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Abstract

We present a comprehensive study about the fabrication of porous, fractal-

like nanostructured carbon materials, known as carbon nanofoam, through

the Pulsed Laser Deposition (PLD) technique with nanosecond (ns-PLD) and

femtosecond (fs-PLD) laser pulses ablating a pyrolitic graphite target. Car-

bon nanofoams have attracted considerable interest for applications of great

societal and technological relevance. Among different fabrication methods,

PLD emerged as a versatile tool that allows the depositon of nanostructured

films on virtually any kind of substrate. Here we investigate the role of key

PLD parameters (laser pulse duration and fluence, background gas pressure)

on nanofoam characteristics, with a specific focus on how fractal aggregate

properties at the nanometric scale (nanoparticle size, fractal dimension, gy-

ration radius) determine nanofoam averaged properties such as density and

uniformity. We performed systematic deposition campaigns and characteri-

zations through experimental analysis and mathematical models. Moreover,

a first-of-its-kind comparison between ns-PLD and fs-PLD regimes is drawn.
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We discuss the physics of foam growth in both regime, and we propose an

analytical model based on the fractal scaling law to predict the nanofoam

density from aggregates’ properties. The new insights gained about depo-

sition and characterization of carbon nanofoam open new perspectives in

fabrication of nanostructured films with precisely controlled properties.

Keywords: carbon, nanofoam, fractal, Pulsed Laser Deposition, fs-PLD,

ns-PLD

1. Introduction

Carbon nanofoams constitute a broad class of porous nanostructured

carbonaceous materials characterized by large fraction of sub-micrometric

voids and pores (typically above 90%), and a disordered fractal-like structure

made of carbon nanoparticles. Thanks to their inherent low density (1-100

mg/cm3) and high surface-to-volume ratio, coupled with peculiar features

like unconventional ferromagnetic behavior (1), giant optical absorption (2)

and the unique carbon capability of forming chemical bonds that are very dif-

ferent in their nature (i.e. sp1, sp2, and sp3 hybridization), carbon nanofoams

find application in research fields of great societal and technological impor-

tance, such as next generation supercapacitors (3), hydrogen (4) and ion

storage (5), advanced catalysis (6), pollutant removal (7), solar energy con-

version (8) and laser-driven ion acceleration (9; 10; 11), to name a few. Many

methods have been proposed for the synthesis of carbon nanofoams, ranging

from pyrolysis and combustion (12; 13) to thermal blowing (14), Chemical

Vapour Deposition (15) and Physical Vapour Deposition techniques (16).

Thanks to its versatility given by the variety and the broad ranges of
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process parameters, its environmental friendliness (no chemicals required,

reduced energy consumption with respect to thermal and sputtering tech-

niques) and its compatibility with virtually every kind of substrate, the

Pulsed Laser Deposition (PLD) technique has emerged over the years as

the ideal Physical Vapour Deposition technique for the synthesis of carbon

nanofoams with controlled density and nanostructure. In PLD laser pulses

are shot on a target placed in a vacuum chamber, causing the evaporation

of target surface layers. The ablated species expand in a controlled back-

ground atmosphere and are finally collected on a substrate. Typical PLD

experiments can be classified into two regimes distinguished according to the

duration of laser pulses, which in turn determines the physics of laser abla-

tion: the nanosecond regime (ns-PLD)—well known, exploited in standard

commercially available PLD systems —and the less explored femtosecond

regime (fs-PLD). The ablation dynamics is substantially different in the two

cases: the well understood thermal ablation process drives ns-PLD, while

fs-PLD is characterized by the more complex —and not yet completely un-

derstood—electronic ablation dynamics (17; 18; 19).

In general, by properly tuning the deposition conditions it is possible to

tailor the properties of the depositing film down to the nanometer scale and

to obtain porous nanostructured films with a variety of materials, such as

silver (20), gold (21), iron (22), zinc oxide(23) tungsten oxide (24), manganese

oxide (25) and carbon (26; 27; 28; 29; 30; 31; 32).

The first carbon nanofoams films produced by PLD are reported in the

works by Rode et al. ((26; 27)), where an unconventional set of deposition

parameters, namely ps laser pulses and high values of fluence (∼ 120 J/cm2),
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Ar atmosphere (∼ 104 Pa) and repetition-rate (kHz) have been exploited

to obtain a material having a significant sp3 bonding content and densities

between 2 and 10 mg/cm3. In a previous work we demonstrated that ns-

PLD with more conventional parameters (Nd:YAG nanosecond pulsed laser,

∼ 1 J/cm2 fluence, 10 Hz repetition rate) can be suitably exploited to pro-

duce ultra-low density carbon nanofoams, composed by amorphous carbon

nanoparticles (∼ 10s nm in diameter), by acting on the composition and pres-

sure of the background atmosphere (33). We also studied the dynamics of the

nanoparticle aggregation into a foam-like structure as well as the evolution of

nanofoam morphology through different stages of growth characterized by an

increasing number of nanosecond laser shots (34). In this framework we pro-

posed a snowfall model to describe the carbon nanofoam growth in ns-PLD

regime: the ablated species, expanding in a gas background, cool down and

condensate in form of nanoparticles; the interaction with the background gas

atmosphere also results in the sticking of these nanoparticles into micrometric

fractal-like aggregates through a process well described by the cluster-cluster

aggregation mechanism (CCA) (35). Ultimately, fractal-like aggregates land

onto a substrate and form the porous, connected web structure of nanofoams

(34; 36).

Despite the significant research effort devoted to the pulsed laser deposi-

tion of carbon nanofoams (1; 26; 27; 28; 33; 34; 36; 37), several crucial ques-

tions are still unanswered. Firstly, literature typically deals with nanofoam

”bulk” properties (i.e. averaged on a multi-µm spatial scale), such as average

density (33; 34), optical (2) and magnetic (1) behaviour, while the local prop-

erties —like nanoparticle features, crystalline structure, sub-µm morphology
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and fractal properties —are often left out of the discussion. Moreover, only a

few studies addressed the role of deposition parameters in determining both

averaged and local nanofoam properties, limiting the analysis to specific as-

pects (e.g. background pressure pressure (33) or laser repetition rate (34) in

ns-PLD regime) and are not predictive nor systematic, meaning that the sig-

nificance of those results is somewhat constrained to a specific experimental

setup. Finally, the physics of nanofoam aggregation and growth in fs-PLD

regime is poorly understood, and is not clear whether it can be described as a

diffusion-driven in-flight process, as happens for ns-PLD of carbon nanofoam

(34; 36).

Here we report a systematic and comprehensive investigation about the

pulsed laser deposition of carbon nanofoams, which aims at addressing these

fundamental issues with a bottom-up approach, focusing on the relation-

ship between local, nanoscale properties (e.g. nanoparticle size, gyration

radius of fractal-like aggregates and their fractal dimension) and bulk, large

scale properties such as average density and uniformity. In particular, af-

ter having thoroughly described the effect of deposition parameters (pulse

duration, laser fluence, background gas pressure) on both bulk and —with

the help of specifically designed short-time depositions —local properties,

we derive an analytical relation (based on the fractal scaling law) that gives

the average nanofoam density as a function of the deposition pressure in the

two PLD regimes. It is worth to mention that the results hereby presented

with respect to role of laser pulse duration constitute, to the best of our

knowledge, the first instance of a systematic comparison between the two

PLD regimes. In this sense carbon represents an ideal choice for this aim:
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it is among the very few materials that do not possess a liquid phase at

standard pressure and hence the ejection of liquid droplets from the target

upon laser irradiation —which represents a spurious and generally undesired

source of sub-micrometric particle and may complicate the characterization

of nanoparticle-assembled structures—is suppressed.

