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The development of new nanocomposites with added functionalities for Additive Manufacturing (AM) requires of
a deep understanding of the 3D distribution of the selected nano-additives within the polymeric matrix, in order
to optimize their performance. For this, electron tomography (ET) is an outstanding analysis technique that
requires the material to withstand the electron exposure needed for the acquisition of several tens of images,

Nanocomposites

ocomp . becoming challenging for beam-sensitive materials. In this work, we analyse the parameters involved in the
Additive manufacturing N i i . ) A
Stereolithography successful analysis by low dose ET of nanocomposites based in acrylic resins for stereolithography (SLA). Needle-

shape electron-transparent specimens have been fabricated by focused ion beam (FIB), minimizing surface
damage due to the high energy Ga™ ions. Microscope settings for tuning the electron dose applied during the ET
analysis of these nanoneedles are discussed. A phenomenological study of the effect of increasing the electron
dose in the scanning transmission electron microscopy (STEM) analysis of the material has been carried out,
showing that ET can be effectively performed at low electron doses. Two case studies are presented, to illustrate
the relevance of these analyses in the development of nanocomposites with added functionalities. Our results
have revealed the crucial role of the dose rate and of inaccuracies in the calculation of critical electron doses for
the design of ET experiments.

In order to extend the application field of AM technologies and, in
particular, of SLA, remarkable effort is carried out nowadays for the

1. Introduction

Additive manufacturing (AM) technologies are based in the layer-by-
layer fabrication of 3D models created with computer-aided design
(CAD), using a variety of equipment that can process materials such as
polymers, metals or ceramics [1,2]. The versatility of AM technologies
allows obtaining pieces with very complex geometries useful, for
example, in parts with intricate internal features, or in lightweight
pieces with hollow or lattice structures. Additional advantages of AM are
competitive cost production, drastic reduction of waste and easy scal-
ability [3]. Because of these potential benefits, AM has acquired an
essential role in industry in the last decade, especially within Industry
4.0 [4,5]. Among AM techniques, those using photocurable resins are
expanding their application field. In particular, stereolithography (SLA)
consists on the photopolymerization of a liquid precursor using a light
source (normally in the UV range) which solidifies with a resolution in
the order of microns [6,7]. Although there are some epoxy-based resin
precursors, most widespread SLA precursors are of an acrylic nature [8].
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development of novel advanced materials with additional functional-
ities, where the development of nanocomposites is an effective strategy
[9-12]. The optimization of the performance of these novel materials
requires understanding the structural features obtained under different
fabrication routes. In particular, characteristics such as the 3D distri-
bution of the nano-additives within the polymeric matrix play an
essential role in their potential functionality.

Electron Tomography (ET) [13] is currently a standard technique to
obtain quantitative information of 3D structural and morphological
features of materials at nanometric [14,15] and even atomic resolution
[16,17]. This approach is based on the acquisition of a series of 2D
projection images collected at different tilt angles over an angular range
as large as possible to maximize resolution in 3D. After this, the recon-
struction of the volume should be carried out, where a variety of algo-
rithms have been implemented in different softwares with this purpose
[18-20]. Tomography series can be obtained either in bright-field (BF)
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transmission electron microscopy (TEM) or in scanning (S) TEM mode.
However, BF-TEM images of crystalline materials contain a significant
contribution of Bragg scattered electrons, and such diffraction contrast
images do not fulfil the projection requirement for ET, affecting the
reliability of the reconstructions [21]. Since Midgley et al. demonstrated
the potential of high angle annular dark field (HAADF-) STEM tomog-
raphy [13,21], a broad variety of 3D structural and compositional in-
formation at the nanoscale has been obtained with this technique [15,
17,22-24].

Although ET techniques have been continuously improved in the last
decades, they are still limited for beam-sensitive materials such as
polymers. ET requires a long time for the tilt series acquisition, therefore
the specimen suffers long exposures to a relatively intense electron
beam, and this may cause undesired changes within the material.
Several damage mechanisms have been described for different mate-
rials, which are reviewed elsewhere [25]. In order to reduce the total
electron dose (defined as the number of incident electrons per unit area
that impinges on the specimen), various undersampling approaches
have been proposed, which include lowering the number of 2D projec-
tion images or reducing the electron dose per image. It has recently been
shown that, for a fixed total electron dose, using lower beam currents or
lower dwell times (faster scanning) produce better quality reconstruc-
tion than tilt undersampling or scanning fewer pixels per image [26].
Other authors also report that large tilt increments at low electron doses
yields enhanced reconstructions regarding reduced tilt increments at
higher doses [27]. This evidences that the correct design of ET experi-
ments is essential to obtain reliable results in the analysis of beam sen-
sitive materials, as the polymeric matrices used in AM.

In order to design (S)TEM experiments in beam sensitive materials,
calculation of parameters such as the critical electron dose is of great
help. The critical electron dose is defined as the maximum amount of
electron radiation that a sample can withstand before it suffers from
radiation damage, normally quantified as the accumulated electron dose
at which the monitored signal (diffraction spots, electron energy loss
spectroscopy (EELS) or energy-dispersive X-ray spectroscopy (EDX)
signals) decreases to 1/e (~37%) due to damage. According to Egerton
[28], the critical dose for most beam sensitive materials is so low that the
image resolution is no longer determined by the characteristics of the
microscope and it becomes governed by the electron dose used for im-
aging (due to low signal to noise ratio). Regarding polymers, numerous
studies have addressed the calculation of their critical electron doses by
EELS and other techniques [29-32]. However, care should be taken with
these values as they may only be representative for the specific condi-
tions and microscope parameters used for their acquisition.

