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HIGHLIGHTS

« A room-temperature, 3D
microprinting process is introduced
that produces void-free gold
microstructures using localized
electrodeposition and cyanide-free
chemistry.

« The vertical printing rate of the gold is
controlled using the electrodeposition
potential and goes up to 1.2 pm s~ .

« The printing throughput of the gold is
controlled using air pressure and
reaches up to 20 um3s~1,

« The as-deposited resistivity of the
gold is 2.5 times higher than bulk and
that of the copper only 10 % higher
than bulk.
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ABSTRACT

Directly 3D-printed metal microstructures could enable hybrid micromanufacturing, combining conven-
tional micromanufacturing with additive micromanufacturing (LAM). The microstructure’s material
properties, including the electrical resistivity, are of decisive importance for a wide range of applications
in microelectronics, high-frequency communication, and biomedical engineering. In this work, we pre-
sent a room-temperature process for pAM of gold structures based on local electrodeposition. We
demonstrate control of the electrodeposition process by regulating the precursor species supply rate
through air pressure and by regulating the reaction rate through the electrodeposition potential. We
3D printed complex gold microscale structures and characterized the resistivity of the printed gold by
developing hybrid devices with integrated four-point probe measurement capability. Additionally, we
printed copper microwires, building on a previously shown copper pAM process, and characterized the
copper resistivity. We demonstrate near-bulk resistivity values of 65 nQ-m (about 2.5 times higher than
bulk) and 19 nQ-m (only 10% higher than bulk) for the gold and copper wires, respectively, without post-
treatment. Microstructural analysis of the gold wires revealed a dense metal deposit free of voids. Finally,
we printed gold structures on a pre-patterned substrate, paving the way to hybrid devices in which addi-
tive micromanufacturing is combined with existing micromanufacturing techniques.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Additive micromanufacturing (LAM) of metals is a rapidly
growing research field with the dedicated goal of complementing
existing (photolithographic) microfabrication processes with
bespoke, template-free 3D printed structures at the microscale.
Typically, phAM techniques produce a metal quality inferior to that
of established 2D microfabrication processes in exchange for added
design freedom in the third dimension. For a 3D printing technique
to be of practical use for applications, the material quality it pro-
duces is essential. However, as |AM methods for metal are matur-
ing, the demands on new methods proposed become more all-
encompassing. These demands include creating complex, freeform
3D structures at the microscale. Here, the degree of overhang, the
aspect-ratio that is achievable and the ability to manufacture com-
plex, 3D bodies play a crucial role. Moreover, the throughput of the
method should not be prohibitive for larger 3D bodies while yield-
ing a high surface quality and excellent control of the printed
structures to deliver the desired material properties. At the micro-
scale, structures can often not be handled and relocated after fab-
rication, and hence, need to be printed in-place. The requirements
posed on the target device and any other required processing step
become key elements in the adoption of any tAM method.

At the same time, pre- and postprocessing to enhance material
properties should not be needed or kept to a minimum. For exam-
ple, high-temperature annealing is a commonly used postprocess-
ing step that is unacceptable for thermally sensitive substrates,
such as copper-based microchips or flexible polymeric substrates
[1-3].

Amongst the material properties, electrical conductivity is one
of the most important characteristics of any metal intended for
use in a given application. Extensive effort is made to make pAM
methods reach electrical conductivity values approaching those
of conventional microfabrication processes that use e.g., metal
evaporation or conventional 2D electrodeposition [4]. The large
range of metal p|AM methods that recently was developed, has
been comprehensively reviewed and rated for most of the
application-relevant requirements, including their electrical con-
ductivity [4,5].

Singling out a top-performing ptAM method in terms of electri-
cal conductivity, we mention meniscus-confined electrodeposition
(MCED) that showed an as-deposited copper resistivity down to
about 30 nQ-m (80 % higher than bulk copper) [6,7]. MCED also
shows promise in control of the metal microstructure, which
underlies the electrical conductivity, by producing parallel arrays
of twin grain boundaries [8]. MCED typically produces wire-like
objects and is therefore not able to produce complex and over-
hanging 3D bodies. The wire growth rate goes up to 250 nm s~ ' [7].

