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Abstract

Quasi-2D nanoporous gold ultra-thin films have been elaborated and investigated by specific surface ap-
proaches. Three different microscopy techniques (Transmission Electron Microscopy (TEM), Scanning
Electron Microscopy (SEM), and Atomic Force Microscopy (AFM)) have been used for the characteri-
zations. A careful statistical analysis of experimental images has been done, thanks to the development
of a dedicated image analysis software. It reveals that the inhomogeneous gold nanomesh at low length
scale becomes homogeneous at a length scale larger than the biggest pores size of about 2 um, with a
constant opacity reaching 35%. At such a scale, the ligaments present an average diameter of 20 nm
and an average length of 70 nm. While TEM and SEM present similar results, AFM overestimates the
geometric characteristics due to tip convolution effect. However, the topology of the nanomesh is not
affected. This study also reveals pores with a much larger size in the quasi 2D nanoporous ultra-thin
film than in its bulk counterpart for similar ligaments diameters, which could play an important role
in its mechanical properties.

Keywords: Nano architecture, Transmission electron microscopy, Scanning electron microscopy,
Atomic force microscopy, Flexible membrane, Image analysis, Skeletonization

1. Introduction Bulk nanoporous metal [4, 5| is a typical ex-
ample of such a material combining low dimen-
sion and nano-architecture obtained by dealloy-
ing processes [6, 7, 8, 9, 10, 11]. In particular
bulk nanoporous gold is known for its interest-
ing properties, like catalysis properties [12, 13|,
plasmonic properties for sensor applications |14,
15], biotechnological and biomedical applications
[16, 17| supercapacitors [5], chemical energy ac-
tuator [18|, and relatively high deformation ca-
pabilities [19, 20, 21]. More recently, the elab-

oration of ultra-thin film of nanoporous gold has

The surface-on-volume ratio has been iden-
tified as one of the main parameters to under-
stand the modification of physical properties at
the nano-scale like catalysis or mechanical prop-
erties, and used for instance for the famous Ashby
diagram [1]. It opened the way to the nano-scale
surface engineering that allowed changing the ma-
terials properties compared to their bulk counter-
parts [2]. In addition, the architecture of materi-
als at the nano-scale has been shown to be a key
element to improve material properties like the

toughness in natural and biological materials [3].
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been obtained through the dealloying of CuAu al-
loy [22]. These nanomeshes complete the zoology
of nanoporous films obtained with other methods
of elaboration as metal deposition [23|, or metal
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nanowires [24]. Gold nanomeshes present high po-
tential capabilities for flexible electronics |25, 26]
due to their good properties of long range conduc-
tivity, high transmittance, and high stretchability
[23]. Another promising application of these gold
nanomeshes concerns molecular detection through
the dramatic increase of the Raman scattering sig-
nal when molecules are absorbed on the surface
[27]. These films detached from their initial glass
substrate and floating on water can be transferred
on the 3-dimensional surface of various substrates
[22].

A previous experimental characterization of
these ultra thin film materials revealed nanomeshes
formed of very thin ligaments with cross sections
of a few tens of nanometers, that can be consid-
ered as quasi two dimensional nanoporous films
[22]. Here, we investigated ultra thin films of
nanoporous gold using various microscopy approaches
(Transmission Electron Microscopy (TEM), Scan-
ning Electron Microscopy (SEM), and Atomic Force
Microscopy (AFM)). The films are analyzed with
numerical tools developed and optimized for these
gold nanomeshes. Through the extraction of the
skeleton, we determined the topology and geom-
etry of the films at different length scales from
nanometer to micron. A similar work has been
completed in bulk nanoporous gold [28]. The sta-
tistical analysis on several length scales allows for
a deep understanding of the gold nanomesh struc-
ture in view of future in situ mechanical investi-
gations. It is also useful for generating realistic
structures sourced from experiment samples for
the purpose of atomic scale modeling. The first
part presents the protocol of elaboration, the sec-
ond the experimental analysis. The last part is
dedicated to the quantitative statistical study of
the properties of the nanoporous gold film.