Specimen preparation to electron-transparency is another challenge
regarding the (S)TEM analyses of polymeric materials. Preparation
techniques should be able to provide clean and thin material specimens
from the target material in a repeatable fashion. Common (S)TEM
specimen preparation methodologies include sequential mechanical
polishing and ion milling (suitable for brittle and hard materials such as
ceramics and metals [33]) and ultramicrotomy, consisting on directly
slicing electron-transparent sections of the material [34] and suitable for
polymeric materials [35]. The use of the focused ion beam (FIB) in-
strument constitutes an alternative specimen preparation technique,
consisting on nano-mechanization of the material using focalized Ga™
ion beams [36]. Advantages of the FIB method includes that specimens
with tailored geometry can be obtained. For electron tomography,
needle-shape specimens are of interest as they allow full tilt range ex-
periments, avoiding the undesired missing-wage effect, and also because
they provide a constant thickness of the specimen during the tilting
series. The FIB operation conditions need to be optimized considering
the particular characteristics of each material and experiment in order to
avoid damaging the material of interest [37,38].

In this work, we demonstrate that low dose ET experiments of AM
polymers is feasible, and that they constitute an impulse for the devel-
opment of AM nanocomposites with advanced functional properties. In
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particular, this work relates to SLA acrylic resins, containing either Ag
nanoparticles (NPs) or WS, nanosheets as nano-additives, with the aim
to add electrical and optical properties to the base matrix. Initially, FIB
nanoneedles of this resin have been successfully fabricated. Then, a
phenomenological study is carried out regarding electron beam damage
in the resin. For this, attention is paid to the different parameters
involved in the optimal design of low dose ET experiments in these
materials. The relevance of the dose rate and of inaccuracies in the
calculation of the critical dose for the design of ET experiments are
discussed, in relation to previous results by the authors.

2. Materials and methods

Clear photopolymer standard resin (a mixture of proprietary acrylic
monomers and oligomers and phenylbis (2,4,6-trimethyl benzoyl)-
phosphine oxide as a photoinitiator) was purchased from XYZprinting,
Inc (XYZprinting, New Taipei City, Taiwan). WS, powder was purchased
from Sigma-Aldrich and silver perchlorate (AgClO4) was purchased from
Alfa Aesar. All products were used as received.

Two nanocomposites based in acrylic resins were fabricated. The
first one was prepared using 3 wt% AgClO4 precursor, and the second
one with 0.4 wt% WS,. For this, an Ultrasonic Cleaner USC500T pro-
vided by VWR (VWR International, Radnor, PA, USA) and working at 45
kHz was used for the sonication processes, 30 min in the case of AgClO4.
For WS, the powder was sonicated for 6 h, and the resultant dispersion
was centrifuged (30 min) and the supernatant was decanted and mixed
with the acrylic resin. Solid specimens of the nanocomposites were
printed by SLA with Nobel 1.0, XYZprinting, Inc. (XYZprinting, New
Taipei City, Taiwan), using a 405 nm laser with an output power of 100
mW and a spot size that allowed an XY resolution of 300 pm. All samples
were printed with a layer height of 300 pm. Once printed, the samples
were washed with isopropanol for several minutes. Post-processing of
the samples was performed inside a UV chamber with a light source of
405 nm and a power of 1.25 mW/cm? (FormCure, Formlabs, Somerville,
MA, USA) for 60 min.

Electron-transparent specimens for (S)TEM analyses were prepared
by FIB using a Scios 2 DualBeam (Thermo Scientific) combined with FIB-
scanning electron microscope (FIB-SEM). High angle annular dark field
(HAADF-)STEM and Energy-dispersive X-ray (EDX) measurements were
performed using a Thermo Scientific TALOS F200S (Thermo Fisher
Scientific, Waltham, MA, USA) working at 200 kV. Electron doses were
measured by the dose metre on the flu cam. For the electron tomography
analyses, the tilt series were accurately aligned using the Inspect 3D
software of Thermo Fisher Scientific Company with the cross-correlation
method. The 3D reconstruction was carried out using the simultaneous
iterative reconstruction technique (SIRT) and was visualized with the
software AVIZO for FEI systems (Materials Science) 9.9.1. Simulations
on interaction of Ga™ ions with soft matter were carried out using the
SRIM (Stopping Range of Ions in Matter) software [39].

3. Results and discussion
3.1. Needle-shape specimen preparation by FIB

As mentioned above, specimen preparation in the form of nano-
needles provides an excellent means to carry out ET as it prevents the
progressive increase in specimen thickness during tilting usual in flat
lamellae. Additionally, and of special interest for this work, this geom-
etry facilitates the analysis of the quality of the specimen surface, to shed
light at the effects of electron/ion irradiation of the material during FIB
specimen preparation/STEM analyses, essential in soft materials. In this
work, we have initially optimized the fabrication parameters by FIB of
SLA acrylic resins for their subsequent analysis by ET.

FIB specimen preparation in the form of nanoneedles is becoming a
common practice, either for its use in transmission electron tomography
[40,41] or for atom probe tomography [42,43] where a specimen with
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this shape is required. Details on the basic procedure used by the authors
for materials such as semiconductors can be found elsewhere [44]. For
polymers, the procedure needs to be optimized according to the char-
acteristics of the material. Initially, and in order to avoid electrostatic
charging during the process due to the insulating character of the resin,
it is required to use some conductive material sputtering, such as Au.
The basic methodology to obtain the nanoneedles starts with the
extraction of a parallelepiped (around 2x8x8 pm?) from the bulk ma-
terial (similarly to the process of fabrication of electron-transparent
lamellae for TEM), and for this a protective Pt layer is initially depos-
ited on the surface of the material. Although the ion beam is normally
used to obtain this Pt layer, for sensitive materials such as polymers a Pt
layer needs to be deposited first with the electron beam, to reduce
damage. After this, a piece of material with size of approximately 2x2x8
pm? is glued to a grid with a micromanipulator. In order to mill a needle
from this parallelepiped, an annular pattern is used, where the inner and
outer diameters are progressively reduced. The selection of currents and
voltages in this process is key to obtain good quality, reduced diameter
needles, as it will be explained below.

