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Abstract

Ultrathin metal nanoparticles coatings, synthe-
sized by gas-phase deposition, are emerging
as go-to materials in a variety of fields rang-
ing from pathogens control, sensing to energy
storage. Predicting their morphology and me-
chanical properties beyond a trial-and-error ap-
proach is a crucial issue limiting their exploita-
tion in real-life applications. The morphology
and mechanical properties of Ag nanoparticles
ultrathin films, synthesized by supersonic clus-
ter beam deposition, are here assessed adopting
a bottom-up, multi-technique approach. A vir-
tual film model is proposed merging high resolu-
tion scanning transmission electron microscopy,
supersonic cluster beam dynamics and molecu-
lar dynamics simulations. The model is vali-
dated against mechanical nanometrology mea-
surements and is readily extendable to metals
other than Ag. The virtual film is shown to
be a flexible and reliable predictive tool to ac-
cess morphology-dependent properties such as

mesoscale gas-dynamics and elasticity of ultra-
thin films synthesized by gas-phase deposition.

INTRODUCTION

Nanoparticles (NPs) ultrathin films are emerg-
ing as one of the most promising solutions
in many technological applications,1 ranging
from medicine2–5 to sensing6–8 and energy stor-
age.9,10

In this context supersonic cluster beam de-
position (SCBD) is a viable technique for the
production of cost-effective, high throughput
metallic NPs thin films. SCBD is amenable
to the deposition of a wide range of metallic
NPs on virtually any substrate, while forgoing
the inconveniences inherent to other synthesis
methods.11

Despite the relevance for applications, the
macroscopic mechanical parameters peculiar to
SCBD-synthesized thin films remain yet to be
unveiled. In situations where the NPs conserve
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their individuality within the deposited film the
macroscopic physical parameters are primarily
ruled by the NPs connectivity pattern, i.e. by
the film morphology. In these scenarios, direct
assessment of the morphology poses an out-
standing challenge, the films being inherently
granular and their thickness in the few tens of
nm range. Furthermore the availability of a cost
and time effective strategy to predict NPs thin
film mechanical properties beyond a trial-and-
error approach is a conditio sine qua non to
boost their deployment in any prospective ap-
plication, thin films mechanical nanometrology
being an open issue at the frontier of material
science.12–17

A bottom-up approach, encompassing both
experiments and computation, is here outlined
to access Ag NPs thin films morphology and
predict their mesoscale mechanical properties.
Ag NPs have been chosen because of the avail-
ability of recent experimental data on Ag NPs
films6 against which to benchmark the results
and because of their relevance in applications.18

The approach here presented is rather general
and readibly extendable to metals other than
Ag.
The size-distribution of the nanoparticles

and their kinetic energies are retrieved respec-
tively from high resolution high angle annu-
lar dark field - scanning transmission electron
microscopy (HAADF-STEM) and the SCBD
source parameters. These specifications serve
as inputs for fully atomistic molecular dynam-
ics (MD) simulations of the NPs landing pro-
cesses, ultimately resulting in a theoretically re-
constructed film. The virtual film model is vali-
dated comparing its filling factor (defined as the
ratio between the metal volume and the entire
NPs film volume) and topography with the ex-
perimental ones. The model is then exploited to
inspect the morpholoy and access the mechani-
cal properties. As for the latter, the virtual film
is first used to characterize the material poros-
ity and the resulting gas-transport regime, rel-
evant for mesoscale gas-dynamics applications.
The virtual film is then deployed in the frame
of nanoelasticity to predict the NP thin-film
elastic stiffness constant. The results compares
well with the value retrieved from photoacous-

tic nanometrology, the virtual film model thus
serves as a flexible and reliable predictive tool.