After silver [9] and copper, gold is the most conductive metal at
room temperature. Gold also stands out due to superior plasmonic
characteristics resulting from high optical conductivity and chem-
ical inertness [10]. Therefore, gold has applications in many fields,
such as photonics [11,12], plasmonics [13,14], microelectronics
[15], battery science [16], biomedical engineering [1,2], and elec-
trochemical catalysis [17,18]. Hence, the possibility to additively
sculpt gold structures in three dimensions, such as microelec-
trodes, microneedles [19], nano- and microwires, GHz and THz fre-
quency components [20,21], and photonic elements enables new
functionality and superior device performance.

A plethora of methods is available to create gold microstruc-
tures [11,13,17,18,22-26]. Restricting the discussion to template-
free, HAM methods, we mention gold structures that were
achieved by adding gold chloride into the resin used in two-
photon polymerization (2PP) [26]. 2PP is a 3D version of traditional
lithography and the authors showed - after thermal annealing at
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200 °C - that the resistivity of their gold wires was approximately
50 times higher than bulk gold. The printing of gold was also
achieved using gold droplets in a method called laser-induced for-
ward transfer (LIFT), without reporting on the gold resistivity [15].
Resistivity values for LIFT-deposited copper were measured at
twelve times the value of bulk resistivity [27]. Much lower resistiv-
ity for gold was recently achieved using electrohydrodynamic
printing (EHDP). The measurements showed a resistivity down to
50 nQ-m, or about 2.5 times higher than bulk gold, albeit after sin-
tering at 400 °C, which also led to an object shrinkage to about 27 %
of the original volume [9].

Here, we present electrochemical (EC) 3D printing with a sys-
tem called CERES (Exaddon AG, Switzerland) [28-31]. EC 3D print-
ing is performed inside a supporting electrolyte bath and the EC
reaction is confined by locally ejecting a metal electrolyte from a
300-nm-diameter nozzle. The nozzle is an atomic-force-
microscope cantilever that we term iontip (Exaddon AG, Switzer-
land). The iontips have buried microfluidic channels, like the
FluidFM cantilevers [32,33]. Recently, FluidFM cantilevers were
used to 3D nanoprint reactive polymers [34].

EC 3D printing offers various advantages: 1) The deposition
takes place under ambient conditions, with minimal waste. 2) It
is a template-free process that is not limited to printing wire-like
objects and walls. The design space includes 3D bodies of seam-
lessly merged voxels, 90-degree overhangs and aspect ratios of
over 50, on both flat and non-flat substrates. 3) No post-
processing is necessary to obtain a void-free material with the
desired microstructure [5,30]. 4) EC deposition steps are fully com-
patible with integrated-circuit packaging and printed circuit
boards (PCB) production processes. 5) EC 3D printing offers a
medium-to-high deposition rate that can be adjusted in conjunc-
tion with the print resolution by controlling the printing pressure
and the applied potential [20]. Vertical growth rates for copper
are in the range of 500 nm s~! to well beyond 2000 nm s~! and
the throughput exceeds 200 um® s~! [19].

In this work, we introduce a 3D microprinting method for gold,
based on EC 3D printing. We developed a two-component elec-
trolyte system, consisting of a cyanide-free gold electrolyte and
an alkaline supporting electrolyte. We demonstrate control of the
speed and resolution of the printing process by regulating the over-
potential and gold electrolyte flow. We present a method to 3D
microprint highly pure, void-free, gold microstructures with elec-
trical conductivity that is at the same level as established 2D elec-
troplating. In parallel, we expand the material study on EC 3D
copper characterizing its resistivity using an integrated four-
point probe measurement protocol specifically designed for EC
3D printing. The copper resistivity is shown to be a mere 10 %
higher than bulk copper resistivity.

Finally, we show the promise and viability of the 3D microprint-
ing approach to design hybrid devices by printing large, complex
3D structures directly onto a PCB.