The Ga™ ion beam used for milling the specimen to the desired shape
may damage the material surface through amorphization, beam heating
or ion implantation, among others. Amorphization is a main issue in
crystalline materials, as reported previously by the authors [44]. In
polymers, beam heating due to FIB preparation has been reported to be
limited by maintaining low beam currents (<100 pA) during milling
[38]. In general, ion implantation acquires remarkable importance in
soft materials such as polymers. lon implantation depends on the char-
acteristics of the material, on the ion/electrons voltage used for milling
and on the incidence angle between the ion beam and the specimen
surface. In needle-shape specimen preparation, the ion beam is almost
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parallel to the specimen surface, which should reduce implantation rates
in comparison to a perpendicular incidence (as it will be shown below).
Optimizing the working parameters of the FIB for specimen preparation
is essential to reduce/avoid material damage due to the ion beam inci-
dence. In order to shed light on possible Ga' ions implantation in the
material during milling, simulations of the interaction of the Ga®t ions
beam and the polymer surface have been carried out. In particular, the
effect of the ion acceleration voltage has been analysed. For this, the
incidence angle between the ion beam and a vector normal to the
specimen surface has been considered as 89° and a material with an
expected behaviour similar to the acrylic resin (epoxy resin) has been
selected from the available database. Fig. 1a) shows the results of the
simulation for a voltage of 30 kV. As it can be observed, on average the
penetration depth of the Ga™ ions in the resin is of 5.2 &+ 3.4 nm. A
reduction of the acceleration voltage may reduce this penetration depth.
Simulations for voltage values of 16, 8, 5 and 2 kV have also been
computed, and the results are included in Fig. 1b). As it can be observed,
the penetration depth is progressively reduced with voltage to values as
low as 1.4 + 0.9 nm for a voltage of 2 kV. This suggests that the damage
to the specimen surface during specimen preparation is reduced with
lower voltages. However, this extremely low voltage is not appropriate
for needle-shape specimen preparation because the quality of the images
obtained is very low which complicates the procedure, and also because
the milling time is too long, therefore it can only be used for final
cleaning steps. A design of the needles fabrication process for acrylic
resins has been carried out considering a balance between the process
duration time and the reduction of the needle surface damage. This
process is detailed in Fig. 1¢), where the initial stage consists of a piece of
material with size of approximately 2 x 2 ym? glued on a TEM grid as
explained above. As it can be observed in Fig. 1c), the inner/outer
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Fig. 1. a) Simulation of Ga™ ions penetration depth for 30 kV and parallel incidence; b) Results of the simulation of Ga* ions penetration depth for varying ion
voltages; ¢) Summary of the optimized steps for the fabrication of needle-shape specimens of SLA acrylic resin; d) SEM image of a needle-shape specimen of acrylic

resin fabricated by FIB following the procedure in c).
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diameter of the annular pattern is progressively reduced in three steps.
In order to avoid protuberances, it is important that the outer diameter
in each step is larger than the inner diameter of the previous step. These
milling steps are followed by cleaning steps at low voltage. In the last
cleaning step, a rectangular pattern instead of the annular one can be
used, milling for as long as the Pt layer can withstand. With these pa-
rameters, needles with diameters below 100 nm as that shown in
Fig. 1d) can be obtained, ideal for ET analyses.

In order to obtain experimental evidences of the surface quality of
needle-shape specimens fabricated by FIB using different voltages for
the final cleaning steps, EDX analyses have been carried out. Fig. 2a)
shows a HAADF-STEM image of a specimen obtained at 30 kV, where
some bright spots can be observed on the surface of the needle. In
HAADF-STEM, the intensity is proportional to the average atomic
number (Z) of the material. This evidences that the surface of the
polymeric specimen, which is mainly composed of the low Z number
atoms C and H (Z¢ = 12, Zyg = 1), is contaminated by larger Z atoms,
presumably Ga (Zg, = 31). In order to evaluate this, EDX analyses have
been carried out, shown in Fig. S1. As it can be observed, this analysis
has evidenced the presence of Ga on the surface of the needle-shape
specimen, due to the milling process.

Needle-shape specimens obtained using lower voltages for the final
steps of milling/cleaning have also been fabricated and analysed by
EDX, and EDX line profiles are included in Fig. 2b). As it can be
observed, a clear reduction in Ga™ implantation is found when reducing
the ion beam voltage from 30 kV to 8 kV. This tendency is in good
agreement with the results obtained in the simulations of Ga™
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penetration depth shown in Fig. 1b). However, a notable difference is
found in the quantitative values of penetration depth, as they seem to be
larger in the experimental measurements. Also, it is worth noting that
the EDX profiles show a curved shape. These results could be due to the
projection effect that takes place during TEM analyses. The inset of
Fig. 2¢) shows a schematic of two concentric cylinders, with radius of 50
nm and 44.8 nm respectively, modelling a (Ga) shell of 5.2 nm (ac-
cording to the SRIM simulations) on the surface of a needle-shape
specimen. Fig. 2¢) shows a linescan of the shell thickness of this model
when projected on a plane parallel to the cylinder axis. As it can be
observed, the shape is similar to that obtained in the EDX linescan,
evidencing that Ga is preferentially located on the surface of the nano-
needles, as expected. On the other hand, it is worth noting the asym-
metry observed in the experimental EDX linescans, more noticeable for
larger voltage. In soft materials such as polymers, slender needles (when
the dimensions of its cross-section are small compared to its length)
sometimes are not stable enough to stay vertical during the milling
procedure, and they suffer from what is known as buckling, as shown in
Fig. 2d). This produces an increase of the angle between the incidence
ion beam and the specimen surface in one side of the needle. Fig. S1b)
shows a simulation of the interaction between the ion beam and the
specimen surface for different incidence angles, evidencing an increased
interaction depth for larger ion beam incidence angles. Thus, bending of
needle-shape specimens during the preparation process leads to a pro-
gressive increase in Ga' implantation and then, in surface damage.
Although this buckling has shown to be random to some extent ac-
cording to a number of experiments carried out by the authors, it is of
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Fig. 2. HAADF-STEM image of a needle-shape specimen of acrylic resin fabricated at 30 kV by FIB; b) Ga EDX line profiles of needle-shape specimens obtained using
decreasing voltages for the final steps of milling/cleaning; c) linescan of the shell thickness projected on a plane parallel to the cylinder axis obtained from the model
in the inset; d) HAADF-STEM image of a needle that became bent during the fabrication process.
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interest to reduce the length of the fabricated needles to increase their
stability and reduce the surface damage caused by the ion beam of the
FIB.