2. Methods

2.1. Pulsed Laser Deposition of nanofoams

Carbon nanofoams reported in this work are produced with nanosecond

and femtosecond pulsed-laser deposition. The PLD technique employs a

pulsed laser beam focused on a target, evaporating or otherwise removing tar-

get material at each laser pulse. The ablated species expand in a controlled

background atmosphere, slowing down through collisions and forming the

typical luminescent region known as ablation plume, whose shape depends

on target and laser parameter (e.g. rounded shape for ns and elongated for

fs ablation), as well as confinement due to the background gas. They con-

tinue to travel until they reach the substrate upon which the film is grown,

located at a certain distance from the target. The main difference between

the two approaches lies in the laser pulse duration and in the peak power:

conventional ns-PLD exploits a laser pulse with temporal duration in the ns

range, while fs-PLD employs shorter sub-picosecond pulses, with higher peak

power. The peculiarities of femtosecond laser technology have further reper-

cussions on the available range of the other deposition parameters: higher

repetition rates can be achieved, but with lower energy per pulse.

We employ separate deposition systems, each equipped with a laser source
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and a dedicated deposition chamber. Our ns-PLD setup exploits the second

harmonic (λ = 532 nm) of a Q-switched Nd:YAG laser (pulse duration of 5-7

ns), with 10 Hz repetition rate and maximum pulse energy of 1 J. In the fs-

PLD apparatus a CPA Ti:Sapphire system (Coherent Astrella, λ = 800 nm)

delivers pulses with temporal duration of approximately 80 fs and energy up

to 5 mJ, with 1 kHz repetition rate. In both setups the laser is focused on

pyrolytic graphite targets with an incidence angle of 45◦, and the film grows

on single-crystal (100) Silicon wafer substrates, placed at a distance dts = 7

cm from the target. A circular on-axis target rotation routine is employed,

resulting in an annular ablation path.

The main laser parameters in PLD experiments are laser pulse energy,

pulse duration, spot area and repetition rate; they determine the value of

the physical quantities that govern the ablation process, i.e. the laser fluence

(pulse energy over spot area), irradiance (fluence over pulse duration), and

average power (pulse energy time repetition rate). Albeit the two PLD sys-

tems are characterized by significantly different pulse energies, pulse duration

and repetition rate, a meaningful comparison can be drawn by considering a

suitable parameter combination. Among the different possibilities, we focus

on laser fluence, since it is generally considered the most relevant laser phys-

ical quantity in PLD (38; 39) and experiments carried out using different

laser setup are often compared with respect to fluence (40).

A direct comparison between the ns and fs-PLD can be drawn by em-

ploying the same fluence, i.e. by setting the same ratio of laser energy to

spot area; at the same time we keep fixed the average power delivered by the

laser source (i.e. the product of pulse energy times repetition rate). Since

7



there is a factor 100 between the repetition rate of the two laser systems (10

Hz for ns-PLD, 1 kHz for fs-PLD), the pulse energy in ns-PLD must be 100

times the pulse energy in fs-PLD. Therefore, to have the same fluence, the

spot area in ns-PLD must be 100 times greater than fs-PLD. Spot diameter

for ns-PLD is 8 mm (top-hat profile, no focalization), thus spot diameter

(FWHM) for fs-PLD must be equal to 0.8 mm (obtained with a lens with

focal length = 1500 mm). We set the fluence to 180, 360, 450, 540 mJ/cm2,

to which correspond an average power of 1.3, 2.6, 3.25, 3.9 W respectively.

In addition, to extend the range of parameters considered in this study, we

performed further ns-PLD depositions with 720 mJ/cm2 (average power 5.2

W); in this case it is not possible to replicate the same set of depositions with

the fs-PLD setup since the maximum average power of the Ti:Sapphire laser

is limited to 5 W. The pulse energy in the ns-PLD apparatus is therefore Ep

= 130, 260, 325, 390, 520 mJ, while in the fs-PLD the energy is set to 1.3,

2.6, 3.25, 3.9 mJ. Those values correspond an irradiance of 3× 107, 6× 107,

7.5× 107, 9× 107, 1.2× 108 W/cm2 for ns-PLD and 2.25× 1012, 4.5× 1012,

5.63× 1012, 6.75× 1012 W/cm2 for fs-PLD respectively.

In both setups the background gas is argon with pressure ranging between

10−3 and 300 Pa. Depositions for which a background pressure is present are

carried out in static vacuum for fs-PLD and with low Ar flux (≤ 20 sccm)

for ns-PLD; this is due to technical limitations of the ns-PLD experimental

apparatus that prevent long-term static vacuum operation. We performed

two kind of depositions: first with short deposition time (∼ 30s), in order

to observe and study the single fractal aggregates composing the carbon

nanofoam; then with long deposition time (10 min), to produce fully grown
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nanofoam films.

2.2. Morphological characterizations

Both kinds of depositions were characterized in morphology by a Zeiss

Supra 40 field emission scanning electron microscope (SEM, accelerating

voltage 3-20 kV). The SEM images of the low deposition time samples have

been analyzed to measure the main fractal properties of the aggregates: the

nanoparticles diameter dnp, the fractal dimension Df and a characteristic

length scale of the aggregate, such as the gyration radius Rg. The fractal

dimension is a measure of the space-filling capacity of a pattern/system, and

tells how a fractal scales differently from the space it is embedded in (41).

The radius of gyration is another useful value for describing fractal objects,

and is defined as the radius at which the entire mass of the aggregate would

have to be placed to present the same moment of inertia of the original mass

distribution. These three fundamental parameters allow an exhaustive de-

scription of the aggregates, as they appear in the well-known fractal scaling

law along the total number of nanoparticles N composing the aggregate (41):

N ∝
(
2Rg

dnp

)Df

, (1)

The average nanoparticle diameter dnp can be directly estimated from

high magnification 2D SEM images, with the aid of simple image analysis

tools to automate the process. Since the information content of the SEM im-

ages may be influenced by electronic and post processing effects (the apparent

dimension of an object in a SEM image may be different than the actual one),

we compared the results with those obtained through the method developed

by Dastanpour et al. (42). It is based on the variation of the two-dimensional
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pair correlation function at different distances from the aggregate main skele-

ton, applied to binarized images (we chose a threshold onto the correlation

function equal to 0.8). The results were consistent between the two methods,

confirming the validity of the direct image analysis approach, which is then

employed in this work.

On the other hand, the determination of fractal dimension Df and gyra-

tion radius Rg from the aggregate SEM images is less straightforward: the

fractal aggregates are inherently three-dimensional in nature, and the 2D

projection transformation leads to a loss of information, especially for what

concerns the aggregate geometrical properties (43). Thus, only approximate

values for Df and Rg may be derived in this way. In order to circumvent

this issue and deliver more accurate results, we developed a new method

to retrieve the information loss. We simulated three-dimensional fractal ag-

gregates—thanks to an algorithm we developed based on the knowledge of

the aggregation process (34)—allowing us to analytically compute the 3D

Df and Rg of the simulated fractal aggregates (for all the details on the

algorithm, refer to Appendix A). At the same time, 2D images of the sim-

ulated aggregates are obtained—emulating the SEM readout process—and

then processed to extract the 2D value of Df and Rg, with the same methods

applied to real images: box counting for Df and equivalent radius for Rg.