2. Methods
2.1. Additive micromanufacturing using localized electrodeposition

At the process’ core is an AFM cantilever with a built-in
microchannel. On the business end of the microchannel is a 300-
nm-diameter aperture and on the other end is a reservoir filled
with an electrolyte that contains metal ions. The ensemble is
referred to as iontip [28]. The iontip is immersed in a supporting
electrolyte, which is placed in a three-electrode electrochemical
cell (Fig. 1). The substrate and, by extension, the 3D printed struc-
ture itself function as the working electrode. An applied air
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Fig. 1. 3D microprinting schematic showing the substrate that acts as working electrode (WE), the Ag/AgCl reference electrode (RE) and the counter electrode (CE). The iontip
is schematically shown in grey and the gold ions in green. Top right inset, the optical beam deflection signal with and without contact. Bottom right inset, simplified

schematic of the gold deposition.

pressure advances the electrolyte from the reservoir through the
iontip’s aperture into the three-electrode cell. Upon reaching the
working electrode, the metal ions reduce to solid metal (bottom
right inset of Fig. 1).

To ensure the iontip is in the vicinity of the working electrode,
the concept of voxels is introduced. The iontip is moved to a speci-
fic distance from the working electrode. This distance is termed
voxel height, which is typically 0.5 um to 2 pm. Then, air pressure
is applied to the electrolyte-containing reservoir and electrodepo-
sition begins as metal ions reach the working electrode surface.
The voxel is considered completed if the metal deposit has grown
from the substrate to the iontip aperture. Tip-metal contact is
detected by standard optical beam deflection (top right inset of
Fig. 1). When the amount of deflection surpasses a trigger thresh-
old (orange dot), then the iontip is moved to the next voxel’s loca-
tion. This printing method provides real-time measurements of
each voxel’s deposition time.

To print gold, the electrochemical chamber is filled with sup-
porting electrolyte (0.1 M KCl at pH 12) and the iontip is filled with
a thiosulfate/sulfite-based gold electrolyte with a gold concentra-
tion of 0.5 M, we term the latter gold ink. The gold complexes
are reduced into metal at the working electrode. The gold ink is
based on the work of Green et al. [35], Osaka et al. [36,37], and
Estrine et al. [38]. Gold thiosulfate is used as a base chemical and
sodium sulfite is added to create the following two gold thiosul-
fate/sulfite complexes: [Au(S,03)(SO3),]>~ and [Au(S,05)(S03)]*~
[35]. The pH of the gold ink is adjusted to 12 to avoid a discrepancy
in pH between the supporting electrolyte and the ink. Additionally,
a pH of 12 decreases the rate of precipitation of colloidal sulfur and
gold compared to neutral pH thiosulfate/sulfite-based plating
solutions [37]. A prepared batch of ink was stable for up to four
weeks.

3. Results and discussion
3.1. Electrochemical 3D microprinting process

The microprinting process is governed by sourcing and consum-
ing precursor species. The source is the flow of ions through the

aperture, which is controlled by the air pressure applied to the
electrolyte reservoir. The consumption is controlled by the applied

deposition potential. We printed an array of 59 gold micropillars
varying both the pressure and the potential (Fig. 2) to investigate
the control that can be exercised over the printing process.

For each pillar 80 voxels were used, all with a height of 0.5 pm,
and the resulting (maximum) pillar diameter was measured using
SEM images (Fig. 2d). The pillar diameter serves as a proxy for
voxel diameter, as the determination of the diameter of a single
voxel is conceptually not possible because a voxel is merely
defined as a height boundary to a local electrodeposition step.
The 3D shape of a voxel is therefore not only a function of the
potential and pressure varied here, but also a strong function of
the local shape of the working electrode surface. The range of the
pillar diameter was from 2 pum to 4.5 pm for a pressure range of
30 to 100 mbar (Fig. 2a).