3.2. Low dose ET conditions

Regarding the ET analyses of the SLA nanocomposite needle-shape
specimens fabricated by FIB, as explained above these analyses
require the acquisition of series of images obtained at increasing tilting
angles, and because of this the electron dose applied to the material is
larger than in conventional 2D analyses. Nowadays, large efforts are
paid to reduce the electron dose used in ET both in TEM and STEM [27,
45-49], sometimes using advanced instrumentation such as the direct
electron detector [50] or the monochromator [51]. This is essential for
polymer materials, with critical doses that are usually low [31]. In
particular, for the acrylic resin considered in the present study, previous
results by the authors obtained by core loss EELS showed that the
decrease in oxygen/carbon signals reached their critical values (i.e.,
falling of the initial oxygen reference by a factor e) at accumulated doses
lower than 10% e/A2%/~7-102 e/;\z, respectively [52]. It was also re-
ported a critical dose on the order of 10% e/A? for a reduction of thick-
ness during irradiation measured by low loss EELS [52]. However,
calculated critical electron doses depend on the specific microscopy
settings used such as voltage [53], temperature [54] or dose rate [29].
Those analyses by the authors were carried out in an aberration cor-
rected microscope (FEI Titan Themis). In the present work and based on
those previous results, we carry out a phenomenological analysis of the
optimum conditions to perform HAADF-STEM tomography in
needle-shape specimens of SLA nanocomposite materials, this case in a
non-aberration corrected microscope (FEI Talos F200S).

The acquisition of tomography series requires of a careful design of
the microscopy settings, where the electron dose applied to the material
is inferior to its specific critical electron dose. The calculated electron
doses should include both the dose applied for the acquisition of the
images and the dose used for locating the region of interest, focusing,
etc. It is also necessary the appropriate design of the parameters related
to the ET series, which are the tilt range and the tilt increment.

In STEM, the electron dose applied to the material depends on the
electron current of the probe, on the dwell time of the probe in each
pixel and on the pixel size of the image. In order to control the electron
dose during STEM analyses, those parameters need to be careful chosen.
The electron current in STEM is controlled by the spot size and by the
gun lens (and, for microscopes with the specific instrumentation, by the
monochromator). For a specific value of the gun lens, modifications of
the spot size in the microscope FEI Talos have a strong effect on the
electron current, as it can lead to currents that ranges between 1 nA and
<0.03 nA. However, the spot size has also a strong effect on the spatial
resolution, therefore when analytical measurements are not required
small spot sizes are usually utilized. For a fixed spot size, modification of
the gun lens in a reasonable interval has a lower effect in the electron
current, which can be varied at most in 0.1 nA. The condenser lens
aperture would also affect the electron current, but normally in a non-
aberration corrected microscope the smallest aperture is required to
prevent the aberrated beams from participating in the image formation.
Regarding the dwell time, a balance should be found in the selection of
this parameter. Short dwell times reduce the signal/noise ratio therefore
worsening the quality of the image. However, too long dwell times in-
creases the acquisition time of each image, may introduce artefacts if
image drift occurs due to poor stability, and produces larger hydrocar-
bon contamination, typical in organic specimens. Dwell times in STEM
are usually in the range 1-20 ps, therefore in order to minimize the
drawbacks explained above we use intermediate values of 10 ps. It has
been reported that a low dwell time of 0.5 ps during STEM imaging in a
microscope JEOL JEM-2100F produces a streaking artefact parallel to
the scan direction, likely due to a slow reaction time of the photo-
multiplier or read-out electronics leading to an anisotropic smearing out
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of individual signal peaks, which is noticeably reduced when increasing
the dwell time to 2 ps [55]. Finally, and regarding the pixel size where
the electron current is applied, it depends both on the image magnifi-
cation and on the image resolution. The image magnification is normally
determined by the features that need to be studied, and because of this it
can only be slightly modified. In the present work, a magnification of
450 kx is appropriate for the analysis of the distribution of WS, sheets or
of Ag NPs in the acrylic resin, as it will be shown later. The image res-
olution affects the quality of the information acquired, and influences
the acquisition time of each image. The image resolution ranges from
128 x 128 to 4096 x 4096, although for imaging low resolution values
(smaller than 512 x 512) should be avoided. Images acquired at a res-
olution of 2048 x 2048 require 4 times more time than an image ac-
quired at 1024 x 1024 (in electron tomography, this excess time needs
to be multiplied by the number of images, normally in the range
70-140), and usually the hydrocarbon contamination is worse. Our
experiments have shown that image resolution of 1024 x 1024 is
reasonable for our analyses.