The box counting method is based on the self-similarity of fractal structures

at different spatial scales—that is, the very definition of a fractal. The image

is subdivided in cells of a certain size (after image binarization), and the

number of cells containing a nanoparticle against the size of the cell gives

an estimate of the fractal dimension (44). Other common methods for frac-
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Figure 1: a) and b) show the calibration curve for the fractal dimension Df and the

gyration radius Rg respectively, as obtained by the simulated aggregates data. The blue

points coordinates are given by analytical calculation of the variable on the ordinata (3D

Df and Rg) and the value estimated from the simulated aggregate 2D image on the abscissa

(with the box counting method for Df and the equivalent radius for Rg), as explained in

the text.
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tal dimension determination were tested, such as power spectrum analysis

and differential box counting, but the obtained relative errors were higher in

comparison.

The gyration radius is calculated as the radius of the circle with area

equal to the aggregate effective area, which is obtained from the binarized

aggregate image. Ultimately, it is possible to compare the 3D values with

their corresponding 2D counterpart, with the aim to find an empirical rela-

tionship between the two (as shown in fig. 1). This correlation can then be

exploited to trace back from the 2D Df and Rg—obtained from the fractal

aggregate SEM images—to their real 3D value.

2.3. Mass thickness and density characterizations

The electron microscope setup is also used to check deposit composition

and density via a new method, called EDDIE (45), based on energy-dispersive

x-ray spectroscopy (EDXS, accelerating voltage 3 − 5kV ). It consists in a

theoretical model describing the electron transport in the film/substrate sys-

tem and subsequent characteristic x-ray emission, which allows the retrieval

of the film mass thickness from the measurement of the Kα peak intensity

of carbon (relative to the film) and Silicon (relative to the substrate) (45).

The average density of the film is then calculated as the ratio of the mass

thickness and the average thickness, measured by SEM cross-section images.

The same EDXS experimental setup, coupled with the EDDIE method, is

employed pixel-by-pixel to build mass thickness maps for representative car-

bon foam samples, from which more accurate information on the nanofoam

morphology and spatial uniformity can be derived: as previously mentioned,

the SEM images are in principle affected by electronic (e.g. charge concen-
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tration, edge effects) and post-processing effects (e.g. arbitrary contrast and

brightness), thus the physical information content is higher and cleaner in the

mass thickness maps. Moreover, quantitative details on the spatial unifor-

mity can be obtained by applying power spectrum analysis to the mass thick-

ness maps. The power spectrum is computed through the squared Fourier

transform of the image averaged over the radius (where the “image” is the

pixel-by-pixel mass thickness value), obtaining the structure factor S(q) as a

function of the radial spatial frequency q. The spatial frequency that corre-

sponds to the maximum of the structure factor (and its reciprocal l = q−1,

which is a length) is by definition the most distinctive spatial frequency (and

corresponding periodicity length) that can be found in the material struc-

ture. Therefore it can be taken as a measure of uniformity, as an higher l

means a longer spatial scale is predominant, and it can be associated with

a less uniform sample, while the opposite is true for a more homogeneous

material.

2.4. Raman characterization

Raman spectroscopy is a non-destructive vibrational spectroscopy, which

has enjoyed widespread utilization as a primary characterization tool for

carbon-based materials. It provides information concerning the nature of

carbon bonding (related to sp, sp2 or sp3 hybridization) as well as structural

order and domain clustering, which altogether determine most physical prop-

erties of carbon-based materials. Raman measurements have been performed

on fully grown nanostructured films using a Renishaw InVia spectrometer

that exploits the 514.5 nm wavelength of a CW Ar+ laser. Spectra have

been acquired by a 1800 grooves/mm grating, a super-notch filter (cutoff at
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100 cm−1) and a Peltier-cooled CCD camera, allowing a spectral resolution

of about 3 cm−1. The laser spot size on the samples was in the order of a

few microns, and the laser power was kept around 0.4 mW (corresponding to

less than 104 W/cm2) to avoid laser damage and modification of the foams

during the measurement. To obtain quantitative information from the Ra-

man measurement, each individual spectrum is fitted, after noise smoothing

and background subtraction, with the sum of a Lorentzian function (which

accounts for the D peak) and a Breit-Wigner-Fano function (for the G peak)

using a Levenberg–Marquardt least-square algorithm in the spectral range

1100− 1750 cm−1. Since Raman scattering depends on the nature of chem-

ical bonds and local atomic arrangement, this technique is not sensitive to

the variation of morphology on a micrometric spatial scale, but rather pro-

vides information on the atomic and nanometric scales. In this sense, Raman

spectroscopy is complementary to the morphological characterizations.

3. Results and discussion

In previous works we explained the distinct morphology of carbon nanofoam

deposited by ns-PLD as the direct consequence of a snowfall-like aggregation

mechanism (34): the ablated species (atoms, ions or atomic clusters) are

slowed by the interaction with the background gas (argon in this case), and

their condensation causes nanoparticle nucleation. In turn, nanoparticles

can stick together upon collision while traveling in the interaction cham-

ber giving rise to the fractal-like aggregates, whose deposition on the sub-

strate determines the foam morphology. For what concerns the synthesis

of nanoparticle assembled materials in fs-PLD, different growth models have
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been proposed, ranging from on-substrate aggregation as observed in the case

of fs laser ablation of metals and oxides (46; 47) to pure ballistic aggrega-

tion (48), ballistic/diffusive process (28), steady-state diffusive process (49),

and cluster-cluster aggregation (50). In this work we have the objectives of

deepening the comprehension of nanofoam aggregation physics (e.g. to assess

whether a diffusion-driven in flight aggregation model such as the snowfall-

like model valid for ns-PLD can be extended to the fs-PLD regime), studying

in details how the PLD process parameters influence nanofoam characteris-

tics —from macroscopic down to the nanoscale—and better understanding

how the properties of aggregates at the nanoscale affect the properties of

carbon nanofoams. To this aim, we first perform a quantitative analysis

of the fractal-like aggregates which make up the nanofoams, by employ-

ing samples obtained with short deposition times (Section 3.1). Then we

study the nanofoams morphology as a function of the deposition parameters,

highlighting the connection between aggregate features and grown nanofoam

films (Section 3.2). Raman spectroscopy is exploited to obtain information

on the film local bonding and crystalline structure, as complementary to the

morphological analysis (Section 3.3). Finally we focus on the nanofoam av-

erage density and how to control it by acting on the deposition parameters;

moreover, by taking advantage of the the previous insights, we propose an

analytical model to predict nanofoam density starting from the aggregates

properties and deposition pressure (Section 3.4).

3.1. Fractal aggregate analysis

Figures 2 and 3 show SEM micrographs as a function of the argon back-

ground pressure and the laser fluence respectively, in both nanosecond and
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Figure 2: SEM images of the single carbon fractal aggregates, obtained with short deposi-

tion times (30 s) and displayed as a function of the background argon pressure (the fluence

is fixed at 360 mJ/cm2). The upper panels refer to ns-PLD, the middle and bottom panels

to fs-PLD. The middle panels show the entire fs-PLD aggregates, with lower magnifica-

tion, while the bottom panels are higher magnification images of the same sample.

femtosecond ablation regimes. Pressure is varied from ≈ 10−3 Pa (base pres-

sure of the vacuum chambers) up to 300 Pa of Ar, while keeping the fluence

fixed (360 mJ/cm2). In vacuum conditions (not shown), no aggregates nor

nanoparticles could be seen on the substrate. At 25 Pa (first column of fig.