Fig. 2b shows the vertical growth speed of a pillar as a function
of pressure and potential. The vertical speed increases with pres-
sure if there is a mass-transport limitation (shortage of precursor
species). After a certain pressure, the so-called saturation pressure,
has been reached, the vertical speed plateaus. As expected, this
vertical speed rises with the deposition potential. Even if the satu-
ration pressure has been reached, the diameter of the pillar still
increases with higher pressure (Fig. 2a). Consequently, the volu-
metric printing speed continues to rise (Fig. 2¢). The volumetric
speed scales linearly with pressure over the examined range. We
conclude from this linearity that the flowrate of precursors species
also scales linearly with pressure, and that the efficiency is approx-
imately constant over the range of investigated pressures at a given
potential. By efficiency, we mean the amount of reduced precursor
below the tip per the total amount of precursor that flowed out of
the tip. The applied potential changes this efficiency, as the curves
at different potentials appear to be shifted. We attribute the higher
efficiency observed at higher overpotential to less precursor diffu-
sion, i.e.,, more precursors are consumed before they can diffuse
away from the working electrode.

The volumetric deposition speed in our experiment reached
11 um?s~! and was pushed further to 20 pum>s~" for the microwire
printing. The maximum pillar diameters are achieved at the high-
est pressure in combination with the lowest vertical speed
whereas the thinnest pillars were made at the highest vertical
speed and lowest pressure. Qualitatively, the gold deposition
described so far follows the description of the copper deposition
laid out in previous work [28,29].
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Fig. 2. (a) Measured pillar diameter vs air pressure for different applied potentials (V vs Ag/AgCl). (b) Measured vertical printing speed vs air pressure at different potentials.
(c) Calculated volumetric printing speeds vs air pressure at different potentials. (d) Selection of SEM images of pillars printed at —0.87 V vs Ag/AgCl. Scale bar, 4 um.

The surface of the pillars is of an excellent quality at lower
speeds, even without the use of additives (Fig. 2d). The voxel
height of 0.5 pm does not leave a visible pattern but yields a dense
pillar with a regular diameter along its height. The surface is
observed to become rougher with increasing pressure, comparing
Fig. 2d-4b, for instance.

3.2. Electrical conductivity

To characterize the electrical properties of the printed material,
a test device was conceived. The hybrid test device was made with
a conventional photolithographic process (Supporting Fig. 1) and
with additive micromanufacturing. Each device has a set of eight,
parallel electrodes laid out on a SiO,-covered Si substrate. The
100-nm-thick electrodes, made from sputtered gold, are placed
at different intervals such that four-point probe measurements
can be performed over a range of wire segment lengths. Next,
the test device was loaded into the CERES printing system and
the deposition potential was applied to the first gold electrode
from which the printing of the wire commenced (Fig. 3). From this
starting electrode (the bottom electrode in Fig. 3b), a microwire
was printed orthogonally across the other seven electrodes and
across the SiO, layer in between. As the wire print progressed from
the first conductive electrode to the non-conductive SiO, layer, a
large decrease in lateral printing speed was observed (Fig. 3a).
The deposition potential and pressure were set such that we
obtained a lateral growth speed of approx. 1 um s~! during the seg-

ment atop the SiO,. We attribute the observed speed difference to
the difference between the local shapes of the working electrode.
The efficiency is expected to be much lower for pure lateral growth
(atop SiO,) as compared to combined lateral and vertical growth
atop the gold electrode (two insets at the top of Fig. 3a). In other
words, in a largely non-conductive environment, many more pre-
cursor species diffuse away from the reaction site.

In total, nine test devices were manufactured with three micro-
wires printed out of copper and six microwires printed out of gold.
Four-point probe measurements were then performed on multiple
wire segments for each microwire. We measured four out of the six
gold microwires and all three copper microwires (see Supporting
Table 1). The longest gold wires printed (Gold wires 2 and 3) were
2 mm long and, during the electrical measurements, these wires
detached from the substrate. We attribute this failure to internal
stress in the gold deposit. Therefore, no cross-section data could
be gathered, and these wires could not be included in the resistiv-
ity study.