METHODS

NPs film synthesis. Ag NPs are deposited
at room temperature using a SCBD gas phase
source. The same operative parameters are
used for all the substrates (carbon grids for
HAADF-STEM images and (0001) α-Al2O3 for
all the other samples). The apparatus details
and working principle have been published else-
where6,18,19 and are summarized in Supporting
Information (SI).
High resolution HAADF- STEM. High

resolution - HAADF - STEM images are col-
lected on scattered Ag NPs deposited on an
amorphous carbon grid (quantifoil) using a
probe corrected FEI TITAN microscope oper-
ated at 200 kV. The following procedure, de-
veloped in the ImageJ environment,20 is used
to analyze the STEM images. A linear back-
ground is subtracted, followed by bright and
dark outliers removal. Using a threshold on
the gray scale intensity the bright zones are
selected, isolating the z-projection of the NPs
from the carbon substrate. Assuming the NPs
shape to be spherical,6,18 each single equivalent
diameter is then estimated. The NPs are thus
decimated by excluding the NPs matching the
following criteria: NPs whose fitting ellipse as-
pect ratio exceeds two (usually the image of two
NPs stuck together), the ones with a solidity20

smaller than 0.6 (mainly trivial NPs due to ex-
perimental noise not eliminated by outlier re-
moval) and the ones with a surface area inferior
to 0.3 nm2.
Molecular Dynamics. All the simulations

are performed with the LAMMPS package.21

The velocity-Verlet algorithm is used to solve
the equations of motion. As for the description
of the Ag-Ag interactions, a 12-6 Lennard-Jones
potential22 is used to simulate the NPs film
growth whereas an Embedded Atom model Po-
tential (EAM)23 is adopted to estimate the film
elastic constant. Further computational details
are reported in the Supporting Information.
Real and reconstructed AFM. Exper-
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imental AFM images are acquired using a
Solver-pro NTMDT microscope, operated in
semicontact mode using an Etalon HA-NC tip
with a nominal radius of 10 nm. Reconstructed
AFM images, computed from the virtual film
obtained from the experimentally-driven MD
simulation, are obtained importing raw xyz
data into MATLAB and implementing the pro-
cedure detailed in SI.
Methodological note. Different NPs films

were deposited and analyzed so as to verify that
the data are not sample specific. Equivalently,
the theoretical results were tested on various
MD realizations and found to be realization-
independent.

RESULTS AND DISCUS-

SION

Bottom-Up NPs film reconstruc-

tion

NPs size distribution in the supersonic

beam. Knowledge of the size distribution of
the NPs in the supersonic beam is a funda-
mental asset for a trustworthy film morphology
reconstruction based on MD simulations. To
estimate the NPs size distribution, scattered
Ag NPs were directly deposited on a carbon
grid and inspected via high resolution HAADF-
STEM. One hundred images, similar to the one
presented in Figure 1a, were analyzed as previ-
ously explained in the methods section.
The resulting distribution, histogrammed in

log scale in Figure 1b, is bimodal and is conve-
niently split in two sets. Set S (green color in
Figure 1b) groups ”small” NPs - diameters up
to 4.1 nm - and has cardinality NS, accounting
for 84% of the total NPs number and 5.4% of
the total deposited mass. Set B (blue color in
Figure 1b) groups ”big” nanoparticles - diame-
ters exceeding 4.1 nm - and has cardinality NB,
accounting for the remaining 16% of the total
NPs number and 94.6% of the total deposited
mass.
In strict terms TEM images allow access to

the projected shape of the NPs deposited on
the amorphous carbon TEM grid. The ques-

tion then arises as whether the NPs size dis-
tribution obtained from TEM is indicative of
the actual size distribution of NPs in the super-
sonic beam. While deformation of NPs could
potentially occur due to collision and interac-
tion with the grid substrate, it was observed
that, when the kinetic energy per atom, K, is
significantly lower than the cohesion energy of
the atoms in the NP, C, the 3D shape of the
NPs in flight is retained after landing on the
soft grid substrate.24–27 This was observed for
instance for clusters produced by an inert gas
laser-driven vaporization source, for which Ref.
25 reported an average K=0.33 eV/atom ver-
sus C=5.84 eV/atom yieldingK/C = 0.05-0.06.
In the present case, for Ag NPs with K=0.2
eV/atom (this value will be addressed shortly)
and C=2.98 eV/atom,28 K/C reads 0.068. The
NPs are thus expected to retain their 3D shape
once landed on the grid substrate.
For the sake of computational convenience a

coarse-grained version of the experimental size
distribution was adopted. The NPs within each
set S and B are replaced with monodispersed
NPs of volumes (diameters) VS (dS) and VB