2) only single, isolated nanoparticles are present on the substrate for both

regimes. Fractal aggregates start to appear above 50 Pa, and their average

size increases with increasing pressure. There is a substantial difference be-

tween the ns and fs-PLD samples, highlighted by the bottom panels of fig.

2: in fs-PLD, along with the micrometric fractal-like aggregates typical of

foam materials, a significant background of smaller nanoparticles and ag-

gregates can be observed at higher magnifications. For lower pressures, it

consists of mostly nanoparticles and small aggregates in the range of tens
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of nanometers in dimensions. By increasing the pressure up to 100 Pa, the

dimension of these aggregates increases to around hundreds of nanometers.

For even higher pressures (200 Pa) the background small aggregate popu-

lation vanishes completely, leaving micrometric aggregates only (dimensions

around tens of micrometers). The presence of two separate aggregate pop-

ulations is thus typical of the ultrafast ablation regime of fs-PLD for in-

termediate pressures, in contrast with the single population of micrometric

fractal-like aggregates of ns-PLD. The general trend with increasing pressure

can be interpreted considering that the presence of a background gas can slow

down the ablated species through collisions, up to a purely diffusive regime

which favours the sticking and clustering of ablated material. In addition,

a higher pressure determines a stronger confinement of the ablation plume,

i.e. a reduction of the volume in which the nanoparticles are generated. The

corresponding higher nanoparticle concentration increases the probability of

sticking events, and hence the formation of larger aggregates.

Regarding the role of fluence on the aggregate properties, it is less promi-

nent compared to that of pressure: for ns-PLD, more aggregates are present

by increasing the fluence (due to the higher deposition rate), but with-

out significant changes in their dimensions. The notable exception is for

720 mJ/cm2, where the aggregates are significantly larger. The same is true

for fs-PLD: the micrometric fractal aggregates (central panel of fig. 3) do

not change significantly with the fluence. The same can not be said for the

background aggregate population (bottom panel of fig. 3): they become

smaller with increasing fluence, up to 540 mJ/cm2 where only nanoparticles

are present. This is an indication that the energetics of the ablated species
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Figure 3: SEM images of the single carbon fractal aggregates, obtained with lower depo-

sition times (30 s) and displayed as a function of the laser fluence (the argon pressure is

fixed at 100 Pa). The upper panels refer to ns-PLD, the middle and bottom panels to

fs-PLD. The middle panels show the entire aggregates, with lower magnification, while the

bottom panels are higher magnification images of the same sample.

depend on the fluence in femtosecond laser ablation, as the decrease of ag-

gregate dimension for the small—that is, more energetic—population can be

a consequence of their higher energy when the fluence is higher. On the con-

trary, no such effect is seen for ns-PLD up to 540 mJ/cm2: a higher fluence

leads only to a greater number of aggregates, without significant changes

in their dimensions. The notable exception is for 720 mJ/cm2, where the

aggregates are significantly larger.

The fractal aggregates have solid density nanoparticles as the basic con-

stituents, whose spatial arrangement can be described thanks to the aggre-

gates fractal dimension, and their spatial extension by the gyration radius

(41). Therefore, an exhaustive description of the fractal aggregates can be de-
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Figure 4: Results of the fractal aggregates analysis. In the left panels (a,c,e) the behaviour

in respect to the argon pressure is reported, with a constant fluence of 360 mJ/cm2. The

fluence dependence is shown in the right panels (b,d,f), with the pressure set to 100 Pa. The

aggregate characteristics reported are the nanoparticle diameter dnp (a,b), the aggregate

gyration radius Rg (c,d) and the aggregate fractal dimension Df (e,f). For fs-PLD, the

two different aggregate populations (large micrometric aggregates and small background

aggregates) are considered separately. No gyration radius nor fractal dimension is reported

for samples at 25 Pa, as only single nanoparticles are present in those conditions.
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rived from these three parameters: the nanoparticle diameter, the aggregate

fractal dimension and their gyration radius, that are linked with the total

number of nanoparticles in the aggregate through the fractal scaling law

(equation 1) (41). We retrieved these parameters from the aggregate SEM

images with the approach detailed in the Methods, and the result for each

sample—as a function of pressure, fluence and ablation regime—is shown in

fig. 4.

As a first consideration, we note that the synthesis of nanoparticles is not

appreciable for depositions carried out in vacuum. This not unexpected in

the case of ns-PLD, since the ablated species consist of atoms, ions and small

atomic clusters (51; 16) that can coalesce into larger nanoparticles upon the

interaction with a background atmosphere. On the other hand, this is not

a trivial result for what concerns fs-PLD, given that direct ejection of large

atomic clusters and nanoparticles has been reported in literature (52; 53;

19; 18; 54). Top panels in fig. 4 show that the nanoparticle dimensions are

scarcely affected by fluence and pressure, hinting at a formation mechanism

which is not strongly dependent on these process parameters. The effect

of the pulse duration is clear but limited as well, despite the very different

ablation regimes: the nanoparticles are smaller for fs-PLD compared to ns-

PLD, 8 nm versus 10 nm.

The gyration radius can be taken as a measure of the aggregate spatial

extension, and as such the results of its analysis corroborate the qualitative

discussion on the aggregate SEM images. As already noted when analyzing

the morphologies of aggregates (figures 2 and 3), the Rg distribution for a sin-

gle sample can be broad, and different samples (depending on the deposition
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conditions) have different distributions. In particular, three kinds of Rg dis-

tribution are observed, as reported in fig. 5: most ns-PLD samples present a

wide distribution of gyration radii, more precisely an exponential distribution

(left panels of fig. 5). On the contrary, fs-PLD generally leads to a double

aggregate population, as seen in the middle panels (fig. 5 b-d). Note that

the small population distribution can be approximated as exponential too,

and this can provide insights on the aggregation mechanisms (which could

be analogous for ns-PLD and the small population of fs-PLD). The last pan-

els (fig. 5 c-f) show the typical gyration radius distribution found at higher

pressures for fs-PLD, or higher fluence for ns-PLD, with bigger aggregates

and less dispersion in their size, as evidenced by the peaked distribution. In

figure 4 (c,d) we plot the mean Rg value 1 for each population, keeping the

distinction between large and small aggregate populations where appropri-

ate. For ns-PLD the aggregate dimension increases with pressure, while it

is mostly constant with fluence, with a single sharp increase for the higher

fluence sample. In the fs-PLD case large and small aggregate populations

are present; they show a similar dependence on the process parameters, al-

beit this trend is more pronounced for the smaller aggregate population: the

average gyration radius increases with pressure and decreases with fluence.

1In the calculation of the mean gyration radius, the average of the Rg squares has been

employed, e.i.
√
< R2

g >. This prevents the skewing of the mean value derived from the

higher number of smaller aggregates, less important in determining the foam properties

according to the snowfall-like aggregation model. Moreover, since the fractal dimension is

close to 2, the square of the gyration radius is proportional to the mass of the aggregate,

and an average over the mass is a physically robust choice.
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The fractal dimension is roughly constant and lies on a value around

2, irrespective of all the process parameters considered (pulse duration, flu-

ence and pressure). This means that internal fractal structure of the aggre-

gates is similar in all cases, further supporting the claim that the mechanism

of nanofoam aggregation is essentially the same in a wide range of experi-

mental conditions. Furthermore, Df ≈ 2 is an intermediate value between

what is typically obtained in the case of a DLCA process (diffusion-limited

cluster-cluster aggregation, Df ≈ 1.8) RLCA (reaction-limited cluster-cluster

aggregation, Df ≈ 2.1) one (55). Therefore—in the experimental condi-

tions considered—an hybrid DLCA/RLCA mechanism could be taking place,

with sticking probability that is neither close to one (DLCA) nor near zero

(RLCA), but likely in the middle. We remark that this result improves the

simple ballistic/diffusive model proposed in (28) to describe the growth of

PLD carbon nanofoams.