Table 1 shows calculated electron doses for different STEM image
acquisition parameters, for dwell time of 10 ps. As it can be observed,
electron doses range between 1 and 107 e/A? depending on selected
microscope settings, therefore the analysis conditions need to be care-
fully selected for beam sensitive materials. The modification of different
acquisition parameters has different effects on the electron dose. For
example, doubling the electron current or the dwell time implies
doubling the electron dose, whereas changing from image resolution of
1024 x 1024 to 2048 x 2048, the electron dose is multiplied by 4. On
the other hand, increasing either dwell time or image resolution in-
creases acquisition time, whereas increasing electron current does not.
In order to understand the effect of the electron beam on a specific
material, it is useful fixing a reasonable magnification and image reso-
lution (that would depend on the features to be analysed), and modi-
fying the electron current to obtain the desired electron dose.

With the aim to obtain information on the behaviour of specimens of
acrylic resin during analyses by HAADF-STEM ET carried out using
different electron doses, we have designed different experiments where
70 images are sequentially acquired, simulating a tomography experi-
ment with a tilt range of +70 and a tilt increment of 2°. For these ex-
periments, needle-shape specimens are ideal as they allow easily
keeping track on the specimen thickness, which may have a special in-
fluence on the integrity of the material. Needles with thickness close to
100 nm have been considered for this experiment, as this thickness
constitute a reasonable compromise value: on the one side, thicker
specimens are desirable in these ET analyses in order to sample a larger
number of features of interest inside the material; on the other side, the
material needs to be electron-transparent. Regarding the imaging con-
ditions, as stated above for the specific additives considered in this work
magnifications of 450 kx are reasonable values; also, images obtained at
a resolution 1024 x 1024 with dwell time of 10 ps are considered, and
only the electron current is modified to change the electron dose. The
electron doses considered are in the range 10%-10* e/A? for individual
images, as critical electron doses calculated previously using EELS ex-
periments are on the order of 10° e/Az, as it will be discussed later [52].

Fig. 3a) shows an image of a needle-shape specimen of acrylic resin
sculpted by FIB. Before obtaining this image, initially the magnification
was set at 450 kx (at screen current of 0.55 nA), and positioning of the
nanoneedle and focusing was carried out, taking as few as 5 s. However,
and as it can be observed, during the focusing process (and before any
image was acquired) the needle already suffered noticeable damage, as
the accumulated dose during this focusing process reached 4-10° e/A2,
This shows that care should be taken during positioning and focusing of
the material under the electron beam, because even when fast scan is
used, the accumulated dose could be too large for the material to
withstand it. As shown in the inset of Fig. 3a), a dark region has
appeared in the central part of the needle upon electron irradiation. In
HAADF-STEM images, the intensity scales with Z" (Z = atomic number),
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Table 1
Electron doses (e/Az) in STEM mode for different settings of the FEI Talos F200S, for dwell time of 10 ps.
Magn. 512 x 512 1024 x 1024 2048 x 2048 4096 x 4096
Current (nA)
0.01 0.3 1 0.01 0.3 1 0.01 0.3 1 0.01 0.3 1
160kx 6.3 1.9-10% 6.3-10% 2.5.10 7.6:10% 2.5.10° 1.0-10% 3.0-10° 1.0-10* 4.110% 1.2.10* 4.110*
450kx 5.1-10 1.5.10° 5.1-10% 2.0-10% 6.1-10° 2.0-10* 8.1-10% 2.4.10* 8.1-10* 3.2.10% 9.7.10* 3.2.10°
1.3Mx 4.0-10% 1.2.10* 4.0-10* 1.6.10% 4.9.10* 1.6:10° 6.5-10° 1.9-10° 6.5-10° 2.6-10* 7.8.10° 2.6:10°
2.55Mx 1.6.10% 4.9.10* 1.6:10° 6.5-10° 1.9-10° 6.5-10° 2.6:10* 7.8:10° 2.6-10° 1.0-10° 3.1.10° 1.0-107

Fig. 3. a) HAADF-STEM image of a needle-shape specimen of acrylic resin sculpted by FIB, where a dark region due to electron beam damage during focusing can be
observed (amplified in the inset); b) and ¢) 1st and 70th images of a HAADF-STEM images series obtained at electron dose of 1-10* /A2

and for the same Z, the intensity increases for larger thicknesses. Ac-
cording to this, the dark region observed in Fig. 3a) indicates regions of
smaller amounts of material or cavities inside the needle, produced
because of damage due to the electron beam. In our previous work and
according to STEM-EELS results, it was proposed that damage to this
acrylic resin under the electron beam occurred initially through a pro-
cess of radiolysis followed by knock-on phenomena until breakage [52].
Radiolysis is a common damage mechanism for organic materials [25,
56-58]; however, in some studies radiolysis and knock-on damage

taking place sequentially have also been reported [56,59], as knock-on
damage normally requires larger accumulated doses. Detailed analysis
of the spectral shape and evolution of core-loss EELS fine structure
pointed to two possible scission pathways of the acrylic resin. The first
one considers the breakage of the carboxylic C-O bond, resulting in the
formation of RO- and acyl radicals leading to the emission of CO mol-
ecules; the second one involves the removal of the carboxylic radical,
and the by-side formation of carbon radicals, with the emission of CO
and CO,. Other studies also pointed to the degradation of carboxylic
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groups and the formation of different radicals and the emission of small
molecules as the starting point of resin degradation [60,61]. These
degradation mechanisms justify the formation of small cavities inside
the needles upon electron exposure, what explains the dark contrasts
observed in the HAADF-STEM images as the result of damage in the
material. In the following experiments, focusing has been carried out at
the bottom of the nanoneedles, out of the region of interest, and at lower
magnification, to avoid damaging the material previously to the image
acquisition.

An experiment of obtaining a 70 images series with an electron dose
of 1-10* e/A? per individual image has been carried out, and the 1st and
70th images are shown in Fig. 3b) and c), respectively. As it can be
observed, a fine dark speckle is observed at the central part of the needle
from the initial image obtained, more evident in the thinner part of the
needle. On increasing the electron dose, a reduction in the needle
diameter occurs (see some of the intermediate images of this series in SI,
Fig. S2a) to f)), that becomes irregular for larger exposure times, and
that leads to a final bending of the needle. The elimination of small
molecules caused by the radiolysis process due to the impinging
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electrons may form cavities inside the needle, causing structural failure.
As expected, this electron dose is excessive for the tomography analysis
of this material.

