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3D printing research targets the creation of nanostructures beyond
the limits of traditional micromachining. A proper characterisation
of their functionalities is necessary to facilitate future implemen-
tation into applications. We fabricate, in an open atmosphere,
high-aspect-ratio gold nanowalls by electrohydrodynamic rapid
nanodripping, and comprehensively analyse their electronic per-
formance by four-point probe measurements. We reveal the large-
morphology by
microscopy and explain the measured low resistivities approaching
those of bulk gold. This work is a significant advancement in con-

grained nanowall transmission electron

tactless bottom-up 3D nanofabrication and characterisation and
could also serve as a platform for fundamental studies of additively
manufactured high-aspect-ratio out-of-plane metallic
nanostructures.

In bulk and at room temperature, silver is the most conductive
metal, followed by copper, gold, and aluminium. In nano-
structured metal circuits, the mean free path of an electron
can be comparable to the interconnect size." The resistivity is
then not only due to the interactions between electrons and
lattice vibrations as in bulk metals, but also due to the scatter-
ing at the surface or at grain boundaries. The two main contri-
butions to this classical size effect have been investigated by
Fuchs and Sondheimer*® (FS model, surface scattering) and
by Mayadas and Shatzkes* (MS model, grain-boundary scatter-
ing) in thin films. The size-dependent resistivity of copper,’”
gold,® and aluminium® confined in two dimensions, i.e. nano-
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wires, can be explained using either one of the two models or
a combination of both. A comprehensive overview of modelling
efforts is given by Coffey.'® Both models predict that the resis-
tivity increase due to size effects is proportional to the electron
mean free path. This is why today’s standard copper electro-
plating process,"" because of the long electron mean free path
in copper, may not be the optimal technology for nanoscale
electronic circuitry.”'* In addition to the choice and quality of
the metal itself, parasitic capacitance and cross-talk between
the interconnects limit the operating speed of nanoscale
devices. Using low-k dielectrics and ultimately air gaps instead
of SiO, can mitigate these issues.'*

In contrast to standard processes, such as evaporation or
electroplating, many microscale and nanoscale metal 3D print-
ing technologies are still the subject of fundamental
research.”® While offering the creation of novel geometries, the
quality of their metallic microstructures is typically inferior to
those attained by conventional methods.'® Two-photon
polymerization (also known as 3D direct laser writing)—a high
resolution 3D version of traditional lithography—is arguably
one of the most versatile and easy-to-use techniques in this
portfolio."” By adding gold chloride to the resin, metal micro-
structures within a polymer matrix can be fabricated by simul-
taneous photopolymerisation and photoreduction.'® After
thermal annealing at 200 °C, the obtained rough and porous
micron-sized gold wires show a resistivity about 20 times
higher than bulk gold. The printing of solidified copper drops
by laser-induced forward transfer (LIFT) enables denser, but
still rough, 3D microstructures with resistivities about an order
of magnitude higher than bulk copper.’® Electron- or ion-
beam-induced deposition (EBID/IBID) is capable of creating
metal structures ranging from sub-10 nanometres to several
micrometres.”® This process, however, needs a high vacuum
environment and the purity and resistivity of the deposited
metal strongly depend on the carbon and oxygen contami-
nation from the precursor and vacuum residual gas. Direct ink
writing of highly viscous silver nanocolloids produces conduc-
tive 3D architectures of microscale wires with resistivities