2. Fabrication, preparation and character-
izations

2.1. Protocol of fabrication

Ultra-thin nanoporous gold layers have been
demonstrated to be transparent, conductive, and
flexible membranes that can be transferred onto
surfaces of complex shapes. A Cu film used as

a sacrificial layer is first deposited onto a glass
substrate, followed by thin layers of AuCu alloy
(Fig. 1). The samples are then exposed to a ni-
tric acid vapor which oxidizes copper into copper
nitrate. This process has two effects: on the one
hand, there is an etching of the sacrificial Cu layer
that makes the membrane easily removable from
the glass substrate; on the other hand, it performs
the dealloying of copper from the CuAu alloy to
obtain a nanoporous gold film. It should be noted
that the use of an acid vapor instead of a solution
is mandatory in order to avoid the complete de-
struction of the film during dealloying. The sub-
strate is then immersed in ultrapure water to de-
tach the nanoporous gold membrane which will
float on the water surface. The membrane is then
transferred to the object to be coated (Fig. 1).

Cu
etching/dealloying
and transfer on
water surface

Thin film

deposition r\

AuCu alloy
al laye

Transfer on
object to be
coated

e np Au film

Water

Figure 1: Fabrication and transfer of the highly flexible
gold nanomesh ultra-thin film.

The thin films are deposited by magnetron
cosputtering in argon plasma under a pressure of
0.5 Pa using gold and copper targets with a di-
ameter of 75 mm. The target to substrate holder
distance is about 120 mm. The initial sacrificial
Cu layer is deposited with a DC power of 100 W
applied to the target for 20 s. The thickness of
this layer is deduced from previous calibrations
performed by profilometry on thicker layers and
is estimated to be 8 nm. The AuCu alloy layer is
deposited with an average target power of 125 W
for copper and 50 W for gold, with a deposition
time of 10 s. The estimated thickness of this layer
is 8 nm. The composition deduced from energy
dispersive spectroscopy measurements on samples
with higher layer thicknesses is estimated to be
AussCugs. In a closed chamber, the samples are
then subjected to nitric acid vapor for etching and
dealloying. The vapor is produced from a concen-
trated nitric acid solution (65%, 16 mol.L. = Carlo



Erba Reagents) at room temperature. The treat-
ment time is 120 min. More details about the
fabrication process can be find elsewhere [22]. In
this study the produced membranes were trans-
ferred onto the surface of 3 types of substrates:
a 300 mesh Cu grids coated with a lacey carbon
film to perform TEM imaging, aluminum sample
supports for SEM imaging, and Poly Ether Ether
Ketone (PEEK) bar (2x2x6 mm?) for AFM char-
acterization.

2.2. Operating parameters for microscopy charac-
terization

and 6 mm length. Fach sample was mechani-
cally polished using Mecatech 234 from Presi SA
automatic polishing device. In the first polishing
round, leveling of the sample surface is performed
with Presi TOP, Reflex PAD-MAG polishing fab-
ric for leveling of the sample surface. With a pol-
ishing time of 5 minutes and a force of 10 N, the
polishing speed was set at 250 rpm, and diamond
suspension of 10 um grain size was intermittently
supplied to the polishing pad. For the next polish-
ing round, RAM, Reflex PAD-MAG polishing fab-
ric and 3 um diamond suspension were used with
similar polishing parameters as in round one. The

SEM Images are acquired using a Helios NanoLab procedure was completed by using an NT, Reflex

G3 CX dual beam FIB/SEM machine from Ther-
mofisher, equipped with a stage having free azes of
rotation and tilt. Once a protective layer of plat-
num has been deposited, a rectangular hole on the
surface of the sample is created by using the Ga*
ton beam in order to access the cross-section view
(fig. 3). Then, the sample is tilted at 38 rela-
tively to the incident electron beam. The UHR
(ultra-high resolution) SEM option, also known
as the immersion mode, is used in order to ob-
tain images with quality resolution at high mag-
nifications (3kV, 0.3/ nA). Top view images are
obtained when the electron beam is perpendicular
to the surface (Fig. 2).

TEM imaging was conducted with a S/TEM
Themis Z G3 (300kV, Thermo Fisher Scientific).

All AFM observations were carried out in Peak
Force Tapping mode on a Bruker Dimension Icon
AFM with Bruker Scan Assist tips (f, ~ 70 kHz,
k ~ 0,4 N/m). PEEK substrates have been cho-
sen for future deformation experiments because
of its interesting physical and mechanical prop-
erties. Firstly, it is a semi-crystalline material
with an elastic range up to 8% strain and a high
Young modulus for a polymer (Es = 4.0 GPa)
which gives it good rigidity. Secondly, water does
not play a significant role in its elasticity unlike
many other polymers, and does not affect its per-
formance during the transfer of gold nanomesh.