Results of images series acquired at slightly reduced electron doses
(8-10° e/A? for each individual image) are shown in Fig. 4a) to c)
(additional images of this series are included in Supporting Information,
Fig. S3a) to f)). As it can be observed, damage in the thinner region of the
needle (diameter of 90 nm) is noticeable earlier than in the thicker part
(diameter of 105 nm). It has previously been reported that radiation
sensitivity for certain materials may depend on the initial thickness of
the specimen [62]. Also, previous results by the authors showed that
critical doses of acrylic resins under EELS conditions reached values five
times larger for specimens with thickness above 50 nm regarding those
of thickness below this value [52]. These results show the importance of
specimen thickness in the material integrity during (S)TEM and, espe-
cially, during ET analyses. Here, from around the 10th image (see SI
Fig. S3a)), some fine speckle is already noticeable in the thinner region
of the needle. It should be noted that some damage is likely to occur
before it is noticeable in the HAADF images, therefore care should be

Fig. 4. 1st, 35th and 70th images of HAADF-STEM image series obtained at electron doses of 8-10% e/A2 (a) to ¢)), 3-10° e/A® (d) to f), where f) shows an image
obtained after the 70th and at lower magnification to better reveal the reduction in diameter), and 3.10% e/A? (g) to i)).
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taken when working with electron doses that are too close to those
where damage is already visible. Increasing the accumulated dose,
elimination of material progresses, being evident also in the thicker
regions of the needle, and catastrophic failure is observed. The same
results have been observed in a second experiment carried out at a
similar electron dose, of 6-10° e/AZ, and shown in Fig S4a) and b).

However, on reducing the electron dose to 3-10° e/A?, a different
behaviour has been observed. Fig. 4d) to f) show images of a series ac-
quired from a needle with average diameter of 108 nm. As it can be
observed, only a faint speckle is found in the central part of the needle
(see Fig S3g) to 1) for additional images of this series) and most
noticeably, a reduction in the needle diameter is clearly observed when
increasing the accumulated electron dose. Results of an additional
experiment with similar electron dose (2~103 e/i\z) and the same ob-
servations can be found in SI (Fig S4c) and d)). The observed diameter
reduction seems to be the result of surface erosion at the edges of the
needle due to the electron beam, although the formation of small cav-
ities inside the material upon electron exposure may also have some
effect. The edge of the needle has a much smaller thickness than its
central part and, as shown above, the thickness of the material has an
important effect on the damage process. Thus, it may be this weakness of
the edge of the needle because of its lower thickness what produces a
more focused damage in this region, and this damage mechanism seems
to occur more noticeably than voids formation at these lower electron
doses.

Finally, an images series has been acquired at lower values of elec-
tron doses, 3-102 e/A? for each individual image. As it can be observed in
Fig. 4g) to i) (additional images are found in Fig S3m) to q)) no evident
damage is observed through the 70 images acquisition, despite the
relatively large accumulated dose at the end of the experiments, of 2-10*
e/A2. The same result has been obtained for an additional images series
acquired at 4.10% e/A2 and shown in Fig S4e) to f).

Our experiments have shown that acquisition of individual HAADF-
STEM images at electron doses of 10* e/A? produce serious damage to
the resin needle-shape specimens, whereas acquisition of series of 70
images with accumulated doses of 10* e/A2 does not. This suggests that
the dose rate (defined as the number of incident electrons per unit area
per unit time impinging on the specimen) may have a strong influence
on the effect of the electron beam in the material. Dose rate dependent
electron damage has been reported for a variety of materials, including
ionic materials [63] and organic materials [64]. A direct dose-rate effect
is attributed to materials with larger radiation sensitivity for elevated
dose rate, which sometimes is associated to the poor electrical conduc-
tivity and accumulated charging [25]. On the other hand, an inverse
dose-rate effect is related to decreased radiation sensitivity for increased
dose rate, and this could originate from slower beam damage events
such as diffusion-limited mass loss, precipitation and segregation [25].
In ET, care should be taken in the evaluation of the electron dose rate
used, because of the singularity of the experiments. Dose rates (as well as
electron doses) in STEM are typically calculated per pixel of an image.
Thus, in the acquisition of individual images at doses of 10* e/A? in our
work, the electron dose rate per pixel used is of 10° e/A%s. However, in
the acquisition of series of 70 images with accumulated doses of 10*
e/A? the calculation of the dose rate is not so straightforward. Although
the dose rate per pixel in each image in this case is of 107 e/i\zs, the
accumulated dose of 10* e/A? is only obtained after the acquisition of 70
images. In this case, individual images are obtained with an interval of
around 2 s between each other, therefore the full series is acquired in
more than 800 s. Because of this, the dose rate is highly non-uniform in
time, and the average dose rate is much smaller than that calculated
above, showing remarkable differences between the two experiments in
the manner the dose is applied. In any case, it seems that the lower dose
rate utilized in the second case could be responsible for the reduced
damage. Thus, our results show that when accumulated doses of 10*
e/A? are applied at very low dose rates in acrylic resins, no evident
damage is observed by HAADF-STEM, in contrast to large dose rates.
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These results suggest that, for the microscope characteristics and oper-
ation conditions used, and for the nature and thickness of the material
under study, the critical electron dose is lower than 3.10? e/;\z, which is
the electron dose used for individual images. In this case, if either no
damage occurs during every single irradiation event or if only reversible
phenomena takes place, the sum of isolated irradiation events does not
have a deleterious effect in the material. Critical doses in the range
10%-10° e/AZ, similar to the electron dose used in our experiment, have
been reported for different polymers in the non-aberration corrected
microscope [25,29,31,65-67], although as it will be discussed below
care should be taken in the direct comparison of (critical) electron dose
values calculated for different microscopy settings.