3.2. Morphological analysis

By increasing the deposition time to 10 minutes we can obtain fully grown

nanofoam films, and hence study the evolution of the film morphology as a

function of the background gas pressure and laser fluence. The nanofoam

samples are chosen to be in direct correspondence with the aggregates shown

in figures 2 and 3, offering a direct comparison among morphological prop-

erties of aggregates and nanofoams. In fig. 6 some representative SEM

micrographs are shown together with the corresponding pressure for both

nanosecond (blue) and femtosecond (red) deposition regimes.

When depositions are performed in high vacuum (≈ 10−3 Pa without

background Ar atmosphere) compact, near bulk density, flat, homogeneous
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Figure 5: Typical gyration radius distributions (a-c) along with the associated SEM mi-

crographs (d-f). Note that the ordinate values are normalized, and for panel b) the large

population and the small population distributions are normalized independently. More-

over, the abscissa values are different in the three cases (and in a logarithmic scale for

panel b), to better highlight the shape of each distribution. The left sample (a-d) presents

a distinctive exponential distribution, typical of the ns-PLD samples, while the (b-d) pan-

els highlight the double population in a fs-PLD sample (for both samples the deposition

conditions are 360 mJ/cm2 and 100 Pa). In (c-f) another fs-PLD sample is represented,

as characteristic of the peaked aggregate distributions (obtained at 360 mJ/cm2 and 150

Pa).

films (not shown in fig. 6) are obtained for both deposition regimes: the

ablated species can travel freely in high vacuum, reaching the substrate with

considerable energy. As discussed in Section 3.1, the slowing effect of a

background gas together with the stronger plume confinement are respon-

sible for the clustering of single nanoparticles into fractal-like aggregates.

Altogether, these effects are responsible for the morphology evolution from

compact structures to more open and porous ones as the pressure increases.
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Figure 6: SEM images of carbon nanostructured films, showing the evolution of their mor-

phology as a function of the background argon pressure in both nanosecond (upper panels)

and femtosecond (lower panels) deposition regimes (to be compared with the respective

aggregates of figure 2). The fluence is set to 360 mJ/cm2, and the deposition time is 10

minutes. For each sample, a cross section image (top) and a plane view (bottom) are

shown. For the fs-PLD sample at 50 Pa a higher magnification inset is added to highlight

the peculiar mixed nature of the film.

Films produced at 25 Pa (first column of figure 6) are indeed nanoparticle-

assembled compact films, since the pressure is too low to allow the formation

of large aggregates and the ablated material arrives on the substrate essen-

tially in the form of single nanoparticles (first column of figure 2). In the

case of ns-PLD, the transition from compact nanostructured films to foam-

like structures occurs quite sharply for pressure exceeding ≈ 30 Pa. In the

fs-PLD regime, on the other hand, mixed deposits in which a compact nanos-

tructured film is covered by porous aggregates are produced at intermediate

pressures. By comparing the SEM images of the fs-PLD film grown at 50
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Pa (fig. 6) with the corresponding SEM image for short deposition time (fig.

2) one can argue that the peculiar double aggregate population is likely the

reason for the mixed deposit: part of ablated material is deposited in form

of fractal aggregates, part arrives on the substrate as single nanoparticles

(or clusters of few nanoparticles) in ballistic trajectories. It is interesting to

notice that mixed deposits evolve towards proper nanofoam films as the pres-

sure reaches 60 Pa, even if a double aggregate population can be observed

for 60 and 100 Pa (see 2). This correlates to the fact that the aggregates

belonging to the smaller-sized population grow in size for increasing pressure

(see fig. 4b), indicating that the the deposition of energetic, single nanopar-

ticles is progressively less probable. In general, the microscale morphology

of nanofoams obtained in the two regimes is different: ns-PLD films can be

described as sponge-like structures, while fs-PLD ones resemble more closely

a web-like network.

Another interesting feature appears comparing the two regimes looking at

the foam morphology dependence on the gas pressure: for fs-PLD, the foams

in the range from 60 to 200 Pa are almost equivalent to one another. The

ns-PLD foam are still self-similar, but at different spatial scales (in the 50 to

100 Pa range, note the shortening of the scale bar in the upper panels of fig.

6): the higher pressure foams are less uniform. This may be correlated with

the higher thickness of the foams produced at higher pressures with ns-PLD,

clear from the cross section images. A notable exception is seen for the 200

Pa sample: the deposition rate decreases sharply at this point, so that the

quantity of deposited material is not enough to form a continuous film. This

is probably due to complex diffusion-advection motion of the ablated species
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in the deposition chamber, that are dragged away by the flux of injected Ar

gas and thus reach the substrate in reduced quantity. This effect is avoided

in the fs-PLD depostion chamber, since the high pressure depositions take

place in static vacuum in our experimental configuration.

Figure 7: SEM images of carbon nanofoams, showing the evolution of their morphology as

a function of the laser fluence in both nanosecond (upper panels) and femtosecond (lower

panels) deposition regimes (to be compared with the respective aggregates of figure 3).

The pressure is set to 100 Pa, and the deposition time is 10 minutes. For each sample,

a cross section image (top) and a plane view (bottom, all at the same magnification) are

shown. The range of employed fluence is limited by the ablation threshold in ns-PLD and

the experimental configuration for fs-PLD.

The effect of laser fluence is shown in the SEM micrographs of fig. 7. No

film is obtained with the lowest fluence (180 mJ/cm2) for ns-PLD, showing

it is below the ablation threshold. Ablation takes place at this fluence in

fs-PLD however: a lower ablation threshold (in terms of fluence) for the

femtosecond ablation regime is indeed expected in agreement with literature

works, as Ref. (56). The effect of the laser fluence onto the film morphology
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is limited in our range of observation: the most significant effect is observed

for the lowest fluence (180 mJ/cm2) in fs-PLD, where the deposited film is

strongly non uniform, with single porous aggregates as large as 10 µm. This

can be interpreted as a limit case, in which the fluence is too close to the

threshold to allow consistent deposition conditions and a continuous film.

In all the other cases, from 360 to 720 mJ/cm2, the deposited films present

similar characteristics: a web-like morphology with larger voids for fs-PLD;

a more uniform, sponge-like structure for ns-PLD. We also point out that a

comparison of ns-PLD and fs-PLD in the same conditions of pressure and

fluence can provide a first hint about the role of laser irradiance in the PLD

process. Remarkably, nanofoams produced in the two deposition regimes

are relatively similar despite a ≈ 105 factor in the irradiance ratio. Further

investigations may be helpful to elucidate this point.