2.3. PEEK Polishing process

PEEK 450GTM purchased from VictrexTM was
cut into substrates of 2 x 2 mm? cross-section

PAD-MAG polishing fabric, and 1/4 pm diamond
suspension. The sample was thereafter cleaned
in de-tonized water and dried in compressed air.
This procedure leads to surfaces with a nanometer-
scale corrugation.

3. Results of experimental characteriza-
tions

3.1. SEM / FIB

Figure 2 presents SEM images of nanoporous
gold ultra-thin films at different scales. They re-
veal a relatively uniform nanomesh over a large
area with lateral dimensions greater than 50 pm.
The nanomesh includes pores of different sizes
from a few tens of nanometers up to almost 2 pym.
Interestingly, our observations reveal most of the
time the presence of a unique sheet of gold nanomesh
on the aluminum sample support which confirms
the good control of the transfer process. The liga-
ments have a wavy shape, with diameters of 10 to
30 nm, independently of their location on the sam-
ple. Ligaments seem in general connected over a
long scale, despite the presence of a few isolated
clusters, as seen on the largest magnification im-
age. This observation is in agreement with elec-
trical percolation measurements performed previ-
ously on large sample [22|. Note that an EBSD
analysis has been performed but the signal from
the nanomesh was masked by that of the sub-
strate.

Figure 3 reports on diameter dimensions, mea-
sured by taking into account the tilted angle ob-



Figure 2: Top-view SEM images of gold nanomesh (light grey areas) at different length scales, with scale bars ranging
from 100 nm to 6 pm. Labels SEM1, SEM3, SEM4, and SEM5 refer to Tab. 1 (For SEM2 see Fig. 6).
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Figure 3: Gold ligaments cross section obtained by FIB
milling on tilted surface are located at the interface be-
tween the Al layer of the aluminum sample support and
the Pt protective layer. They appear in white. The diam-
eters have been corrected to take into account the tilted
angle observation. (a) Low magnification, (b) high mag-
nification.

servation correction. Different cross section shapes,
from almost circular to ovoid, are observed. The
circular shape is attributed to the radial cross-
section of ligaments, while the ovoid could be ei-
ther radial or tilted cross-sections of ligaments.
Circular cross sections are determined to range
from about 16 to 19 nm, corresponding to the
lower bound of the diameters estimated from the
top view image (Fig. 3).

3.2. TEM

Information relatively similar to SEM analy-
sis is obtained from TEM images (Fig.4) for lig-
aments shape, film structure, and pores. Note
that the characteristic dimension of a pore is es-
timated to be about 200 nm (TEMI1 in Fig.4).
Larger pores, with dimensions that can reach 1
or 2 um are also identified (TEM3 in Fig.4). The
improved definition of TEM images compared to



Figure 4: TEM images at different length scales, with scale bars ranging from 200 nm to 2 gm. The gold nanomesh
corresponds to dark gray areas. Labels TEM1 to TEM3 refer to Tab. 1.

SEM allow us to better identify contours and also
suggest planar structural defects that could be re-
lated to twinning, grain boundaries, or stacking
fault defects.

3.3. AFM characterization

After transfer, the ligaments observed by AFM
exhibit a similar organization compared to SEM
and TEM observations. A typical image is shown
in Fig. 5. It shows a relatively uniform single sheet
of Au nanomesh with a variable density of gold
ligaments. Profiles made across several ligaments
give lateral dimensions between 35 and 55 nm and
heights between 20 and 40 nm for ligaments. It
can be noticed that the lateral dimensions mea-
sured by AFM are larger than the ones reported
with the other methods. The two most important
AFM tip-related factors that affect the quality of
the AFM scans are the tip apex radius of curva-
ture and the sidewall angles. The tip radius is
the real limitation of the ultimate resolution for
AFM measurements. Sidewall angles affect the
accurate imaging of steep slopes. In the present
work, tip specifications indicate a maximum ra-
dius of 12 nm, i.e. of the same order than the
ligaments, hence the broadened features.

4. Numerical analysis of the nanomesh

0 50 100 150 200 250 300 350
Distance (nm)

Figure 5: top image (AFMI) AFM image of Au
nanomesh. The bottom curve shows a typical profile across
two ligaments and corresponds to the white bar in the top
image.

topological properties are not uniform in the full
film. A numerical analysis is then unavoidable to

A comprehensive characterization of the nanomeslyptain good statistics. For such a structure, a use-

is relatively complex because the geometrical and

ful primary step is the determination of the skele-



ton of the nanomesh, which can next be used to
determine the continuity of the nanomesh and its
topology and geometry. The skeleton is composed
of ligaments and nodes. A ligament is a continu-
ous gold wire linking two nodes or attached to a
node at one of its end (end-free ligament). A node
is defined as an intersection of three or more liga-
ments. From the skeleton analysis, several quanti-
ties can be extracted like the diameter, the length,
and the connectivity of each ligament. In the fol-
lowing, the choice of the skeletonization algorithm
and the methodology applied to limit possible ar-
tifacts generated by the skeletonization algorithm
are presented.