This journal is © The Royal Society of Chemistry 2020
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down to about one order of magnitude higher than bulk.*!
Meniscus-confined copper electrodeposition can build arbi-
trary shaped geometries with great control®* and has been
shown to fabricate wire bonds with only half the conductivity
of bulk copper.”® Recently, this process was parallelised using
a micromachined multi-nozzle array and by taking advantage
of the self-regulated growth mechanism.>*
Electrohydrodynamic (EHD) nanoprinting has been proved
to be a contactless high-resolution technique for depositing
gold®>?” and silver’®*®*° nanoparticles, colloidal quantum
dots,*® polymers,*! piezoelectric ceramics,’> DNA,** and many
other materials (see the review article by Onses et al.>*). For
nanoscale and small-range- microscale fabrication, two modes
of EHD printing have been exploited: the cone-jetting
mode®*?*'? and the nanodripping mode.***%3° While jetting
imposes higher mass flows enabling faster printing, only
nanodripping allows controllable high-resolution patterning
into the third dimension. The recent important introduction
of coaxial E-jet printing has shown an improved stability in
nanoscale fabrication compared to single nozzle cone-
jetting.’> EHD printing, in general, benefits from the many
recipes for high-quality colloidal nanoparticle inks that have
been developed. Two of the main advantages of EHD nano-
dripping over other 3D printing techniques are the nanoscale
resolution and the freedom to choose from a variety of sub-
strates. Compared to electrochemical techniques, the possi-
bility to directly print on non-conductive substrates has been
proven beneficial. In the nanodripping process, nanodroplets
with a uniform and controllable diameter in the range of 50 to
100 nm are rapidly ejected from a much larger, micron-sized
nozzle at constant frequency.”> Understanding and optimising
this process has enabled the fabrication of structures, such as
high-aspect-ratio gold grids or microscopic gates used for cell
motility studies.”®*> Conventionally, transforming the de-
posited metal nanoparticles into conducting metallic struc-
tures requires a sintering step. Recently, nanoscale structuring
using a combination of electrochemical additive manufactur-
ing and EHD printing was presented as EHD redox nanoprint-
ing.’® While this promising contactless electrochemical
method produces polycrystalline metal structures, it requires a
grounding path for the reduction of the metal ions, decreasing
the flexibility in terms of substrates and printing strategies.
Here, we directly print high-aspect-ratio gold nanowalls in
an open atmosphere, with widths as narrow as 100 nm and
heights up to 1000 nm by EHD nanodripping onto fused silica
substrates. The effective rate of metal deposition is in the
order of 10 um® s™'. After thermal sintering at 400 °C, the
walls are electrically contacted. Four-point probe measure-
ments show resistivities close to those of bulk gold. For nano-
scale grain size analysis, we print the nanowalls directly onto
transmission electron microscopy (TEM) support grids. As the
nanowalls are thin enough for high-energy electron trans-
mission, we can measure their internal structure without
focused-ion beam milling and potential sample damage from
Ga*-ion bombardment.’” The disclosed dense microstructure
features large, defect-free grains, which qualitatively explains

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

why these uniquely fabricated high-aspect-ratio nanostructures
transport electrons so well.

Fig. 1 presents the schematics of the experimental setup and
the nanodripping event (Fig. 1a and b), as well as the ink and
nozzles used in this study, and showcases the geometrical fabri-
cation possibilities with this technique. An ink containing stabil-
ized monodisperse gold nanoparticles of about 4.5 nm (Fig. 1c
and d) was used because it shows near-perfect printing stability
over the course of tens of hours. Using larger particles was also
possible, but occasionally it resulted in shorter and/or less repro-
ducible printing morphologies. The range of stable particle sizes
is shown in Fig. S1.7 The dispensed sub-attoliter droplets are
arranged into lines and stacked up out-of-plane by printing mul-
tiple layers (Fig. 1e-i). Nanowalls with lengths of 50 pm, widths
of roughly 100 nm and constant height across the entire length
are shown, underpinning the consistency of the nanodripping
process. To achieve the best possible resolution, a 30 s argon
sputtering step was carried out before thermally annealing the
sample at 400 °C for 20 minutes. This removes the slightly wider
monolayer foundation and ensures that the thermal sintering
yields walls with a constant width, also improving the accuracy
of the width measurements later on. A top view of an as-printed
nanowall is displayed in Fig. S2a.f The set of curved and
annealed nanowalls printed in close proximity presented in
Fig. S2b and S2cf demonstrates the versatility of EHD nanodrip-
ping and its high-resolution integration potential.

The nanowalls shrink significantly during the thermal
annealing process. We estimate the overall volumetric shrink-
age upon sintering by:

Vannealed _ dp.Au ) ¥ (1)

T
e = - X B
Vas—printed (3\/5) (dpA,Au + 5pp

Assuming a closest packed nanoparticle assembly, a gold
nanoparticle diameter of d;, o, = 4.54 nm, and an interparticle
distance of ,, = 1.8 nm (c¢f. Wan et al.>®), we expect a shrink-
age to about 27% of the original volume. As the stage move-
ment was adjusted to keep the distance from the printing
nozzle to the growing nanowall constant, a good assessment of
the as-printed nanowall height could be obtained. It was
usually about two to three times of the value measured after
sintering. Hence, the measured height reduction accounts for
most of the expected shrinkage, implying that the reduction in
width upon annealing is only minor. For all post-processed
samples, no SEM imaging was performed prior to annealing
as the tall nanoparticle assemblies would deform under the
influence of the electron beam.