Regarding our previous analysis of this acrylic resin by EELS in an
aberration corrected microscope [52], it showed that for electron doses
below 102 e/A2 (and from the starting of the irradiation process) the
mass loss followed a first order process with an exponential dose
dependence, which suggested the main role of radiolysis in this process.
For doses above 102 /A2, the mass loss showed to be directly related to
the accumulated dose, in agreement with a zero-order process pointing
to a knock-on damage mechanism for these larger doses. According to
this, it seems that radiolysis should be already taking place in the images
obtained at 10? e/AZ in our experiments in the non-aberration corrected
microscope. However, no evident damage is observed in these images,
nor it is found after the accumulation of 70 irradiation events. Again,
differences in the results obtained in the aberration corrected micro-
scope and in the non-corrected instrument are related to the different
parameters used in the experiments, and could stem from different
reasons. On the one hand, the specimen thickness is different in both
experiments, being of about 50 nm in the first one (Titan) and of 100 nm
in the present study (Talos). Thickness has shown to have an important
effect in electron beam damage, as discussed above (Fig. 3a)). On the
other hand and as previously pointed by other authors [68], calculated
critical doses determined in different experiments may not be directly
comparable due to usual simplifications in the calculations. In STEM,
each dwell location suffers direct irradiation at high dose rates. When
the probe size is smaller than the pixel size, the areas between these
dwell locations are not irradiated; on the other hand, for probe sizes
larger than the pixel size, adjacent pixels are also irradiated during the
scanning. However, calculations of electron doses consider that the
electron current is equally spread in the full pixel size, every pixel being
irradiated only once per scan. Thus, dose calculations normally overlook
parameters like probe-size and distance between dwell locations, which
influence the effective doses experienced by the sample. For example,
Siangchaew et al. [57] showed that the reduction in the distance be-
tween pixels from 80 nm to 5 nm when acquiring EELS digital linescans
of polyethylene produced a reduction in n-peak intensity associated to
increased damage, evidencing the importance of the distance between
dwell locations. Regarding the probe size, although in a particular mi-
croscope in STEM mode it may vary slightly for different settings, it is
generally smaller in an aberration corrected microscope regarding the
non-corrected instrument. Fig S5a) and b) show images of the probe size
for usual imaging conditions in the Titan microscope and in the Talos,
respectively, and Fig S4c) shows linescans obtained from the images in
a) and b). In the Titan microscope, the probe size in STEM in usual
imaging conditions is of the order of 0.3-0.6 nm, whereas in the Talos
the probe size is around 1-1.5 nm, 2-4 times larger, which affects both
the effective electron dose and the dose rate of the experiments, both
larger in the Titan microscope. However, in the Talos microscope the
probe size is larger than the pixel size for most magnification/image
resolution combinations (included those used in our experiments),
therefore each pixel is irradiated more than once per image, increasing
the calculated electron dose. Here, the dose rate is not uniform, as the
beam can reach each pixel in successive scan lines, and the average dose
rate for an equal electron dose is definitely larger in the Titan micro-
scope. Because of these facts, a direct comparison between the condi-
tions of electron beam exposure in both microscopes is not possible, and
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phenomenological studies are of great help to understand the behaviour
of a material under the electron beam for specific microscope settings
and specimen characteristics. It seems that the larger dose rate used in
the Titan joined to the smaller specimen thickness in our previous study
should explain the larger sensitivity found in the material when ana-
lysed in the aberration corrected microscope.

3.3. ET experiments

In order to show the feasibility and the interest of carrying out ET of
SLA nanocomposites, we have performed preliminary experiments in
selected materials. Fig. 5a) shows a HAADF-STEM image of a nano-
needle sculpted by FIB (following the steps explained earlier), obtained
from an object fabricated by SLA. The material consists of a composite
composed of 0.4 wt% of WS in an acrylic resin. The addition of 2D
transition metal dichalcogenides to polymer nanocomposites has
attracted great attention recently because of different reasons. For
example, composites of MoS; and MoSe; have been proposed as satu-
rable absorbers for the production of fibre lasers [69,70]; MoS; has also
been used in polymer composites as an additive to reduce wear and
improve fire retardancy [71,72]; BN and MoS; have been used for me-
chanical reinforcement of polymers [73,74]. In particular, the addition
of WSy to SLA acrylic resins is expected to improve the mechanical
properties and increase the thermal and electrical conductivity of the
material, opening the use of SLA pieces for new applications [75-79].
Reaching the percolation threshold for thermal/electrical conductivity
requires an efficient exfoliation of WS, which could take place by
sonicating the 2D material directly in the liquid resin or using an in-
termediate solvent. In the first case the fabrication process is simpler, in
the second one the exfoliation rate is higher. The parameters used for the
fabrication process (sonication time, use of solvent, amount of WSy) will
determine the functional properties of the material, and they need to be
optimized. For this, the analysis of the 3D structural characteristics of
the WS, inside the acrylic resin (density, distribution, etc.) is essential to
understand the functional properties of the material. In the image in
Fig. 5a), the brighter regions inside the needle of acrylic resin corre-
spond to the additive of WSy, with larger Z number than the matrix (see
also an EDX analysis in Fig. SI6a)). A tilt series over an angular range of
—70/+66 has been acquired with a step of 2°, using electron doses of
5.0-102 e/A? for each image, which results in a total electron dose of
3.5.10* e/A2. Under these conditions, the structural integrity of the
nanoneedle has been preserved during the tomography series acquisi-
tion. The reconstruction of the data using the algorithm SIRT has
allowed obtaining information about the WS, material inside the com-
posite. As it can be observed in Fig. 5b), ¢) and d), where snapshots from
the reconstructed data are included (see also a video in Supporting In-
formation), layers with size up to 90 nm long have been observed.
Although the resolution obtained in this analysis is not enough to
quantify the number of monolayers present in the material, it can be
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observed that a reasonable exfoliation degree has been achieved upon
sonication (before sonication, the commercial WS, powder used has a
size of 2 pm). Additionally, the 3D spatial distribution of the layers is
obtained, evidencing regions where the layers are in contact and other
where they are not (pointed by arrows in Fig. 5b) and d)). The distri-
bution of the material in the resin is of remarkable importance to shed
light at the basic mechanisms for thermal/electrical conductivity in
those optimized composites where the percolation threshold is reached.
An analysis of the effect of using different solvents and increasing
amounts of WS in the structural and thermal/electrical properties of the
material is in progress to optimize the development of these novel SLA
conductive nanocomposites, and will be published elsewhere. In order
to obtain statistical information on the WS, layers distribution within
the matrix, electron microtomography [80-82], where thicker specimen
layers can be used, is also in progress.