To complete the morphological characterization, we exploited the EDXS

setup in point-by-point operation, coupled with the theoretical model we

developed (EDDIE (45)) to compute mass thickness maps of the carbon

foam samples. They have a clear physical information content (i.e. the

amount of matter present in a given point of the foam, integrated over the

thickness) contrary to SEM images, where electron transport phenomena and

post-processing effects play an important role in determining the intensity

value of each pixel, and hence how the image appears. In order to compare

the carbon foam produced by the two regimes, we consider two nanofoam

samples with the same average mass thickness (∼ 5 µg/cm2) and density

(∼ 6 mg/cm3), and hence the same geometric thickness. This allows us to

make a fair comparison between the two techniques, free from the influence
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Figure 8: SEM images (on the left) and corresponding mass thickness maps (on the

right) for carbon foam produced by nanosecond and femtosecond PLD, top and bottom

respectively. The samples have the same average mass thickness (∼ 5 µg/cm2) and density

(∼ 6 mg/cm3).

of sample thickness. As far as the deposition parameters are concerned, the

laser fluence is kept at 360 mJ/cm2, while the background pressure has to be

different between the two in order to maintain the same density. As shown in

fig. 12 and relative discussion (Section 3.4), an higher pressure is needed for

fs-PLD in contrast to ns-PLD: 200 Pa and 60 Pa are chosen respectively. The

deposition time is then tuned to control the mass thickness, and compensate

for any difference in deposition rate.

The results are shown in fig. 8. By comparison with their respective

SEM images, the mass thickness map indeed follow the morphological foam
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features (as far as the lower resolution allows) while providing a more faithful

depiction of how matter is distributed in the foam. Qualitatively, the features

of the carbon nanofoams in the two regimes can be distinguished: the larger

voids of the web-like fs-PLD foam, and the lower spatial scale of the semi-

periodic structure for ns-PLD.

The EDXS images alone do not allow the retrieval of clear quantitative

information on the carbon foams uniformity, but the physical content of

the mass thickness maps allows in principle a quantitative comparison. In

order to determine a numerical indicator of the spatial uniformity of the

nanofoam film, we take advantage of a method based on the Fourier transform

of the image, detailed in the Methods. In the upper panel of fig. 9 the

structure factor (i.e. the radially integrated Fourier transform intensity)

obtained from the mass thickness maps of fig. 8 is represented. Indeed,

beside the general trend typical of fractal-like materials (57), there is a peak

in the tens of µm range: around 10 µm for the ns-PLD sample, and around

20 for the fs-PLD one. The ns-PLD foam is thus more uniform than the one

obtained through fs-PLD. This difference is apparent also from the 2D Fourier

transform images, represented in the bottom panels of fig. 9: for ns-PLD, a

ring-like shape can be recognised, extending to higher q (that is lower length),

along with a lower intensity near the center. The fs-PLD Fourier transform

shows instead a higher intensity confined near the center (corresponding to

higher characteristic lengths), decreasing faster for increasing q.

3.3. Raman analysis

Raman spectra of carbon nanofoams for depositions with varying pressure

and varying fluence are shown in figure 10 a and b respectively. To facilitate
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Figure 9: Structure factor S(q) retrieved from the Fourier transform of the mass thickness

maps of figure 8. a) Normalized power spectrum of the ns-PLD foam (blue) and fs-PLD

foam (red). b) central region of the 2D Fourier transform in the two cases.

the comparison, curves corresponding to different deposition conditions are

stacked with an arbitrary offset in the vertical axis; ns-PLD samples are

shown with a blue-cyan palette, while a brown-orange palette is used for

fs-PLD ones.

Two prominent features of Raman spectra of disordered carbon materials

are the G peak related to the stretching of sp2 bonds (peak position rang-
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Figure 10: Normalized Raman spectra of samples deposited with ns-PLD (blue-cyan lines)

and fs-PLD (red-orange lines). The vertical gray line indicates the position of the graphite

G peak at ≃ 1580 cm−1. a) Fluence is fixed to 360 mJ/cm2, pressure varies from high

vacuum to 100 Pa. b) Pressure is fixed at 100 Pa, fluence varies from 180 mJ/cm2 to 720

mJ/cm2.

ing from ≈ 1500 cm−1 to ≈ 1600 cm−1) and the D peak (position ≈ 1350

cm−1) due to the breathing modes of C atom rings. Spectra shown in fig.

10 are typical of amorphous carbon, being characterized by very large G and

D bands which present a significant overlapping (58; 59). In their seminal

paper (59), Ferrari and Robertson explain how the position of the G peak

and the intensity ratio of G and D peaks ( ID
IG
) are essentially determined

by the structural disorder and by the clustering of the sp2 phase (and only

indirectly by the sp3 content) by virtue of a three-stage model, following an

amorphization trajectory from crystalline graphite to tetrahedral amorphous

carbon: (I) a transition from bulk graphite to nanocrystalline graphite, char-
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acterized by an upshift of G peak up to ≈ 1600 cm−1 and the appearance of

D peak, with relatively narrow bands; (II) from nanocrystalline graphite to

sp2 amorphous carbon (sp3 content < 10%), where the G peak softens down

to ≈ 1510 cm−1 and ID
IG

decreases from ≈ 2 to ≈ 0 ; (III) a transition from

amorphous carbon to tetrahedral amorphous carbon (sp3 content up to 85%)

marked by a progressive hardening of G peak back to ≈ 1580 cm−1 combined

with ID
IG

≈ 0.

Figure 11: Position of G peak (top) and intensity ratio of peak D to peak G (bottom) as a

function of pressure (right, fluence fixed at 360 mJ/cm2) and as a function of fluence (left,

pressure fixed at 100 Pa) for ns-PLD (blue) and fs-PLD (red). To obtainG position and ID
IG

,

each individual spectrum is fitted (after noise smoothing and background subtraction) with

the sum of a Lorentzian and a Breit-Wigner-Fano function using a Levenberg–Marquardt

algorithm in the spectral range 1100− 1750 cm−1.

To describe the nature of our nanostructured carbon films in the light of

this model, we fit the spectra with the sum of a Lorentzian function (which
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accounts for the D peak) and a Breit-Wigner-Fano function (for the asym-

metric G peak). In figure 11 we plot the G peak position (top panels) and the

ID
IG

ratio (bottom panel) as a function of the background pressure (left hand

side panels) and as function of the laser fluence (right hand side panels). For

both PLD regimes, films deposited in vacuum (background pressure < 10−3

Pa) show the features typical of sp2 amorphous carbon—at the end of stage

II or beginning of stage III—as demonstrated by ID
IG

< 0.1 and G position

≈ 1520 cm−1. As the background pressure increases the G peak moves to-

ward higher frequencies and the intensity of the D peak grows, signaling a

progressive enhancement of the ordering of the sp2 phase with more ring-like

structures. Indeed the amorphization trajectory is followed backward toward

the beginning of phase II as pressure increases. When pressure is above 60

Pa—a condition for which nanofoams are obtained in both regimes—G po-

sition and ID
IG

stabilize to values around 1575 cm−1 and 0.5 respectively in

the case of ns-PLD, and around to 1565 cm−1 and 0.35 in the case of fs-

PLD. This configuration corresponds to network of topologically disordered,

almost pure sp2 graphitic domains, with a very low sp3 content.

By looking at figure 11 b and d it can be observed that for both ns- and

fs-PLD the G peak position and ID
IG

do not change as the laser fluence varies,

meaning that even the local crystalline structure of C nanoparticles is not

affected by laser fluence. A general fact that can be deduced by looking at

figure 11 is that fs-PLD samples are systematically less topologically ordered

than the corresponding ns-PLD samples deposited in the same conditions.