The effective deposition rate of the experiment presented in
Fig. 1 is 0.011 pm® s™". It is calculated from the SEM images
after annealing and from the programmed stage movement. In
the additive manufacturing community, one usually rates this
number correcting for the achievable resolution or linewidth,
calculating the number of voxels deposited per unit of time.'
With our wall width of about 100 nm, our deposition rate
corresponds to 11 nanovoxels per second, i.e. we are able to
stack up 11 cubes of 100 nm side length of sintered metal
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Fig. 1 The electrohydrodynamic nanoprinting process. (a) and (b) present a simplified schematic of the setup and an illustration of the nanodripping
process, respectively. The fused silica chip (blue) is placed on an indium tin oxide (ITO, yellow)-coated glass plate, serving as a ground electrode. A
bipolar square wave potential applied to the gold-coated nozzle drives the ejection of droplets about an order of magnitude smaller than the nozzle
opening. (c) and (d) show a TEM image and the particle distribution (4.5 + 0.3 nm, mean + standard deviation) of the gold nanoparticle ink used. In
(e), two nozzle tips are shown, representing the size range used for this study. The nozzles on the left and right have an outer diameter of 1.20 pym
and 1.45 pm, respectively. SEM image (f) shows an overview over a set of printed and annealed nanowalls with a length of 50 um, a width of about
100 nm and a constant height across every line. The walls are printed at a lateral stage translation of 6 um s~ featuring up to 64 layers for the tallest
wall, achieving a height of about 1.2 um. Pictures (g), (h) and (i) zoom into the selected regions of special interest. Please note the slight tilt of the

wall towards the top of the image in (g). Picture (e) was taken at a tilt angle of 30°, while (f) and (i) were imaged under 80° tilt.

every second. Compared to other techniques, especially
electrochemical methods and EBID/IBID, this presents a
respectable fabrication speed.

Our facile approach to fabricate high-aspect-ratio nano-
structures on a broad selection of different substrates makes
the one-step investigation of the microstructure of the fabri-
cated metal possible. By printing directly on the electron
microscopy grids, we circumvent lamella slicing with an ion
beam, which would otherwise be necessary to create TEM
samples, and thus eliminate the danger of contamination and
ion-beam induced damage. Fig. 2 presents our simple, yet
powerful, technology.

The printing onto the molybdenum omniprobe half-grids
was comparable to the fused silica samples in terms of print-
ing parameters. Generally, a faster deposition onto the molyb-
denum grids was observed, which can be attributed to the
directly grounded substrate. Compared to our small nanowall
structures, the posts of the half-grids appear large in width

20160 | Nanoscale, 2020, 12, 20158-20164

(Fig. 2a and b). This leads to a “shadow” effect on the bottom
part of the wall (see Fig. 2c), which could be reduced using
either thinner or chamfered grids. In addition, Fig. 2c also
shows a slight “horn” formation at the top corners, stemming
from the enhanced droplet autofocusing effect during the
deposition of the almost 2 pm tall feature. The TEM micro-
graphs show a dense structure featuring a narrow grain size
distribution in the whole wall, with only a minor size increase
towards its top. In some grains, twin boundaries and stacking
fault defects were observed. Grain size analyses were per-
formed using the Heyn line intercept method.*>*® The mean
grain size averaged over all 91 line measurements is 71.1 nm
(Fig. 2e). These grains are not present when annealing the
sample at 280 °C instead of 400 °C, as shown in Fig. S3.}
Looking closely at the image in Fig. 2d, one can see small
bright spots. The spots are present at the grain boundaries
and also within the grains. They could be attributed to the
pores forming during the sintering process or to carbon and/

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Morphological TEM analysis of annealed EHD-printed gold
nanowalls. The SEM image (a) shows the prepared omniprobe half-grid
with printed and annealed structures on top of all fingers. A zoomed-in
picture of the surface of the second post from the left is shown in (b).
The bright-field scanning TEM (BF-STEM) micrograph in (c) shows the
polycrystalline gold wall framed in (b). Image (d) presents a high-resolu-
tion BF-STEM micrograph of a similar gold nanowall. The histogram (e)
shows the distribution of 81 grain size measurements. Nine BF-STEM
images of different nanowalls provided the foundation for the nine line
measurements on each micrograph. The nanowalls were printed on two
different samples (distinguished by colours in the histogram) and
annealed separately. The mean grain size is 71.1 nm and the standard
deviation is 15.5 nm. The SEM pictures (a) and (b) were acquired under a
45° tilt angle.