4.1. Set up for skeleton evaluation

In order to analyze the gold nanomesh, we
tested several skeletonization algorithms. Since
these algorithms operate on black-and-white im-
ages, one critical step is the black-and-white bina-
rization of experimental images (Fig. 6). Exper-
imental images are first filtered until ligaments
are clearly emphasized (Fig. 6¢). Then a local
threshold binarization is applied to finally obtain
binary images. A particular attention has been
taken during image processing to avoid blurring
effects that could artificially change the apparent
diameter of ligaments.

Several skeletonization methods are available,
like those included in the ‘Scikit-image’ python li-
brary [29]. We compared two methods suited for
the two dimensional analysis of microscopy im-
ages: the medial axis method and Zhang method
[30]. The superiority of one method over the other
mainly depends on the resolution of the binary
input image and of the shape of the mesh. In
our case, Zhang method has been selected be-
cause we found that the artifact ligaments poten-
tially generated by this method can be efficiently
removed by using the geometric criteria detailed
below. A Python script largely inspired by the
‘Aquami’ software [31] has been written to refine
the skeleton and to perform a statistical analysis
of the gold nanomesh for determining the diame-
ter, length, and orientation of ligaments.

4.2. Optimization of the skeleton: criteria to elim-
inate artifacts

The skeleton freshly calculated by the Zhang
algorithm [30] features numerous small branches,
such as those shown in blue circles in Fig. 6. These
branches are artifacts produced by the algorithm,
and are found at the proximity of wavy ligaments
for example. To get a cleaned skeleton, these spu-
rious branches are removed using several criteria.
First, ligaments are classified according to their
connectivity (Fig. 7). Ligaments with connectiv-
ity equal to 0 are not connected to the skeleton
and are then rejected. In Fig. 6a, it represents
about 1100 ligaments, almost one-third of the to-
tal, but counts only for 5.6 um of the full cumu-
lative length of 77 um (Fig. 7b).

Pending ligaments are connected to the skele-
ton by one extremity only. They have a con-
nectivity of one (blue bars labeled ‘1’ in Fig. 7).
Among them, a large part of the shortest liga-
ments are artifacts created by the skeletonization
algorithm (blue circles in Fig. 6). Two criteria,
the first based on diameter and the second based
on length-over-diameter aspect ratio, are used for
rejection in order to get a relevant gold nanomesh
skeleton, as shown in red in Fig. 6d. The first
criterion is controlled by the choice of the mini-
mum diameter for the survival ligaments. Only
ligaments with diameter larger than 0.3 times the
average diameter of ligaments calculated on the
full structure before rejection are conserved. This
value allows to reject all the thinnest ligaments
that have been identified as spuriously generated
by the skeleton algorithm. The second criterion
leads to the rejection of ligaments with a length-
over-diameter aspect ratio of less than 1. In the
chosen example, almost 300 additional ligaments
with a connectivity of 1 are then rejected for a
negligible cumulative length of 4.6 ym indicated
by hashed blue bars in Fig. 7b, over the total
length of 77 pm. Taken together, the total lig-
aments length is reduced by only 13% after skele-
ton cleaning.

This procedure is applied to all experimental
images in this work and leads to a similar propor-
tion of rejected ligaments. In the following, the
statistical analysis are done on the cleaned skele-



Figure 6: Processed images and skeleton superimposed on the experimental SEM image (SEM2). (a) skeleton as given
by the skeletonization algorithm (red lines) on the black and white binarized image. (b) the background image is an
experimental top-view SEM image labeled SEM2. Ligaments are gray on the experimental image and white on the
binarized image. Blue circles denote skeleton artifacts magnified in zooms. (c¢) optimized skeleton (red lines) on the
processed image. (d) optimized skeleton (red lines) on the black and white binarized image.

ton, after rejection of the spurious ligaments.