The average coherence length of ordered sp2 domains, La, can be calcu-

lated using the relation proposed in (59):
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ID
IG

= C ′(λexc)L
2
a (2)

Where C ′ is a proportionality constant that depends on the Raman ex-

citation wavelength λexc, and C ′(λexc = 514 nm) ≈ 0.0055. Using ID
IG

≈ 0.50

for ns-PLD and ID
IG

≈ 0.35 one gets La ≈ 1 nm and La ≈ 0.8 nm respectively,

an order of magnitude smaller than the typical nanoparticle size.

Raman analysis helps to shed light on the mechanism of nanoparticle gen-

eration in PLD of nanostructured carbon materials. When depositions are

carried out in vacuum or at low pressure, the energy lost by ablated species

through collisions is not enough to allow condensation and nanoparticle nu-

cleation. On the contrary, energetic species impinging on the growing film

provide the energy required to obtain a fully amorphous film which is far

from the thermodynamic ground state of sp2 carbon (i.e. graphite). When

the pressure is enough to allow for an effective slowing, carbon nanoparticles

are generated in the deposition chamber from the condensation of ablated

species (atoms and atomic clusters) and are not directly ejected from the

target as solid fragments (liquid droplets are ruled out since carbon does

not have a liquid phase at pressure < 10 MPa). In the latter case, indeed,

one would expect nanoparticles whose structure reflect that of target, i.e.

large graphitic domains with La close to the the nanoparticle size. While

this conclusion is not unexpected for what concerns the ns-PLD regimes, it

is relevant to point out that direct nanoparticle ejection is considered one of

the main mechanism underlying nanoparticle generation in literature about

fs laser ablation (54; 18; 48).
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Finally, while it is not trivial to understand why ns-PLD yields nanopar-

ticles with higher ordering of the sp2 phase, we observe a correlation between

La (see eq 3.3) and nanoparticle diameter dnp (see figure 4a-b) obtained in

the two regimes:

dnp(ns− PLD)

La(ns− PLD)
≈ dnp(fs− PLD)

La(fs− PLD)
≈ 20 (3)

We propose to interpret this correlation by saying that the average num-

ber of ordered sp2 domains contained in each nanoparticle is the same for

both PLD regimes (and scales like ∼
(

dnp

La

)3

). This hypothesis would sug-

gest that the size of the nanoparticles is controlled by their local crystalline

structure and ordering; further experiments are planned to investigate this

possibility.

3.4. Average density characterization

One of the most interesting features of the PLD technique is its capability

of tuning the average density of the deposited nanostructured films. We

investigate the effect of pressure and laser fluence on the average density of

the carbon films in both deposition regimes, as shown in log-log plots in fig.

12.

The compact films deposited in high vacuum (around 10−3 Pa) have a

density close to the bulk density of graphite (≈ 2.2 g/cm3), independently

from the laser pulse duration. The dependence of density on pressure ob-

served for both PLD regimes reflects the evolution of film morphology with

increasing pressure, as described in the previous paragraphs: while the com-

pact nanostructured films obtained at 25 Pa still retain a density close the
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bulk value, the density rapidly drops towards values typical of nanofoam

materials when the pressure is increased beyond the threshold corresponding

to the transition from compact to foam-like morphology. If the pressure is

further raised beyond 100 Pa the value of average density stabilizes around

few mg/cm3. Beside the general trend, a difference can be observed between

the two techniques, consistent for all the data points: the fs-PLD density

curve (red) is shifted towards higher pressures with respect to the ns-PLD

one (blue). The transition from compact films to nanofoams happens at

higher pressures in the case of fs-PLD, an higher pressure is needed to reach

the same density as ns-PLD, and denser films are obtained in fs-PLD if the

pressure is the same. This observation agrees with the qualitative discussion

from the morphological analysis, and the same interpretation holds: ultrafast

ablation leads to higher energy species, that in turn require higher pressures

to be slowed at the level required to get the same film porosity.

It is worthwhile to highlight the inherent strong non-linearity of the pro-

cess: the average density is extremely sensitive to pressure variation when

the pressure is close to the transition threshold (figure 12 is a log-log plot),

while a milder dependence is observed in the compact film region and in the

nanofoam region. This follows from the balance between the energy of the

ablated species and the stopping power of the background gas: if one is sub-

stantially larger than the other, the pressure has a negligible effect, either

because it is not able to slow the species at all (compact films) or because

it already has slowed them down to the diffusion limit (carbon nanofoams).

Only when the two are closely balanced, slight variation in the pressure can

have considerable effects in the film porosity and density. We propose to
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Figure 12: Mean density of carbon films deposited with ns-PLD (blue) and fs-PLD (red)

with a deposition time of 10 minutes. a) Density as a function of background Ar pressure,

with constant laser fluence equal to 360 mJ/cm2. Dotted lines are obtained via equation

3.4. b) Density as a function of laser fluence, with constant background Ar pressure of

100 Pa.

model the non-linear relationship between average film density ρ and pres-

sure P with the following analytical function:

ρ(P ) = ρb exp

[
−A

P k

P k + P k
0

]
(4)

Where ρb is the graphite bulk density, P0 is the characteristic value of

the pressure at which the transition from compact films to nanofoams takes

place, k is a parameter that accounts for the steepness of the transition, and

A is related to lowest achievable nanofoam density ρf through the relation

A = ln(ρb/ρf ). The density values predicted by equation 3.4 are plotted as

the dotted lines in figure 12a, having chosen P0 = 40 Pa, ρf = 6 mg/cm3 for

the cyan curve and P0 = 47.5 Pa, ρf = 7 mg/cm3 for the orange curve (while
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ρb= 2200 mg/cm3 and k = 5 for both). An excellent agreement between

equation 3.4 and the experimental data can be appreciated for both the data

sets pertaining to ns-PLD and fs-PLD.

On the other hand, the average density of nanofoams is essentially not

affected by variations in the laser fluence, as shown in 12 b. This fact is

consistent with the morphological analysis (see figure 7 and relative discus-

sion), and confirms that the dependence of the nanofoam characteristics on

the laser fluence is weak, if at all present.

After having analyzed the aggregate properties, and their dependence on

the process parameters, we can determine whether nanofoam bulk properties

such as the average density can be expressed as a function of the aggregate

characteristics. The simplest assumption is that the nanofoam density is

determined by the average density of the fractal-like aggregates, which can

be related to the key aggregate properties (dnp, Rg, Df ) using the fractal

scaling law (1):

ρth = ρnpk

(
dnp
2Rg

)3−Df

(5)

where ρnp is the nanoparticle density and k is some proportionality pre-

factor. The exact values of k depends on many contributions, including

the aggregate packing factor and the details of aggregation physics, and it

can significantly differ from the near unity value that is often considered in

literature (60). As discussed in Section 3.1, the fractal dimension is close to 2

for all the experimental conditions explored, while the nanpoarticle diameter

ranges from 8 nm (fs-PLD) and 10 nm (ns-PLD). As a result, the fractal

aggregates property that has the most influence on nanofoam density is the
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Figure 13: Ratio between the theoretical carbon foam density (calculated with the fractal

scaling law starting from the aggregate properties) and the experimental average density of

the respective sample, represented as a function of the gyration radius. Circles represent

samples with a peaked single Rg distribution (right panel of fig. 5), triangles refer to

exponential Rg distributions, and squares correspond to the double population samples.