or sulfur-based inclusions, stemming from the nanocrystal
ligands. The latter interpretation is supported by the obser-
vation that some of these spots appear in the middle of a gold
grain, while pores have a tendency to migrate towards the
grain boundaries. An overlay of an energy dispersive X-ray
spectroscopy (EDX) mapping with the TEM image confirms
the reduction of Au and C signals in the corresponding areas,
see Fig. S4.f We attribute these spots to voids or bubbles
forming during the sintering process. Still, we do not have a
definitive conclusion on the exact nature of the spots visible in
Fig. 2d. For the sake of simplicity, we will use the term
inclusion throughout the rest of this discussion. A thin carbon
layer is detected at the surface of the nanowall. Its thickness
ranges from nearly zero to about 10 nm. Fig. S5 shows a
BF-STEM image of the edge of a nanowall and the EDX
mapping verifies a high carbon signal in a thin surface layer.
We assume that this layer does not have a significantly adverse
effect on the conductivity measurements. For the structures
printed on silica substrates, it could also be removed with a
short oxygen plasma ashing treatment.

The area fraction of the mentioned inclusions can be esti-
mated by standard image processing. Because the inclusions
do not scatter electrons, they appear black in the high-angle
annular dark-field scanning TEM (HAADF-STEM) micrographs
and show a high contrast to the gold with its grain boundaries

This journal is © The Royal Society of Chemistry 2020
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and crystal defects. Using the software Image], the regions of
large contrast were identified (Canny edge detection) and fil-
tered with the particle count algorithm by applying an image-
specific circularity and size range (chosen by visual inspec-
tion). Fig. 3 demonstrates the application of this algorithm.
Comparing Fig. 3a (HAAFD-STEM) and Fig. 3b (the map of
extracted inclusions), we see that the algorithm performs well,
although it misses a small number of inclusions. A closer
examination (see Fig. S61) shows that the size of the detected
inclusions is slightly overestimated, partially compensating for
the missed areas. In total, 9 micrographs have been processed
and the aerial inclusion fraction was determined to lie in the
range of 1-8% with an average value of 4%. The study by Sun
et al.* models the resistivity increase of 0.8% and 2.3% for 4%
and 8% void area fraction in copper, respectively, assuming
that the isolated voids are much smaller than the grain size.
Comparing these calculations to our measured aerial inclusion
fraction, we believe that the inclusions have a minor effect on
the overall resistivity compared to the electron scattering at the
grain boundaries.

An important issue with printing nanoparticle-loaded inks
directly onto contact pads is the reliability of the connection to
the pad after thermal sintering.>® The shrinkage can result in
tensions at the locations where the wall meets the contact pad
and potentially disturb the electrical connection.

Here, we circumvent the complications of electrically con-
tacting printed nanowalls on predefined pads and focus our
attention on the quality of our nanowall material itself. We
therefore connect the nanowalls after the thermal sintering
step using ion-beam-deposited platinum pads. The high resis-
tance of the contacts deposited with this method has no
adverse effect since we use a 4-point measurement providing
exact results independent of the contact resistance. For accu-
rate and repeatable pad deposition, a 2 nm thick platinum
film was sputter-deposited prior to the pad placement. This
film was separately measured and the possibility of a contri-
bution to the electron transport parallel to the nanowalls
could be excluded (see Fig. S77). Fig. 4 presents the deposited
contacts, the measurement configuration, and a typical
measured resistive behaviour of the gold nanowalls. As
depicted in Fig. 4b, the contacts fully wrap around the fine
nanowalls without causing any tilt. The current sweep in
Fig. 4c shows a practically perfect Ohmic behaviour. Up to a
sourcing current of 1 mA, corresponding to a current density
range from 6 mA pm™> to 25 mA pm for the largest and

Fig. 3 Aerial inclusion fraction evaluation algorithm. (a) HAADF-STEM
micrograph; (b) extracted areas; and (c) overlay of (a) and (b).

Nanoscale, 2020, 12, 20158-20164 | 20161
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Fig. 4 Electrical resistivity measurements of single gold nanowalls. The SEM overview in (a) presents the 4-point probe configuration with the
current sourcing pads at the top and the voltage measurement pads at the bottom. The contacts on the left are shown in an enhanced image in (b).
The |-V curve in (c) shows the behaviour of a resistor with a resistance of 18.4 Q, measured from the nanowall in (a). The top-view SEM image in (d)
shows a width measurement. The bright signal originating from the lower side of the nanowall is a result of the tilt of the sample. The width of the
nanowall is the distance between the centres of the dashed lines. We estimate the error on these width measurements to be 4 pixels corresponding
to 8 nm, which is represented by the thickness of the dashed lines. The calculated resistivities from the measurements on 9 different nanowalls are
shown on the left side of (). Errors in measuring the resistances and dimensions of the nanowalls are propagated to the resistivity values and shown
by the black error bars in (e). The horizontal lines on the right side are the resistivities predicted by the grain-boundary-scattering model, for
different values of grain size (indicated by labels next to the lines, in units of nm) and for electron reflectivity parameters of 0.7 (black) and 0.9 (blue).

