast ablation for PLD. The
ablation plume is strongly directional,[38] leading to a dishomo-
geneous material deposition on the substrate; reasonable areas to
be coated uniformly are in the order of 5� 5 up to 10� 10mm.
Nevertheless, the issue is less pronounced for higher pressure
deposition (the ablation plume is more confined) and can be fur-
ther mitigated by increasing the target-to-substrate distance. It is
also possible to consider a proper substrate motion routine to
compensate for the nonhomogeneous deposition, with the
drawback of a reduced deposition rate.

3. Discussion

In order to better understand the effect of the background gas
pressure on the ablated species, and hence on the related mor-
phological features, it is useful to consider a simplified model of
the process. The fs-PLD technique leads mainly to the production
of nanoparticles and clusters as ablated species, with dimensions
ranging from a few to a few hundred of nanometers.[39,40,59] We
can consider the ablated species as spheres of radius R and den-
sity ρ, ejected from the target with a certain velocity v depending
on the specifics of the laser–matter interaction. The nanoparticles
then travel toward the substrate and can be slowed by successive
collisions with the atoms/molecules of the background gas. With
the aid of simple force balance considerations, and in the approx-
imation of elastic scattering events, it can be shown that the
ablated species velocity decreases as follows (consistently with
the more rigorous derivation of Epstein’s relations[60]).

v̇ ¼ �γv, γ ∝
P

Rρvt
(1)

The factor γ, representative of the slowing efficiency of the
background gas on the ablated nanoparticles, is directly propor-
tional to the pressure P and inversely proportional to the radius
and density of the nanoparticles. It is also inversely proportional
to the thermal velocity vt of the background gas atoms, that is a
constant in our experiments.

When the deposition is carried out in vacuum conditions, the
ablated nanoparticles are free to travel unrestricted from the tar-
get to the substrate, retaining most of their original kinetic
energy. A compact film can be expected, still presenting a
nanoparticle-assembled morphology coherently with the direct
nanoparticle emission typical of the ultrafast ablation process.
The partially melt morphology of the metallic films (copper
and tungsten) is likely due to the high energy provided by the
femtosecond laser to the target material—and thus to the abtated
species—leading to the melting of the nanoparticles after
they are emitted from the target. They can then solidify on the
substrate, explaining the peculiar morphology seen in the cross-
section images (Figure 2). In the case of copper, the melting
effect appears more pronounced, likely due to the lower melting
temperature with respect to tungsten (along with the larger nano-
particle size). The difference in morphology for the boron film—

more compact and with angular nanoparticles—could be related
to the different response of the target material to the ultrafast
ablation between metals and metalloids.

As illustrated by Equation (1), when the pressure is increased
the ablated species are progressively slowed, an effect that is
greater for nanoparticles with smaller radius and lower density.
In real experimental conditions, the nanoparticle density can be
considered—as a first approximation—equal to the solid bulk
density, while the nanoparticle dimension distribution is in gen-
eral multidisperse (refer to the bottom panels of Figure 4 for
instance). As a consequence, the smaller nanoparticles can be
efficiently slowed at lower pressures, while the larger ones are
less affected until higher-pressure conditions are reached.

This is related to the morphological transitions seen in
Figure 1 and 2: when the argon gas is present but the pressure
is low, there are but a few collisions, and most of the nanopar-
ticles still reach the substrate with sufficient energy to give rise to
compact films; nevertheless, some of the smaller nanoparticles
can be slowed and stick to each other or to the larger nanopar-
ticles, forming small aggregates. This can explain the small
changes in morphology seen in the tungsten and copper films
at 100 Pa with respect to those obtained in vacuum conditions.
By further increasing the gas pressure, even the larger nanopar-
ticles begin to slow, despite not quite reaching a diffusive regime;
the residual kinetic energy is enough to ensure a predominant
growth directionality along the target/substrate normal, leading
to a predominantly ballistic aggregation mechanism.[61–63] A few
aggregates of intermediate size can also be formed, from the
aggregation of the smaller nanoparticles able to reach a diffusive
regime at lower pressures. This explains the morphological vari-
ety displayed by the samples in moderate pressure conditions:
the transition between compact and foam-like morphologies is
not clear-cut, and relatively small variations in the gas pressure
can lead to significant morphological changes. The reason for
this effect can be linked to the slowing effect of the background
gas: a relatively low increase in gas pressure—up from vacuum
conditions—is at first not enough to sufficiently slow the ablated
species, and the morphology does not change significantly.
When the pressure is further increased, a greater fraction of
the ablated species is slowed, and the morphology of the corre-
sponding film depends on the variability within the distribution
of kinetic energy and size among the ablated species. If the
variability is low, a sharper morphological transition can be
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expected, since most nanoparticles would be slowed under the
same pressure conditions. This is the case of tungsten and
can be the reason for the emergence of the strongly directional
tree-like morphology of the 1000 Pa sample. On the contrary, a
higher variability—in which under the same pressure conditions
the smaller and less energetic ablated species are slowed to a dif-
fusive regime, others to a balistic one, and the larger and faster
are barely affected—can lead to a mixed morphology, where
foam-like aggregates, compact structures, and tree-like morphol-
ogies can coexist. This is evident in the 100 Pa boron sample for
instance.