(dB) respectively, while conserving the cardinal-
ity of each original set. The volumes are chosen
so as to grant the same deposited volume as
in the original distribution: NSVS =

∑

{S} Vi

and NBVB =
∑

{B} Vi, the sum being per-
formed on the NPs in sets S and B respec-
tively. The resulting values are VS=2.15 nm3

and VB=195.4 nm3, yielding equivalent diame-
ters dS=1.6 nm and dB= 7.2 nm, where dS,B are
taken such that (4π/3)(dS,B/2)

3=VS,B. This
coarse-graining approach ensures the same de-
posited mass in simulations and real experi-
ments, while preserving the total NPs number
1 and NB/NS ratio.
Energy of the landing NPs. NPs deforma-
tion can occur due to collisions between NPs de-
posited in subsequent shots (the plasma source
is pulsed, refer to SI for further details on the
plasma source). The film morphology thus crit-
ically depends on the average kinetic energy per
atom of the landing clusters.

1The present choice is at variance with respect to the

simple average value of the diameters, yielding 1.3 and

6.8 nm for set S and B respectively
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Figure 1: a) High Resolution HAADF-STEM image of scattered metallic Ag NPs. b) Size distri-
bution in log scale obtained analysing 100 STEM images of the as deposited NPs. The two colored
regions indicate the partition into small (green) and big (blue) NPs, see main text for further
details.

To estimate the average K as a function of
the cluster dimension, two parameters, specific
for the SCBD source, need to be retrieved:
the carrier gas asymptotic velocity vHe and
the ablation source parameter δ. In fact, the
size-dependent cluster velocity, obtained in the
frame of the Wrenger-Meiwes Broer model29

under a purely elastic NP-gas collision regime,
reads:

v(N) = vHe

[

1−
(

N −mHe/mat,NP

N +mHe/mat,NP

)N2/3δ
]

(1)
where N is the number of atoms forming a clus-
ter, mat,NP and mHe the atomic masses of the
atomic species composing the clusters and the
carrier gas (Helium) respectively. In order to
estimate the parameters vHe and δ, a fit based
on Eq.1 was performed on mass spectrometry -
time of flight data acquired by Mazza et al.30 on
Ti clusters. The data were collected exploiting
a SCBD source with the same geometrical fea-
tures as the one used in the present work (see
SI).
Given an effective residence time ∼ 20 ms

(this value is an average of all the NPs residence
times within a shot, the residence time being
defined as the time spent by a NP in the abla-
tion chamber before expulsion from it through
the supersonic beam),30 the values vHe and δ

were here retrieved. With these two values at
hand, and making use of Eq. 1 contextualized
in the present case, that is with mat,NP=mAg

(in the present work Ag clusters are addressed
as opposed to Ti; He is used as the carrier gas),
one obtains KB=0.20 eV/atom for NPs in set
B and KS=0.59 eV/atom for NPs in set S.
Virtual NP film. A reliable NPs film model
can now be reconstructed implementing MD
simulations based on experimental inputs. The
virtual NPs film was obtained by simulating
multiple landing of 500 Ag NPs, deposited in 5
steps. The NPs where first assembled with a full
atomistic approach. According to the experi-
mental data, the clusters vibrational tempera-
tures before the impact is 300 K. Therefore, the
NPs were equilibrated with a thermostat at 300
K for 150 ps. The thermostat was then switched
off prior to simulating the deposition process.
The NPs population was constructed with 16%
of the clusters of diameters dB=7.2 nm (set B)
and 84% of diameters dS=1.6 nm (set S), thus
complying with the coarse-grained experimen-
tal NPs size-distribution. As for the deposition
process, the first 100 NPs were placed at ran-
dom positions on top of the substrate to sim-
ulate a multiple impact. Initial velocities, cal-
culated from the KB and KS values, were as-
signed to the NPs. The average kinetic ener-
gies per atom of the landing clusters were fixed
to KB=0.20 eV/atom (set B) and KS=0.59
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Figure 2: Rendering of the virtual NPs thin film
obtained as the final state of the experiments-
driven MD simulations. The Ag atoms compos-
ing big (set B) and small (set S) NPs are colored
in blue and green respectively, maintaining the
same color code as in Figure 1b. The average
film thickness is 〈z̃〉 = 29 nm.