In Fig. 4, the measured resistance area product vs the wire seg-
ment length is shown. The conductivity values were obtained with
a weighted linear fit. The cross sections of the microwires were
measured along the entirety of the wire lengths with an optical
profilometer (Supporting Figs. 2 and 3). In addition, cross sections
were made by focused ion beam (FIB) to correct the optical
profilometer data by negating the shadowing effect that causes
the optical measurements to overestimate the cross section
(Fig. 4b, c and d).
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Fig. 3. (a) Lateral printing speed vs printed wire length, showing the drop in printing speed while traversing from the first electrode to the silicon oxide substrate at about
130um printed-wire length. A moving average, in red, highlights the drop. The deposition direction is indicated by white arrows. (b) SEM image of a 1500 -pum -long gold wire
traversing all eight electrodes. Scale bar, 100 pm. The inset shows a zoom of the gold wire crossing an electrode. Scalebar, 10 pm. The printing direction is indicated by red

Arrows.
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Fig. 4. (a) Resistance times Area of copper and gold microwires vs segment length along wire. (b) Gold Wire 3, cross section (left) and top view (right). (c) Gold Wire 1, cross
section (left) and top view (right). (d) Gold Wire 2, cross section (left) and top view (right). (b)-(d) Scale bar, 2 pm.

The copper microwires exhibited excellent resistivity of up to
19 + 2 nQ-m. This value is very close to the 18 nQ-m resistivity
reported for copper that is made by laser sintering [39]. Conven-
tionally electrodeposited copper can reach a resistivity of 17 nQ-m
[40].

The resistivity of the electrodeposited gold material was found
to be 65 + 6 nQ-m. This resistivity is excellent, in the context of
gold electrodeposition, considering gold thin films plated from a
similar thiosulfate-sulfite solution showed a resistivity of 70 nQ-m
[38]. The outlying data point is most likely due to an undetected
bottleneck in the microwire, such as a large pore. For all measure-
ments in Fig. 4a, a low-resistance electrical contact between pad
and wire was established and were therefore included in the calcu-
lation of the resistivity.

The difference in surface quality between the wire and the pillar
is striking; the surface of the pillars is much smoother than the sur-
face of the wires. We ascribe these differences to three causes.
Firstly, the pillars were printed on a conductive gold surface. This
large gold surface acts as an ion sink for precursor species that dif-
fused away from the iontip will deposit onto. As for the wire, the
only surface available for the precursor species to deposit is the
already printed gold wire, which increases the amount of addition-
ally plated gold at low ionic concentration. It has been reported for
comparable systems [41] that low-concentration deposition can
lead to changes in nucleation behavior and, as a result, to changes
in surface morphology. Secondly, the convective flow creates dif-
ferent concentration profiles of the metal ions around the iontip
because the wire axis is orthogonal to the pillar axis. Based on
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Table 1
Gold microwire printing parameters.
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Sample name Deposition voltage Average lateral speed

Printing pressure [mbar]

Voxel height [pum] Total length of the wire [pum]

[V vs Ag/AgCl] [um s71]
Gold wire 1 —0.98 1.2 150 2 750
Gold wire 2 —-0.98 1.2 150 2 2000
Gold wire 3 -0.90 0.78 150 2 2000
Gold wire 4 —0.96 1.08 180 2 1200
Gold wire 5 -0.96 1.08 180 2 1200
Gold wire 6 -0.94 0.7 85 2 750

Fig. 5. (a) A gold helix printed on a gold substrate. Scale bar, 10 um. (b) A microplug printed in gold. Design courtesy of Axon Cables, SA. Scale bar, 20 um. (c) A gold,
pentagon-shaped connector printed on a PCB between two gold pads. Scale bar, 100 pm.

the direction of the convective flow and the lower growth speeds
observed for the wires, we expect that the outer shell of the micro-
wires is plated at a low ionic concentration by ions that diffused
away from the iontip. Thirdly, the applied potential required to
obtain a lateral speed of 1 um s~! was significantly higher than
the potential required for a vertical speed of 1 um s~ ! (see
Fig. 2a and Table 1). A higher potential also leads to an increased
surface roughness and a different surface morphology on the wires.

3.3. Microstructural analysis

Cross sections of the printed gold structures were obtained by
FIB to investigate the quality of the printed material. The gold cross
sections show no visible porosity at low overpotential but show a
substantial amount of porosity at deposition potential >—1.02 V. vs
Ag/AgCl (Fig. 4d). Most likely the small pores are caused by hydro-
gen evolution at the growth front, which is the typical reason for
porosity in aqueous electrodeposits [42]. The larger pores could
have been caused by coarse grains encapsulating electrolyte.
Porosity is expected to increase the error in the electrical measure-
ments. When comparing the gold wires to the copper wires, the
copper wire cross sections show dense copper with no visible
porosity.