5. Results and discussion

5.1. Statistical analysis of gold nanomesh at var-
wous length scales

The microscopy characterizations are summa-
rized in Tab. 1. The orientation of each ligament
is calculated with respect to the horizontal axis of
the film (Fig. 8a). All the ligaments orientations
range from 0 to +90°, and with an average value
close to 45 degrees. This means that ligaments are
randomly orientated independently of the scale of
observation, suggesting an isotropic structure of
the thin films.

The average diameters range from 18 to 30 nm
(Fig. 8b) for TEM and SEM. A slight increase in

ligament diameter was observed with increasing
length scale. However, this effect may be related
to image post-processing. Effectively, at large
length scales, the ligaments appear very thin with
a loss of contour definition in the experimental im-
ages. The post-processing of the images may have
resulted in the diameter being slightly too thick
during image binarisation. The smallest sizes 18
to 22 nm are then probably the best average diam-
eter evaluation in agreement with the SEM cross-
section measurement (Fig. 3). The overestimation
of the average diameter in AFM by about 25-30
nm is probably a consequence of the convolution
of the ligament by the AFM tip as explained in
section 3.3.

The average ligament length values are very



Table 1: Analysis of the skeleton calculated from experimental images at different scales, obtained with different char-
acterization techniques. TEM images (green rows) correspond to Fig. 4, AFM image (blue row) to Fig. 5, SEM images
(orange rows) to Fig. 2 and Fig. 6. The image are sorted by ascending value of their characteristic length scale, calculated
as the square root of the image area. The ligament orientations are calculated with respect to the horizontal axis and
range from 0 to +90°. An isotropic structure will then present an average orientation of +45°. The length density refers
to the cumulative length of all ligaments divided by the image surface area. The opacity corresponds to the density of
ligaments coverage, i.e. the percentage of surface occultation by ligaments on the full image.

ligaments opacity of the mesh
image label Ieng(t:r:)c ale average average average Cumulative | length density |over fullimage
orientation (deg) |[diameter (nm) | length (nm) | length (um) (Hm/pm2) (%)
SEM1 0.7 43 22 50 9 20.9 30
TEM1 0.8 48 21 49 7 11.2] 30
SEM2 2.3 46 23 36 67 13.2 43
TEM2 2.6 44 18 23 80 11.8] 28
AFM1 5.0 44 52 117 134 54 39
SEM3 6.8 46 26 52 379 8.6 31
TEM3 13.5] 45 30 66 1659 9.1 32
SEM4 13.6] 50 30 82 1428 7.7 35
SEM5 44.7 : - - E | 37

scattered from 23 to 117 nm. For TEM and SEM
images, at the smallest length scales, between 1
and 7 pum, the average ligament lengths are ob-
served to be the smallest, whereas at the largest
length scale the average ligament lengths appear
to be the largest ( Fig. 8c). AFM yields an
average length of 117 nm (AFMI in Fig. 8c), i.e.
about 60 nm longer than for a similar scale im-
age (SEM3 in Fig. 8c). A possible explanation
hinges on the ligaments adhesion to the PEEK
substrate that might improve the deposition and
limit breaking.

Note that this overestimation of the average
length has little impact on the cumulative lengths,
that are independent of the techniques (AFM,
SEM, or TEM), but only increase as a function
of the length scale of the image (Tab. 1). In sum-
mary, at the largest length scale, the average lig-
ament length could be seen as a converging value
towards approximately 70 nm.

5.2. Opacity analysis of the nanomesh at different
length scales.

The ‘length density’ is the ratio of the cumu-
lative length over the surface area. In Fig. 8-d, at
low length scale the values appear scatter, while
at large length scale the values appear indepen-
dent of the microscopy techniques. To explain
this variation, we calculated the opacity of the
nanomesh, that is the ratio of the white surface
area representing ligaments over the full image

area (Tab. 1). Careful image processing is re-
quired to correctly evaluate the opacity property
(see the section 4.1). This property can also be
understood as the product of the length density
and the mean diameter. One can notice signifi-
cant variations between all investigated samples,
especially at a low length scale. To study the issue
further, the opacity has been evaluated after the
image is divided in 20 sub-images corresponding
to a sampling of 1/20" (5 x 4) of the full image.
At the smallest scales, the scattering of opacity
can vary by more than 20%, while at a larger
length scale, the variations are about 2%. Fur-
thermore, the standard deviation decreases from
5.4% to 0.7% when the length scale increases from
0.7 to 44.7 pm. In fact, the nanomesh can be
viewed as clusters of densely nested ligaments con-
nected by longer ligaments at a larger length scale,
together with the presence of large pores in be-
tween (SEM4 in Fig. 2). When the lateral di-
mensions of images are larger than the largest
pore size, of about 2 um, the characteristics of
the nanomesh appear then homogeneous and can
explain the long-range percolation of the network
previously observed by conductivity analysis [22].