eV/atom (set S), consistently with the results
obtained from the analysis of the SCBD pro-
cess. Periodic boundary conditions were ap-
plied in the x-y direction. Finally, the NPs were
left free to evolve according to pure Newtonian
dynamics.31 Further computational details are
reported in SI.
The nanoporous film model is represented in

Fig.2. The cell has a base size Lx×Ly=35×20
nm2 and lays in the z=0 plane. Reticulating the
cell’s base with domains of sizes dxdy=0.5×0.5
nm2, the average film thickness reads 〈z̃〉 =
29 nm, where z̃(x, y) is the top-most atom z-
coordinate in the dxdy domain centered around
the point of coordinates (x, y) (refer to SI for
details). The film is indeed granular, the core
of the scaffold structure being dictated by ”big”
NPs (blue atoms in Figure 2) that, despite some
degree of deformation, substantially preserve
their individuality. The ”small” NPs are, on
the contrary, more deformed. This is consis-
tent with the experimental K/C values, KS/CS

being 0.2 as opposed to KB/CB=0.068. The
film morphology is better appreciated inspect-
ing the simulation cell from different directions
(see Multimedia file in SI).
Benchmarking the virtual film model. In
order to reliably predict morphology-dependent
quantities, the virtual film morphology has first
to be benchmarked against significant experi-
mental figures, namely the film filling factor and
topography, as obtained on a SCBD-deposited
Ag NPs films fabricated for the purpose 2. The
filling factor, calculated from the virtual film,
reads 0.73 ± 0.05, in good agreement with the
experimental value6 of 0.80±0.06 obtained from
X-ray measurements. The experimental AFM
topography h(x, y)=tF (x, y)-〈tF 〉, measured in
tapping mode on a 30 nm thick film, is reported
in Figure 3a (235×235 nm2 scan area, tip ra-
dius 10 nm, pixel size 0.5 nm2). The func-
tion tF (x, y) is the film thickness, referenced to
the supporting substrate, as measured with an
AFM tip positioned in the point of coordinates
(x, y) whereas 〈tF 〉 is its spatial average. The
information content is synthesized in Figure
3c where the normalized occurences of h(x, y)
are histogrammed in full gray. The theoreti-
cal AFM topography was reconstructed start-
ing from the virtual solid and accounting for tip
finite-size effects. This was achieved by com-
puting h(x, y) starting from z̃(x, y) and from
the AFM tip parameters (refer to SI for details
on the computation). For the sake of compar-
ison with the experimental height distribution,
the reconstructed distribution statistics was in-
creased by analysing intermediate states of MD
simulations - under the assumption that the
coating’s Root Mean Square (RMS) roughness
is not influenced by its thickness. This ansatz is
supported by the analysis of the surface texture
of each intermediate state in terms of image uni-
formity and entropy (refer to SI). The virtual
AFM images, reported in Figure 3b, were ob-
tained from subsequent MD steps, i.e. recon-
structing films with average thicknesses 〈tF 〉 of
9, 14, 23, 27 and 31 nm accounting for AFM-tip

2The experiments were performed on films obtained

exploiting the same SCBD parameters as the one ex-

ploited to deposit the NPs for the size-distribution in-

vestigation.
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Figure 3: a) Experimental AFM image obtained from a SCBD-deposited Ag NPs thin film of
average thickness 30 nm. b) Theoretical AFM images obtained from virtual films. These images
are obtained starting from intermediate steps of the MD simulations, i.e. subsequent shots of
the simulation resulting in films of average thickness 〈tF 〉 = 9, 14, 23, 27 and 31 nm for shots
one through five. The calculated thickness 〈tF 〉 accounts for AFM-tip convolution effects. c)
Comparison between the normalised height distribution - referenced to the film average height - of
the experimental (gray) and reconstructed (patterned) AFM images.