Energy-Dispersive X-ray (EDX) analysis (Supporting Figs. 4 and
5) of the wires show gold with carbon, nitrogen, and oxygen and as
well as silica. The light elements, carbon, and nitrogen can be
almost certainly attributed to surface contamination of the depos-
ited material, as they are not part of the chemical make-up of the
electrolyte. The presence of silicon is primarily attributed to the
substrate. A secondary source of silicon is the microfluidic channel

inside the cantilever. Likely, other impurities below the EDX detec-
tion limit, such as sodium, sulfur, and chloride are present in the
ppm range, because they are present in the electrolyte as well.
These impurities, even though in low concentrations, might form
a significant contribution to the reduced electrical conductivity
compared to pure bulk gold.

3.4. Example structures

Multiple structures have been printed as examples. A helical
gold structure was printed (see Fig. 5a), like the photonic struc-
tures created by Gansel et al. [11]. The helical structure has a diam-
eter of 10 um and a 10 pm vertical displacement per turn of the
helix. The helix has 5 turns and was built with 210 voxels. It was
printed at a pressure of 65 mbar and a vertical speed of 1.2 pm s~ .
The printed voxels merge and can visually not be differentiated
from each other.

A microplug has been produced at printing speeds of 0.7 pum s~
and shows the possibility of 3D capabilities of intertwined single
voxel strands which merge to a spherical top (Fig. 5b). The strands
were printed at a pressure of 70 mbar and the spherical top at
40 mbar. The structure was built with 1903 voxels.

Finally, a large, pentagon-shaped, connection (Fig. 5c¢) was
printed directly on a printed circuit board (PCB). The connection
consists of 18’760 voxels with an average spacing of 2 um between
the layers in the Z direction and an inter-strand distance of 1 pm in
the XY plane. The alignment of the connection with the PCB was
done using an optical camera of the CERES system. The tilt of the
PCB substrate was measured and corrected for. The structure was

printed at a speed of 1 um s~'.

1
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4. Conclusion

We have presented a new pAM process for high-quality gold
using a cyanide-free recipe that expands the capabilities of electro-
chemical 3D microprinting techniques. We designed, fabricated,
and characterized microscale 3D structures using the new process.
Material analysis shows dense gold with a high purity. Voids
appeared only at high electrodeposition potential but are other-
wise absent. We have demonstrated that EC 3D printing can bring
the electrical conductivity of gold and copper to levels like those
produced by established 2D deposition methods. The gold showed
a resistivity of 65 + 6 nQ-m, which is an excellent value compared
to gold that is conventionally electrodeposited out of thiosulfate-
based solutions without any post-processing. The copper wires
made by EC 3D printing in this work showed a resistivity of merely
10 % above pure bulk copper.

The prospects are intriguing: hybrid devices can be built where
microscale copper and gold structures are directly 3D printed, in
place, on previously structured devices. Components like micro-
wires, coils, plugs, neural interfaces, needles, connectors, and
others can be printed precisely onto existing structures with a
medium-to-high deposition speed. The integrated electrical con-
nections required to drive such components during their operation
are shown to also apply the working electrode potential needed
during their 3D microfabrication. Therefore, the need of the EC
3D printing process to have a conductive starting point does not
pose design restrictions of significance on either PCBs or silicon
dies.

Both gold and copper show promise due to their excellent con-
ductivity. Additionally, micrometer-sized components of gold have
enormous potential in biomedical applications, in situ nerve stim-
ulation and action potential recording. Gold is also of significant
use for GHz frequency electronics and communications.

The ability of this cyanide-free process to additively manufac-
ture complex 3D structures out of a high-quality gold metal, along
with the absence of pre- and postprocessing steps make this pAM
process a promising choice for microsensors, microneedles, actua-
tors, and gold-based electronics.
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