A diffusive regime is finally reached by further increasing
the background pressure: here both smaller and larger
nanoparticles—also thanks to the greater time necessary to reach
the substrate in this regime—can efficiently stick to one another
while in flight and form the micrometric fractal-like aggregates
that are the basic constituents of the low-density nanofoams.[61]

Despite the many limitations of the simple model of
Equation (1) (in real conditions, the ablated particles are not per-
fect spheres, they can collide and aggregate with each other, and
have a wide distribution of radii and starting velocities), its use-
fulness lies in the determination of the general functional depen-
dence and thus the parameters that have the most influence on
the dynamics of the ablated species, as discussed, namely, the
background gas pressure, nanoparticle dimension, and mass
density, that in turn determine the material morphological
and functional properties.

Their average density is probably the nanofoams’most impor-
tant macroscopic parameter, as porous materials with a high void
fraction. Indeed, this is a crucial parameter in many promising
applications, for instance, those related to laser–matter interac-
tion.[17,18] Figure 6a shows in greater detail the evolution of
the nanostructured films density with respect to the argon pres-
sure. The complete behavior is shown for the same elements
whose morphology evolution is investigated in depth (boron, cop-
per, and tungsten in Figure 1 and 2); single points corresponding
to the density of nanofoams of Figure 4 (1000 Pa) are shown for
silicon and gold. The curve for carbon nanofoams from our pre-
vious work[51] is also replicated here for comparison. The analyt-
ical function of Equation (2), the same we proposed in ref. [51] for

the case of carbon, is exploited to model the density evolution for
the investigated materials. It is (in log–log scale) a sigmoidal
function, well suited to follow the observed sharp density varia-
tions. The fitting parameters are the compact film density ρ0, the
foam density ρf , the pressure P0 at which the sharp density gra-
dient is found (the center of the sigmoid), and the k parameter.
This is a measure of the gradient of the transition: a higher k
corresponds to a steeper gradient, thus a higher density variation
occurring in a lower-pressure range.

ρðPÞ ¼ ρ0
ρf
ρ0

� � Pk

PkþPk
0

� �
(2)

The fit results are shown as dotted lines in Figure 6a, with the
corresponding fit parameters in Figure 6b. The density
evolution—that is, the experimental data points—is well repre-
sented by the fit function, with excellent agreement. Starting
from the physical meaning of the four fit parameter (k, P0, ρf
and ρ0), it is possible to address quantitatively the similarities
and differences in material behavior for the various elements.

Taking into account the previous discussion on the morpho-
logical characteristics of the films, it is clear that the density is
related to the nanostructure morphology. This is not surprising,
since the average density is the resulting effect from the nano-
particle dimensions and their arrangement in space (i.e., total
void fraction) under the reasonable hypothesis of solid density
nanoparticles. The density remains high—in the same order
of magnitude as bulk density—as long as the film is nanoparticle
assembled and mostly compact (for instance up to 400 Pa for
tungsten, 100 Pa for copper, only vacuum conditions for boron)
and then decreases sharply for the middle morphologies, before
stabilizing on the lowest value for the nanofoams. This same
general behavior is found in all the elements investigated.