Although needle-shape specimens have proven useful for electron
tomography of SLA nanocomposites, the amount of material analysed
when working with these needles is not large, and sometimes the larger
field of view that specimens in the shape of lamella can provide is useful
when working with particular nano-additives. Such is the case of
nanocomposites with metallic NPs incorporated as nano-additives. We
are working in the development of conductive nanocomposites where
Ag NPs are synthetized in-situ in the acrylic resin during the photo-
polymerization process by SLA [83], to avoid the NPs agglomeration
expected for ex-situ synthetized NPs. A good distribution of small NPs
throughout the material is essential to increase the electrical conduc-
tivity of the composite. As the solubility of the Ag NPs precursors in the
acrylic resin has been found to be a limiting factor in the amount of NPs
that can be obtained [83], the use of intermediate solvents to increase
the solubility of the Ag precursor is being tested [84]. Understanding the
electrical behaviour of the final composites requires a careful analysis of
the Ag NPs density, size and distribution through the polymer matrix,
where electron tomography experiments could play an essential role.
Fig. 6a) shows a HAADF-STEM image obtained at low dose (3.8:102
e/A?) of a lamella fabricated by FIB from a SLA nanocomposite with a 3
wt% AgClO4. Ag NPs can be clearly observed in the polymeric matrix
thanks to their larger intensity regarding the acrylic resin due to larger Z
number (see also EDX analysis of Ag NPs in Fig. SI6b)). A tilting series
has been acquired over a tilting range of +60 and with a step of 2°,
resulting in a total electron dose of 2.3 .10% /A2, Fig. 6b) and c) shows
snapshots from the reconstructed data (see a video in Supporting In-
formation), exhibiting a good distribution of Ag NPs. Fig. 6d) shows a
histogram of the size distribution of the Ag NPs, where it is shown that
more than 200 NPs has been found and most of them have size below
6-7 nm®, which is very advantageous to increase the electrical con-
ductivity. It should be mentioned that NPs with smaller sizes (not
resolved in the tomogram) are likely present in the material, being the
spatial resolution of the analysis carried out limited due to the low
electron dose used, and also due to the large region of the material
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Fig. 5. a) HAADF-STEM image of a needle-shape specimen of a nanocomposite of 0.4 wt% of WS, in an acrylic resin; b) to d) snapshots obtained from the

reconstructed data of an ET analysis of the specimen in a).
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Fig. 6. a) HAADF-STEM image of a nanocomposite of 3 wt% AgClO, in acrylic resin; b) and c¢) snapshots obtained from the reconstructed data of an ET analysis of the

specimen in a); d) histogram of the size of the Ag NPs.

analysed to obtain better statistics of the NPs distribution. Despite this,
the results obtained provide a reasonable view of the structural char-
acteristics of the material. The volume percent of Ag NPs in the acrylic
resin has been measured as 0.03% approximately, which accounts for a
reduction in the electrical resistivity of four orders of magnitude to 10'?
Qcm regarding the pristine resin. Although this is a remarkable result,
the percolation threshold for electrical conductivity has not been ach-
ieved yet. The analysis of different synthesis parameters such as the
addition of increasing amounts of photoinitiator (which activates both
the photopolymerization process and the Ag reduction) or the use of
different Ag precursors to increase the electrical conductivity is in
progress. The correlation between the synthesis conditions, the struc-
tural properties of the nanocomposite (analysed by low dose ET) and the
electrical resistivity of the material will shed light at the mechanism of
electrical conduction in composites, and will allow to achieve advanced
conductive nanocomposites with applications in numerous fields.

4. Conclusions

In this work, we provide experimental details to perform low dose ET
of acrylic resin based SLA nanocomposites, which allow acquiring 3D
structural information to understand and optimize the functional
properties of these novel materials. Specimens in the form of nanoneedle

10

are successfully fabricated by FIB, where care should be taken to mini-
mize Ga' implantation. An analysis of the effect of the microscope set-
tings in the electron dose is carried out to find optimal low dose
conditions to perform the experiments. A phenomenological study of
electron beam damage in the material is accomplished, which has evi-
denced that at very low dose rates the material can withstand large
accumulated electron beam doses, allowing the successful acquisition of
tilt series of up to 70 images. Two case studies of SLA nanocomposites
are shown. The first one consist of WS, nanosheets dispersed in the
acrylic resin, evidencing that the 3D distribution of the 2D material can
be assessed by ET, which is of remarkable importance to understand the
basic mechanisms for thermal/electrical conductivity in composites
where the percolation threshold is reached. In the second one, our
analysis shows that nm-size Ag NPs are formed in-situ during the pho-
topolymerization process by SLA, with a volume percent of 0.03%
approximately, which accounts for a reduction in the electrical re-
sistivity of four orders of magnitude to 102 Qcm regarding the pristine
resin.
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