convolution effect (corresponding to the aver-
age non-convoluted thicknesses 〈z̃〉 = 5.0, 10.8,
16.4, 22.8 and 28.6 nm). The patterned his-
togram (slant black line on white background)
reports the normalized occurrences of h(x, y)
obtained from the five height distributions rel-
ative to the reconstructed solids of Figure 3b.
The overlap between the virtual and experimen-
tal films topography is excellent, both upon vi-
sual inspection of the two histograms and com-
paring their standard deviations: 1.37 nm (sim-
ulated) vs 1.33 nm (experimental). These evi-
dences confirm the reliability of the model film
morphology.
A debated issue, when discussing granular

thin-films morphologies, is whether the film is
affected by z-dependent densification phenom-
ena, or, otherwise stated, whether the slicing
filling factor varies with the z coordinate3. This
piece of information escapes direct experimen-
tal evidence but may be obtained from the vir-
tual film model.
Figure 4 reports the slice filling factor vs the

z coordinate calculated for films obtained from

3The slicing filling factor is here defined as the fil-

ing factor computed in a rectangular cuboid of size

Lx×Ly×∆z=35×20×0.5 nm3 centered at a coordinate

z

the five intermediate MD simulation steps. The
corresponding virtual films are visualized in in-
set of Figure 4 for ease of reading.
Let’s focus for instance on the graph corre-

sponding to the film obtained with five shots
(blu curve in Figure 4), the behaviour for other
film thicknesses being alike. The slicing filling
factor reaches a plateau value within the first
5 nm, a small modulation (10% peak-to-peak
maximum relative variation) being superposed
on the otherwise constant background (the rea-
son for the somewhat different plateau build-
up inherent the thinner film is discussed further
on). Thickness related densification phenomena
are therefore ruled out. This fact may be fur-
ther appreciated noting the similarities among
xy cross-sectional views of the void structure
taken at different z coordinates of the virtual
film, see Figure 5. Referring back to Figure
4, for values of z approaching the film’s upper
surface the slicing filling factor monotonously
drops to zero, this being a genuine surface ef-
fect4. This fact precludes a clear build up of

4This drop is due to z reaching the surface region. In

this context, the surface region is characterized by z co-

ordinate values for which the film surface falls within the

rectangular cuboid of size Lx×Ly×∆z nm3 exploited to

calculate the slicing filling factor.
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the plateau region for the thinner film of aver-
age height 〈z̃〉 =5 nm.
Furthermore, the impacting NPs from subse-

quent shots do not modify the underlying NPs
and film morphology. This fact may be recog-
nized observing the overlap among the slice fill-
ing factors calculated for films of different aver-
age thicknesses, that is obtained with increasing
NPs shots, for z coordinates out of the surface
region.
Interestingly enough, the present results bear