The filled round data point refer to a carbon foam we produced in different experimental

conditions (pressure = 700 Pa Ar, fluence = 1.2 J/cm2) in a previous work (34). A red

color indicates a fs-PLD sample, while the ns-PLD ones are represented in blue.

gyration radius Rg.

In fig. 13 the ratio of the calculated density to the measured density

(ρth/ρexp) is plotted as a function of the gyration radius for a variety of car-

bon nanofoam samples grown under different deposition conditions (ρnp is

estimated as the graphite bulk density ρb ≈ 2.2 g/cm3), including a repre-

sentative ns-PLD sample from a previous work (blue solid circle in figure
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13) which was produced with a set of deposition parameters (namely pres-

sure = 700 Pa Ar, fluence = 1.2 J/cm2; further details in (34)) markedly

different from those employed in this work. In case of monodispersed Rg

populations, an excellent agreement between theoretical prediction and ex-

perimental value is obtained with k = 1 (blue and red circles). The same

is true for the samples characterized by a double population (red squares),

using the arithmetic mean of the gyration radii of the two population. A

good agreement is obtained in the case of exponential distribution (blue tri-

angles) by setting k = 0.18. The fact that k is significantly different from

unity signals that a simple model—in which the nanofoam density is equal

to the average aggregate density—is no longer accurate. Indeed, smaller ag-

gregates tend to contribute less to the overall geometrical arrangement of

the nanofoam, which is more strongly affected by the sticking between larger

aggregates upon landing on the substrate.

In summary, equation 5 allows us to estimate the nanofoam density start-

ing from the aggregate properties: the nanoparticle size dnp, the fractal di-

mensionDf and the gyration radius Rg (together with its distribution). Also,

the density dependence of carbon nanostructured materials over the pressure

is well described by equation 3.4, whose fitting parameters are P0, k and ρf ,

since A = ln(ρb/ρf ). Therefore it is possible to arrange the two equations

together, yielding a single expression for ρ(P ). In this equation ρf is not a

fitting parameter anymore, but can be expressed as a function of dnp,f , Df,f

and Rg,f (aggregate parameters related to a carbon foam sample) thanks to

the fractal scaling law, leading to the following expression:
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ρ(P ) = ρb

(
dnp,f
2Rg,f

)(3−Df,f )
Pk

Pk+Pk
0

(6)

4. Conclusion

In conclusion, we extensively and thoroughly investigated the production

of carbon nanofoams through the nanosecond and femtosecond laser abla-

tion of pyrolitic graphite targets (i.e. ns-PLD and fs-PLD), highlighting the

role of key PLD process parameters (laser fluence, pressure, pulse duration)

in determining the properties of nanostructured carbon materials. We per-

formed systematic, multi-scale characterizations of deposited nanofoams to

relate their local, nanoscale properties to bulk ones. We have shown that

in both deposition regimes the peculiar nanofoam structure is determined

by the properties of fractal-like aggregates of nanoparticles. Nanoparticle

size, in the order of 10 nm, was shown to be relatively independent from

fluence and pressure, while their crystalline structure results from the clus-

tering of topologically disordered, small-sized (∼ 1 nm), nearly pure sp2

domains. We showed that the background gas pressure is the deposition

parameter exerting the strongest influence on the dynamics of fractal ag-

gregation and hence on the fractal aggregate’s gyration radii (varying from

∼ 100 nm to ∼ 100 µm). More specifically, a detailed investigation about

the distribution of fractal-like aggregates showed that two different aggregate

populations can be distinguished in the case of fs-PLD, in contrast with the

clean exponential-shaped distribution of ns-PLD. Remarkably, the analysis

of fractal dimension of fractal-like aggregates (Df ≃ 2) indicates that —de-
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spite a significant difference in the ablation physics—the growth mechanism

of carbon nanofoams is essentially the same in both deposition regimes, and

can be described in terms of a in-flight cluster-cluster aggregation process,

which lies in between pure diffusion-limited aggregation and reaction-limited

aggregation. The bottom-up approach that characterize this work has been

fruitfully exploited to trace back the nanofoam average density —one of the

most relevant material properties as far as applications are concerned—to lo-

cal nanofoam properties through a fractal scaling law, yielding a satisfactory

agreement with experimental results. In addition, the functional dependence

of average density on background pressure has been modeled with a simple

analytical expression, which holds for both regimes. We note that this re-

sults open appealing perspectives toward the production of nanostructured

carbon films with controlled density profiles, even in a multi-layer configura-

tion. In addition, a novel method based on the 2D spatial Fourier transform

of mass thickness map was exploited to quantify the uniformity scale length of

the material, which is shown to be longer in the case of fs-PLD nanofoams.

Overall, our study shows how it is possible to finely tune and control the

carbon nanofoam properties by acting on the deposition parameters, espe-

cially the background gas pressure, in both PLD regimes. In particular, we

demonstrated that fs-PLD technique can represent a viable alternative to

the standard ns-PLD for the production of carbon nanostructured materi-

als, and —considering the differences in crystalline structure, nanoparticle

dimensions and spatial uniformity —the two techniques can be considered

complementary, thus expanding the PLD potential as a versatile tool for the

fabrication of carbon nanofoam with precisely controlled properties.
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Appendix A. Method for the determination of 3D Rg and Df from

2D SEM images

Figure A.14: Comparison between a real and a simulated fractal aggregate, the visual

similarity is significant. a) is a scanning electron microscope image of a real aggregate,

while b) is a simulated image of one of the aggregates constructed through the cluster-

cluster aggregation (CCA) algorithm.

Starting from the knowledge of the fractal aggregates formation process

(namely the snowfall-like aggregation model (34)) we developed an algorithm

based on the cluster-cluster aggregation model (CCA), able to simulate the

aggregate fractal structure (61). A random number of spherical particles (up

to 60 000) are placed in a box and can travel in any random direction (off-

lattice) in a Brownian-like motion. When they come into contact with each
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other they have a certain probability to irreversibly stick together, forming

a bigger aggregate, which is subject to the same random motion itself. The

process continues until a fractal aggregate containing all the primary particles

is created. In order to better replicate the range of fractal dimension and

gyration radius observed in actual experimental conditions, the number of

primary particles was randomly sampled, and the sticking probability was

randomly chosen each time (either 0.05 or 1). This last parameter is closely

related to the aggregate fractal dimension: a higher sticking probability, close

to one, leads to a more open structure, with lower fractal dimension (typical

of diffusion-limited cluster-cluster aggregation, DLCA); on the other hand,

a near zero sticking probability gives rise to a more compact structure, with

higher fractal dimension, akin to reaction-limited aggregates (RLCA) (62).

The simulated images show a remarkable visual similarity with the real SEM

images, as shown in fig. A.14. All characteristics of the simulated aggregates

(and in particular the gyration radius and the fractal dimension) are precisely

known, since they can be analytically calculated from the outcome of the

simulation.

150 different aggregates were simulated with this procedure, and for each

one a simulated SEM image is generated. This image can then be exploited

to obtain the 2D Rg and Df with the same approaches that will be used later

on the actual SEM images of the real aggregates. A box counting method is

employed for obtaining the fractal dimension from the 2D images, while the

2D gyration radius Rg is calculated as the radius of the circle with area equal

to the aggregate effective area. We found a 15% error in the gyration radius

determination, and a 5% error in the fractal dimension, which is around 0.1
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in absolute if Df ≈ 2: this is in principle enough to distinguish among DLCA

processes (Df ≈ 1.8) and RLCA ones (Df ≈ 2.1) (55).
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