While the general trend is the same, there are several impor-
tant differences worth mentioning, related to the fit parameters
variations shown in Figure 6b: the first, as noted previously, is
related to the pressure at which the morphological transitions
take place, which depends on how easily the ablated species
are slowed by the background gas. This may results from several

Figure 6. a) Density evolution of the nanostructured films as a function of the argon pressure in the PLD deposition chamber. The estimated relative
uncertainty for the data points reported is 5% for tungsten, 8% for silicon and 10% for the other materials. The data for carbon is taken from our previous
work.[51] The dashed lines are fits based on Equation (2). b) Evolution of the fit parameters (k, P0, ρf and ρ0) for the different materials considered.
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factors, the most important of which—in this study experimental
conditions—are the nanoparticle dimension, velocity and
density, beside the argon pressure itself (as shown by
Equation (1)). In our fit, the associated parameter is P0, the center
(inflection point) of the sigmoid. More specifically, considering
the whole deposition dynamics, this threshold correspond to the
pressure at which the majority of the ablated species can be
efficiently slowed by the background gas. Between boron and
carbon, despite similar bulk densities, a higher P0 is found
for the former, due to the larger nanoparticle size; similarly,
the bulk density of tungsten is double that of copper, but the
smaller nanoparticle size partially compensate, leading to an only
moderate increase in P0.

The second difference is related to the nanofoam (or film)
density: since all materials have solid nanoparticles as the basic
constituents, elements with analogous morphological features
but lower (or higher) bulk densities could be expected to present
a proportionally lower (or higher)-density film. This under the
hypothesis that the nanoparticles density is well approximated
with the bulk density of the material, or that the ratio of nano-
particle density over bulk density is the same for all elements.
Moreover, this consideration would be strictly valid only if the
nanoparticles dimension were the same for all the elements,
which is not the case. For instance, the tungsten samples at
1000 and 5000 Pa have a density not much higher than the
copper ones, despite the significant gap in bulk densities
(19.3 g cm�3 against 8.96 g cm�3), while the gold foam at
1000 Pa (19.32 g cm�3) has higher density than the tungsten
one. Both can be explained taking into account the smaller nano-
particle dimension of tungsten compared to copper and gold. All
factors considered, the film density is a result of the combined
effect of nanoparticles dimension, density, and arrangement in
space (i.e., film morphology). Analogously, the density of nano-
foam materials of different elements is not constant, as demon-
strated by the fit parameter ρf : a higher bulk density leads to a
higher nanofoam density, and the same holds true for larger
nanoparticle sizes. The behavior of ρf among the different
elements thus closely follows that of P0, as they both depend
in similar ways on nanoparticle density and size.

In the third place, differences in the fit parameter k can be
exploited to obtain insights on the nanoparticle characteristics:
k represents the slope of the sigmoid curve, which in turn deter-
mines the pressure interval in which the morphological transi-
tion takes place. Taking into account the previous discussion, this
can be related to the variation in nanoparticles properties, such as

energy and size distribution. If those properties
do not vary significantly—that is, the nanoparticles are close
to monodisperse in both energy and dimensions—they are all
expected to be slowed to a certain degree under similar pressure
conditions. The transition from one morphology to the next
would be sharper in this case, with no possibility to give rise
to mixed morphologies. This corresponds to a steeper density
gradient and thus a higher k. On the contrary, nanoparticles
of a wide range of dimensions and velocities would require dif-
ferent gas pressure conditions to be slowed to a certain degree,
and this would lead to a longer transition pressure interval rep-
resented by a lower k. This is also related to the emergence of
mixed morphologies. Considering the specific behavior of the
elements investigated in Figure 6, the more uniform nanoparti-
cle size distribution for carbon and tungsten would be the reason
for their steep morphological variation (high k parameter); on the
other hand, the more gradual density decrease (lower k) for boron
and copper can be attributed to the presence of nanoparticles of
many difference sizes, from tens to hundreds of nanometers.

The comparison with carbon, probably the most investigated
element to produce nanofoams with PLD, is particularly interest-
ing from more than one perspective. In Figure 7, the key mor-
phological features of carbon films produced by fs-PLD are
shown (for an in-depth discussion, refer to our previous work
on the topic[51]). The morphology of the carbon nanofoam, in
the middle panel, and its nanoscale features (right panel) are
not dissimilar from those of the elements investigated in this
work (compare with Figure 4). The density dependence on back-
ground pressure (Figure 6a) follows the same behavior as the
other elements, while being the lowest curve: the density is
the lowest at equal pressure, and the pressure required to reach
porous morphologies is the lowest. This is consistent with the
previous considerations, since graphitic carbon has a density
of 2–2.2 g cm�3 (close to the boron density) but the nanoparticle
dimensions are especially low—less than 10 nm, with virtually
no larger nanoparticles.