some similarities with those obtained modelling
aerosol-based NPs depositions processes in the
ballistic regime32 by solving the Langevin equa-
tion of motion.33 The dynamics of nanoparticles
in the gas-phase, as the one addressed in Ref.
32, encompasses both a deterministic particle
motion and a nondeterministic particle random
walk. The relative importance of these two ef-
fects is conveniently assessed by means of the
Peclet number, Pe.34 For Pe ≫1 the deter-
ministic particle motion is dominant, setting
the dynamics in the ballistic regime. In the
opposite limit of Pe ≪1 the nondeterministic
particle random walk dominates, leading to a
diffusive dynamics. Despite the different depo-
sition technique and an exiguous statistics (as
compared to the NPs number addressed in Ref.
32), the latter dictated by the MD approach,
the sliced filling factor calculated for the present
case (see Figure 4) has a shape comparable with
that reported in Ref. 32 for the ballistic case,
i.e. Pe=100. Specifically, a constant slicing fill-
ing factor plateau is here reached (even though
with a different plateau value as compared to
Ref. 32) with tiny oscillations superposed on
the otherwise constant background. The latter
occurrence does not seem fortuitous: normaliz-
ing the z coordinate against the big NPs diam-
eter dB=7.2 nm, the first oscillation maximum
is here obtained for a normalized z-quota of
0.75, the second maximum for ∼1.4, these val-
ues being consistent with the explanation given
in Ref. 32. These observations set the present
findings in a more general frame.
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Figure 4: Slice filling factor vs z coordinate.
The colors identify results from the intermedi-
ate simulation steps shown in inset. The verti-
cal dashed lines indicate the average thickness
〈z̃〉 = 5.0, 10.8, 16.4, 22.8 and 28.6 nm of the
virtual films. The calculated height 〈z̃〉 does
not account for AFM-tip convolution effects.

Mechanical nanometrology and

applications.

The NPs film model may be employed to ac-
cess a variety of morphology-related properties,
among which gas-dynamics and elastic proper-
ties.
Mesoscale gas-dynamics. The NPs film is
inherently porous, see Fig.2. This fact, together
with the possibility of spraying the NPs on vir-
tually any surface, makes the film potentially
appealing for distributed gas-dynamics applica-
tions. To this aim knowledge of the pores con-
nectivity pattern - open vs closed porosity - and
the transport mechanism ruling the gas dynam-
ics is required. The gas transport regime - vis-
cous vs molecular - is discriminated on the basis
of the Knudsen number Kn= λ/L. The molec-
ular mean free path λ is the average distance
traveled by a molecule between two scattering
events with other molecules, L is the physical
length ruling the scattering event between the
gas molecule and the NPs film scaffold. The
estimate of L for the present case will be dis-
cussed shortly. In the viscous transport regime
the molecule-molecule scattering events prevail
over the molecule-pore wall scattering ones, re-
sulting in Kn <1. In the molecular transport
regime the opposite is true, resulting in Kn >1.
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To which extent Kn should deviate from unity
in order for transport to be defined as viscous or
molecular depends on the application field. In
the frame of vacuum technology,35 for instance,
the regime is considered viscous (molecular) for
Kn <0.01 (Kn >5).
Figure 5 reports the void structure, i.e. the

complementary of the NPs scaffold shown in
Figure 2. The pores are connected (see Mul-
timedia file in SI to better appreciate this fact),
thus allowing for gas/fluid transport across the
film. The film porosity, as calculated from the
virtual film model, is φ=Vp/V=0.27±0.05, Vp

being the voids volume and V the total NPs
film volume.
In order to estimate the pore size relevant to

gas-transport, i.e. obtain an estimate for L,
xy plane cross-sections where taken at several
z-quotas of the void scaffold, the spacing be-
tween cross sections being 0.25 nm. Samples
images are reported in Figure 5 (a)-(e). Given
the random nature of the voids cross-sectional
geometry, estimating L implies some degree of
arbitrariness. Although the pores cross-section
geometry varies extensively, see Figure 5, some
general guiding principles may be obtained by
considering the ideal case of a cylindrical void of
cross sectional radius r. The conductivity of a
pipe of radius r scales as r4 for viscous laminar
flow and as r3 in the molecular regime. These
scaling laws suggest considering, within each
section, the pore of wider surface area to be the
one playing by far the main role in gas trans-
port. Hence, for the purpose of estimating L,
the average pore section area Āp= 80 nm2 has
been estimated as the arithmetic mean of the
areas of the most extended pore sections of each
z-plane. Substituting, for the sake of gas trans-
port, the actual pores with ”effective” pores of
circular section, the resulting physical length
ruling the scattering between the Ag scaffold
and the gas molecules reads L=

√

Āp/π ≈ 5
nm. Since the actual voids cross-sections are
not circular, this value constitutes an overesti-
mation of the effective L. This fact may be fur-
ther appreciated upon visual inspection of the
cross-sectional cuts shown in Figure 5 (a)-(e).
The pores cross-sections elongate along certain
directions and constrict along the orthogonal