The tilt angle for the SEM images (a) and (b) is 65°.

smallest cross-sectional areas, respectively, a resistance
increase due to Joule heating of far less than 1% was observed.

From the resistance and the geometry of a nanowall, we cal-
culate the resistivity of the printed material (Fig. 4e):

p=R— (2)

where R is the resistance measured by the 4-point measure-
ment (Fig. 4c), & the mean height of the nanowall measured by
atomic force microscopy (AFM), and w and [ its width and
length measured by SEM, respectively. The individual
measurements and the dimensions of the respective walls are
shown colour-coded in Fig. S8.1 For five out of nine measure-
ments, the resistivity is about 5 pQ cm or only ~2.5 times
higher than bulk gold. For the other four measurements, the
resistivity is up to an order of magnitude above the bulk value.
There is no evidence based on which we could exclude these
measurements. While they tend to be measured from the taller
walls, the TEM micrograph in Fig. 2c does not show more
defects nor smaller grains towards the top of a two-micro-
metre-high nanowall. We hypothesise that, for the walls
printed on fused silica, higher mechanical stresses or thermal
gradients may lead to suboptimal nanoparticle sintering. Since
a complete set of different measurements without any prese-
lection is reported, we demonstrate both the lowest resistivity
achieved and the quantitative influence of non-ideal thermal
annealing. We thus strongly recommend integration-tailored
fine-tuning of the annealing parameters. The resistivity of our

20162 | Nanoscale, 2020, 12, 20158-20164

best samples is lower than that of other sintered gold®’ or
silver*® nanoparticle structures at the nanoscale or small
microscale range and approaches that of meniscus-confined
electroplated copper pillars.>* Considering that we are printing
structures at much higher resolution than the abovementioned
technologies, these results are promising. The reason for our
successful results could be the high surface-to-volume ratio of
our nanowalls, giving room for efficient sintering of the nano-
particles to a dense large-grained morphology by the escape of
pores at the surface.

Based on the shown microstructure, the cross-sectional
area and the smooth surface of the presented gold nanowalls,
the obtained results with the classic size effect model of
Mayadas and Shatzkes can be compared.® It predicts that the
increased resistivity of a polycrystalline material pys compared
to that of a single-crystalline material p, is

p) 3 1N\ !
ﬂ:<1—5a+3a2—3a3ln(l+5)) (3)

Po
with

A Rus
0=—r
gavg 1- RMS

(4)

where 1 is the electron mean free path (37.7 nm for gold at
room temperature'), Zavg the average grain size and Rys the
electron reflection coefficient at the grain boundaries. We
plotted the calculated resistivities for Rys = 0.7 (black hori-
zontal lines) and 0.9 (blue horizontal lines) and for several

This journal is © The Royal Society of Chemistry 2020
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grain sizes g, in Fig. 4e. While Durkan and Welland®
reported Rys = 0.9 for gold nanowires, assuming a value of
Rys = 0.7 seems to be a better match with our experimental
resistivities with the average grain size of about 70 nm in
diameter.

In conclusion, we report the fabrication and detailed
characterisation of electrohydrodynamically printed and ther-
mally annealed gold nanowalls. The non-contact printing tech-
nique is unique in creating high-aspect-ratio structures with
minimal feature sizes around 100 nm in an open atmosphere.
The finesse of our gold nanowalls allows for direct high-resolu-
tion TEM analysis, revealing a dense polycrystalline mor-
phology featuring grain sizes of around 70 nm. Combining
accurate size and resistance measurements, we obtained elec-
trical resistivities down to 5 pQ cm, or only about 2.5 times
higher than bulk gold. These results are comparable to the
best values reported from electrochemical methods, and are
superior to those from alternative nanoparticle-based additive
manufacturing techniques. The increasing availability of high-
quality nanoparticle inks, combined with high-resolution elec-
trohydrodynamic printing onto various substrates, will enable
fundamental studies on many more nanoengineered out-of-
plane metallic structures.
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