5.83. Comparison with 3D bulk nanoporous gold.

In the work of Résner et al. [32], bulk nanoporous

gold has been elaborated from the dealloying of
AgAu alloy and investigated by electron tomog-
raphy. The conditions of elaboration lead to a
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Figure 7: Example of ligaments analysis made on images
shown in Fig. 6 before and after cleaning process, (a) in
terms of number of ligaments, (b) in cumulative length
(pm). In each plot, the ligaments are sorted according to
their connectivity: 0 = free ligaments, 1 = one extremity
connected to the skeleton, 2 = two extremities connected
to the skeleton. The hashed zones represents rejected lig-
aments in number and in cumulative length. The subse-
quent statistical analysis is performed on skeletons after
the rejection of the spurious ligaments. (See text for de-
tails).

bulk structure with an average ligament diameter
of about 16 nm in bulk, i.e. close to our value of
about 20 nm in our thin films. However, the av-
erage pore size of 28 nm in bulk nanoporous gold
appears much smaller compared to the common
pore diameter of about 200 nm, with a maximum
of up to 2 pum observed in our gold nanomesh
thin film. The reduction in pore size in the tran-
sition from 2D to 3D nanoporous films is also ob-
served, for example, in the analysis of nanoporous
metallic films obtained by other means, where the
same issues are addressed by molecular dynamics
[33] and Langevin-based modelling [34] in terms
of the slice-filling factor. This raises the ques-
tion of whether this trend could be common to all
nanoporous metallic films, however synthesised,
in the transition from the 2D to the 3D case. How-
ever, this requires more detailed studies.
Interestingly, the stability of ligaments in films
is in agreement with the Plateau-Rayleigh insta-
bility calculated on a cylinder with surface tension
as in the bulk structures [32]. In fact, the ratio of

the average length to the average diameter is al-
ways smaller than 7, which limits instability lead-
ing to the pinch-off of thin ligaments. The stabil-
ity of nanoporous gold seems not affected by the
lowering of space dimension from bulk to quasi-2D
ultra-thin film. However, the mechanical proper-
ties of the films could be strongly impacted due
to the presence of much larger pores than in the
bulk structures. It could explain the large strains
up to 160% reported for certain nanomeshes [23]
while bulk nanoporous gold with similar ligaments
diameter is brittle [35].

6. Conclusion

To conclude, the analysis at different length
scales reveals a homogeneous and isotropic topol-
ogy of the nanomesh at a length scale larger than
the maximum pore diameter of about 2 ym. The
nanomesh presents local variations of ligament den-
sity, with nested ligaments connected by longer
ligaments. In addition, TEM and SEM charac-
terizations lead to similar average values of about
20 nm for the ligaments diameters, and of about
70 nm for the ligaments length, while AFM over-
estimates those properties. The topology of the
nanomesh is not affected by the AFM tip con-
volution effect. AFM could then be used like
TEM and SEM to study the topology modifica-
tion in view of future investigations about me-
chanical properties. We also find that the opac-
ity of the nanomesh converges toward a relatively
constant value of about 35% at a large enough
length scale. Finally, the algorithm developed in
this study gives a precise description of the quasi-
2D topology and could be used for other quasi-2D
nanomaterials such as percolated silver nanowires
for transparent conductor electrode [24].

TEM observations also reveal defects in liga-
ments, and call for further research, for instance
using the Automated Crystal Orientation Map-
ping in Transmission Electron Microscope (ACOM-
TEM) tool [36]. This would help us to study
the crystalline orientation of the ligaments at the
nanoscale.

The presence of much larger pores in gold nanomesh

thin films than in gold nanoporous bulk should
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Figure 8: Statistical representation of data from Tab. 1. (a) ligament orientation (°), (b) average ligament diameter
(nm), (c) average ligament length (nm), and (d) ligament length density (um/um?). Orange, green and blue bars are

respectively for SEM, TEM and AFM experimental images.

affect the evolution of topology and connectiv-
ity during mechanical deformation. The conse-
quence of the modification of the morphology of
nanoporous gold from bulk to quasi-2D ultra-thin
film on mechanical properties like ductility should
then be investigated. One goal would be to de-
termine the limit of such metallic nanomesh and
the engineering way to improve their mechanical
properties for subsequent applications.
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