The most noticeable difference between carbon and the other
elements, however, resides in the morphology of the films pro-
duced under vacuum conditions: as reported in the left panel of
Figure 7, the carbon compact film is uniform, with bulk density,
in contrast with the nanoparticle-assembled morphology of all
the other elements (Figure 2). This behavior can be attributed
to differences in the ablation stage: with the absence of a back-
ground gas, a compact film suggests atomic or smaller
clusters as ablated species, in contrast to the direct emission

Figure 7. Carbon nanofoams produced with fs-PLD (refer to our previous work[51] for further details) as comparison to the materials investigated in the
present work. In the left panel, the cross-section of a compact carbon film obtained in vacuum conditions is shown; in the middle panel a carbon
nanofoam obtained at 400 Pa, and in the lower panel an high magnification image of the same sample, to highlight the nanoscale morphology
and nanoparticle features.
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of nanoparticles typical of fs-PLD. Incidentally, this can be related
to the parameter ρ0 of Equation (2) and Figure 6, which in the
case of carbon is coincident with the material bulk density.
Therefore in this case the nanoparticles would need to originate
as a consequence of the interaction with the background gas, and
this could be the reason for their comparably smaller size. Taking
into account the partially melt morphology of the copper and
tungsten compact films, and considering the material removal
mechanisms in ultrafast ablation, the absence of a liquid phase
for carbon (at normal pressure and temperature conditions)
could be part of the explanation for the carbon compact film
unique behavior.

4. Conclusion

For all the elements considered in this work—boron, silicon,
copper, tungsten, and gold—nanostructured materials and nano-
foams in particular were successfully produced. This was possi-
ble thanks to the universal character of the ultrafast ablation
mechanism, and its direct emission of nanoparticles, confirming
the potential of the fs-PLD technique as a versatile and universal
tool for the synthesis of nanofoams with controlled and tunable
properties. The typical nanofoam morphology, where nanoparticle-
assembled strands connect together to form a web-like fractal struc-
ture, was obtained regardless of the element, when the appropriate
deposition conditions—that is, background argon pressure—were
chosen. The effect of the background pressure, investigated in
detail, is indeed shown to be the main driver in determining the
film morphology and average density. The reason for this behavior
can be found in the interplay between the ablated nanoparticle prop-
erties (radius and density) and the slowing effect of the background
gas (influenced by the gas pressure and thermal velocity). This is the
key to interpret and understand the differences in morphology and
density evolution among the elements considered, as well as the
link between the nanofoam nanoscale features and macroscopic
properties. In doing this, we also show an excellent agreement
of a physics-based empirical fit of the average density evolution with
the experimental data for all the elements.

The high and constant deposition rate for nanofoams
produced by fs-PLD is an ideal feature, allowing to freely control
the thickness of the material to suit the specific needs. Together
with the density and morphology tunability made possible by
suitably adjusting the background gas pressure, it determines
the high versatility of the fs-PLD technique, which is not limited
to nanofoam morphologies only.

Considering the great interest that nanofoams and nanostruc-
tured materials are gathering in many fields of science, it is
indeed worthwhile to pursue the development of fs-PLD for
nanofoam production. Many questions are still open and would
warrant further study, to pursue a greater understanding of the
physics at play and better control the produced material proper-
ties. Notably, the development of a detailed model of the aggre-
gation and foam growth mechanism, with the aid of computer
simulations. A better characterization of the plasma plume,
ablated species and nanoparticles would be also especially bene-
ficial for this aim. Considering the ablation process in its entirety,
despite the greater modelling challenge, would be also worth-
while, with the final aim of being able to predict the nanofoam

characteristics as a function of the deposition paramenters and
material properties.

Another relevant development, which will be the focus of fur-
ther publications, relates to the extension of the study to other
elements and their composites, especially those of particular
interest for specific applications. In this regard, exploiting the
universal character of fs-PLD and performing codeposition of dif-
ferent materials to obtain a mixed-elemental foam is especially
promising.