5nm

a)

b)

c)

e)

d)

Figure 5: Void structure. The white 3D scaf-
fold represents the voids between the deposited
NPs. The image has been cut at a quota z=25
nm for ease of visualisation. Stacking of the xy
cross-sectional views may be thought of as com-
posing the z-axial tomography of the void scaf-
fold. Panels (a)-(e): cross-sectional cuts taken
across planes of the void scaffold at different
z-coordinates, as indicated by the red-dashed
lines. The 5 nm scale bar refers to the cross-
sectional cuts.

ones, the narrow size measuring, in most re-
alisations, less than the 5 nm bar-length. For
the sake of evaluating L the narrower exten-
sion is the relevant one, which is overestimated
by assuming an ”effective” circular pore cross-
section.
Within the hard-sphere approximation, the

molecular mean free path reads:

λ =
kBT√
2πd0P

(2)

kB being the Boltzman constant, T and P the
gas temperature and pressure respectively, and
d0 the molecular diameter. Assuming P=101
KPa and T=288 K (Standard International
Atmosphere, SIA) and indicative values of d0
in the range36 0.26 nm (Helium) to 0.44 nm
(Clorine), one finds λ ∼ 50 - 150 nm. An upper-
bound estimation of L=5 nm, as retrieved from
the previous analysis on porosity, results in
Kn ∼10 - 30, thus setting gas transport across
the NP film in the molecular (Knudsen) regime.
The open-porosity and the Knudsen regime

here predicted for gas transport, together with
the possibility of depositing the film on any sur-
face with high deposition throughputs, makes
the NPs film an appealing inorganic meso-
porous membrane for distributed membrane-
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based gas separation.37,38 Following reference
39, the figure of merit for gas separation in
membranes is selectivity, αA/B=P̄A/P̄B, where
P̄A and P̄B are the permeabilities of the gas
species A and B. A value αA/B=1 means
the membrane is not effective in separating
the gas species, whereas any other value will
imply some degree of separation among the
two gasses. For low enough pressures, so as
for Henry’s law to be valid, P̄i=DiSi with
Di and Si the diffusion and solubility coeffi-
cients of gas species i (i=A, B), resulting in
αA/B=(DA/DB)(SA/SB). In situations where
the gas species to be separated are chemi-
cally similar, i.e (SA/SB)∼1, the selectivity
process is diffusion-driven. In the molecu-
lar transport regime40 Di=(d0,i/3)

√

8RT/πmi,
where mi and d0,i are the molar mass and
molecular diameter of gas species i and R is
the ideal gas constant. The NPs film could
thus serve as a membrane separating the gas
species on the basis of their molecular masses
and molecular diameters, selectivity reading
αA/B=(d0,A/d0,B)

√

mB/mA. For instance, in
the industrially relevant case of the ammonia
synthesis process the purge gas is composed of
an H2/N2 mixture.41 The recovery of the two
gas species is an important aspect, reducing
both energy and environmental costs. Given
values of mH2

=2.02 g/mol, mN2
=28.01 g/mol,

d0,H2
=2.89 Å and d0,N2

=3.64 Å42 the membrane
selectivity reads αH2/N2

∼3, thus allowing the
two species to be effectively separated.
Nanoelasticity. Assessment of the elastic
properties of ultra-thin coatings is a remark-
able problem in materials science and the pre-
requisite to any perspective application. The
reconstructed film is now exploited to predict
the stiffness constant along the film growth di-
rection, the mechanical properties being essen-
tially ruled, in the present case, by the film
morphology. This quantity is relevant in a vari-
ety of applications. For instance it rules the
operating frequency range of NPs thin film-
based hypersonic photo-acoustic transducers.6