5. Experimental Section
The nanofoams in this work were produced through PLD, a well-

established physical vapor deposition technique. It exploits a pulsed laser
to ablate a target, leading to the formation of an ablated plume that can
contain atoms, ions, and clusters, in a vacuum chamber with controlled
atmosphere. The ablated species than travel toward a substrate, situated
directly in front of the target, on which the material is grown. The presence
of a background gas can slow the ablated species, favoring their aggrega-
tion, resulting in structural and morphological changes in the produced
material. Notably, low-density porous morphologies can lead to higher-
background gas pressures. Instead of the nanosecond lasers commonly
used in PLD, our setup used a femtosecond laser, a much less explored
approach. The potential advantages of fs-PLD arise from the unique char-
acteristics of the ultrafast ablation mechanism (i.e., electronic ablation
instead of thermal ablation), which is in principle less dependent on
material properties and can lead to direct nanoparticle emission.

Our setup consisted of a commercial Ti:sapphire tabletop laser
(Coherent Astrella), with 800 nm center wavelength, pulse duration of
≈80 fs, 5 mJ per pulse, 1 kHz repetition rate, and 11mm spot diameter
(1=e2). It was focused in the deposition chamber through a 1500 mm focal
length lens and impinged on the targets with 45° incidence. Through
proper target movement, the laser traced a spiral path on the target, allow-
ing uniform ablation. The fs-PLD experimental setup, composed of the
laser system and vacuum chamber, is shown in Figure 8. The laser fluence
on target was fixed to 110mJ cm�2 for all samples, obtained through a
laser energy of 3.8mJ per pulse (or equivalently, 3.8 W average power
on target) on 0.88mm diameter spot. (100) silicon wafer was used as
the substrate, and the target-to-substrate distance was kept constant at
3 cm.

Argon was chosen as background gas in the chamber, with pressure
ranging from 50 to 5000 Pa. The depositions in vacuum conditions were
performed with pressure lower than 10�3 Pa. All depositions were carried
out in static vacuum. Solid targets of boron, silicon, copper, tungsten, and
gold were used. The copper, tungsten, and gold target was metallic with a
purity of 99.9%; a (100) silicon wafer was used as silicon target, while the

Figure 8. The fs-PLD setup at our laboratories.
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boron target was sintered and contained some magnesium impurities
(<1%).

The morphological characterization exploited SEM, allowing nanostruc-
ture and microstructure analysis, both in top view and cross section. A
Zeiss Supra 40 field-emission SEM was used, with accelerating voltage
of 5 kV. The same electron microscope setup, together with the required
X-ray detector, was exploited for energy-dispersive X-ray spectroscopy
(EDXS), useful for both elemental composition and density investigation.
Regarding this last point, the EDDIE method (EDxs for areal density and
composition valuation)[56] was exploited to retrieve the foam mass thick-
ness: the characteristic X-ray line intensity for both film and substrate,
along with a theoretical model of electron transport and X-ray emission,
allowed the determination of the mass thickness. Since the geometrical
thickness can be measured in cross-section SEM images, the average den-
sity can be calculated as the ratio of mass thickness over geometrical thick-
ness. Operatively, an appropriate SEM electron voltage was chosen (in the
range 5–20 kV) in order to have a significant signal for both foam and sub-
strate, and the measure was repeated and averaged over multiple points of
the sample. The uncertainty in the average density calculation is largely
due to the uncertainties in the physical parameters exploited in the theo-
retical model of the EDDIE method. From the uncertainty and sensitivity
analysis performed with the same accelerating voltages and on samples
with comparable properties,[56] the mass thickness and density uncertainty
was in the order of 10%. For the silicon and tungsten samples, this
approach for density determination was not feasible, for similar reasons:
the chosen substrate was silicon; therefore, it is not possible to distinguish
the characteristic X-rays from the substrate and the film if the element
is the same. Tungsten instead happened to have the strongest X-ray signal
superimposed to the silicon one (1.74 KeV for silicon K line and 1.75 keV
for tungsten M line). For these two materials, density determination was
performed by weighing the samples before and after the deposition, thus
obtaining the nanofoam mass by difference. An analytical balance with a
sensitivity of 0.01 mg was used. The substrate dimensions can be mea-
sured directly, and the nanofoam thickness was still obtained through
SEM cross-section images. The average density was then calculated
as total nanofoam mass over average nanofoam volume, with the corre-
sponding uncertainty.
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