The elastic constant C11 of the NPs film has
been calculated on the previously obtained scaf-
fold by using an Embedded Atom model Po-
tential (EAM).23 The EAM is built with func-

tions that have been empirically determined
in order to specifically match the elastic con-
stants of pure Face-centered cubic (fcc) met-
als. For this reason such a model potential is
more suitable with respect to the previously
used Lennard-Jones pair-potential to describe
the elastic properties of the NPs film. However,
the high computational cost of the EAM poten-
tial prevents its use to perform a NPs deposition
simulation of a system containing a number of
atoms as large as 1.1×106, necessary to obtain
a NP film model of realistic size (see Figure 2).
In order to estimate C11 an uniaxial (along

the deposition direction) deformation is applied
to the virtual film with an overall strain vary-
ing in the range ±5%. At each deformation
step the sample is fully relaxed by means of
a conjugate gradient optimisation. By fitting
the energy-strain curve with a parabolic func-
tion a value C11=89 ± 6 GPa is obtained at a
temperature of T=0 K. The elastic constants
are monotonously decreasing with temperature.
For the sake of comparison the room tempera-
ture experimental value C11,Exp(300 K)=70±5
GPa, obtained on equivalent NPs films inves-
tigated by means of time-resolved optoacous-
tics experiments,6 reads, once rescaled to T=0
K, C11,Exp(0 K)=75±5 GPa (refer to SI for de-
tails). The theoretical and experimental values
are in pretty close agreement. As a further con-
sistency check, the ratio between the C11 mea-
sured on the NPs film and on single crystal bulk
Ag43 at room temperature reads 0.57 ± 0.04.
The same ratio obtained from MD simulations
at 0 K - using the same potential for the NP
film and the Ag bulk - is 0.62± 0.07. The com-
patibility of these values confirms the validity
of the adopted approach.
The present strategy is readily generalisable

to SCBD-deposited NPs thin film other than
pure Ag. Fcc elemental metals and their alloys
are successfully described by means of suitable
model potentials, thus potentially providing the
correct morphology as well as mechanical prop-
erties for technologically relevant films.
The bottom-up approach to the SCBD-

deposited metal NPs film morphology has
far reaching applications in fields other than
mesoscale gas-dynamics and nanoelasticity.
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The experimentally-driven model will allow
engineering, beyond a trial and error approach,
the granular films optical44,45 properties, the
interaction of the mesoporous scaffolds with liq-
uids,46 pathogens,2 proteins47 and biofilms48,49

and their exploitation in nanojoining technol-
ogy50 and wearable electronics.51

CONCLUSIONS

In conclusion, the morphology and mechan-
ical properties of Ag nanoparticles ultrathin
films, synthesized by supersonic cluster beam
deposition, have been investigated adopting a
multi-technique bottom-up approach. Combin-
ing high resolution - high angle annular dark
field scanning transmission electron microscopy,
analysis of the gas-dynamics inherent super-
sonic cluster beam deposition with molecular
dynamics simulations, a granular NPs virtual
film was reconstructed. The model has been
validated comparing the computed topography
and filling factor against the experimental val-
ues from AFM and X-ray measurements. The
virtual sample allowed to investigate the film
porosity and gas-dynamics through the NPs
film. In this context the Knudsen regime was
recognised as the leading transport mechanism.
This fact opens the possibility of exploiting the
NPs films as mesoscopic membranes for gas sep-
aration. The virtual sample was then exploited
to access the C11 elastic constant, mechanical
nanometrology of ultra-thin granular films be-
ing an outstanding open issue in material sci-
ence. The results are compatible with exper-
imental values obtained from ultra-fast optoa-
coustic nanometrology. The approach here pre-
sented is extendable to other metallic granu-
lar films and bears great interests for material
science applications ranging from nanosensing,
nanooptomechanics to nanomedicine.

SUPPORTING INFORMA-

TION

Supporting Informations are provided on the
following topics: SCBD source geometry, MD

simulation details, Filling factor and AFM to-
pography from the virtual Nanoparticle film,
AFM images comparison: surface texture anal-
yses, Rescaling of the C11;exp value to low tem-
perature. Two videos (Multimedia files) are
provided illustrating the NPs film morphology
and void structure.
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