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Toward 3D Printing of Pure Metals by Laser-Induced

Forward Transfer

Claas Willem Visser,* Ralph Pohl,* Chao Sun, Gert-Willem Rémer, Bert Huis in ‘t Veld,

and Detlef Lohse

Great progress in additive manufacturing technologies now
allows the fabrication of complex 3D structures.!l In particular,
the printing concept has gained momentum for rapid pro-
totyping, since it provides for fast, low-cost, and contact-free
deposition at room conditions and poses minimal disturbances
to the receiver substrate (on which the material is deposited).
For instance, deposition of wax, polymers,?! and even living
cells® are now routinely achieved. However, printing of metals
has been limited to low-melting point metals,* pastes,”] and
metal-containing inks,®1% which are generally not optimized
in terms of material properties (e.g., mechanical strength, elec-
trical conductivity, and corrosion rate) and material cost, or is
still limited to the =1 mm resolution range.'!! Therefore, fab-
rication of metal microstructures including microantennas,?!
out-of-plane electrode production,! and filling of through-sil-
icon vias (TSVs) for connecting stacked 2D electronic circuits!'
remain ongoing challenges.

Laser-induced forward transfer (LIFT) is a direct-write
method allowing for drop-based deposition of a wide range of
metals® ™ including chromium,2*2! tungsten,?% gold, 2224
nickel,??) and aluminum.*! Also pastes,”:?® hydrogels,?”} and
liquids?®-31l have been processed using LIFT, and, remarkably,
similar ejection mechanisms seem applicable to these different
material groups.?*32 The concept is shown in Figure la. A
pulsed laser is focused on the material to be transferred, called
the “donor film,” which is initially present on a transparent
“carrier” substrate. The light is absorbed by the metal, resulting
in a thermal stress wave or evaporation within a part of the
film, which subsequently leads to the ejection of a liquid metal
microdrop.B¥ By placing a receiver substrate in the drop’s line
of flight, deposition is achieved. Up to now, pure-metal LIFT
has enabled deposition of single drops,234-3¢ lines,[1#37:38] and
solid parts of the donor film.[20:3%)

However, 3D metal printing using LIFT has been limited to
low aspect ratio pillars,*? perhaps since at least two challenging
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requirements have to be simultaneously fulfilled. First, good
adhesion between stacked drops is required, but the deposited
drops generally solidify in a spherical or torus shape.[14323435]
This unavoidably results in porosity and limited drop-to-drop
contact when the drops are stacked on top of each other. A
second requirement is that the landing position of a single
drop has to be limited to the previously deposited drop’s impact
area. This is nontrivial for the relatively large donor-receiver
distances required for 3D printing,*!) but was achieved for a
narrow range of fluences.

Here we manufacture pure-metal pillars by stacking micro-
meter-sized copper and gold drops. The morphological and
physical features of the pillars are assessed in detail. We extend
these results to the fabrication of extremely high aspect-ratio
pillars, the filling of high-aspect ratio holes, and the deposition
of an electrically conductive line. The relationships between the
laser fluence, the drop impact velocity, and the drop shape after
solidification are discussed, since these aspects are essential for
controlled deposition. Finally, we present a concise outlook for
fabrication of 3D metal structures using LIFT.

Figure 1a shows the setup used for laser-induced forward
transfer. In short, a laser with a pulse duration of 6.7 ps and a
wavelength of 515 nm is focused into a spot with a 1/¢” radius
of 8.3 + 0.5 pm, resulting in the melting and ejection of a
200 nm copper or gold film (see supplementary note 1A, Sup-
porting Information, for details). As shown in two snapshots
of an ejection event, the ejected material initially maintains
its sheet-shape (Figure 1b), but strongly contracts by surface
tension (Figure 1c), and eventually reaches a spherical shape.
The drop ejection velocity ranges from 30 to 200 m s7, as we
recently discussed.l** The donor substrate is moved in the hori-
zontal direction using a motorized translation stage. Repeated
laser pulses then result in a series of ejection events at the
same spatial position, which leads to the formation of a pillar if
a receiver substrate is inserted below the donor.

The copper pillar shown in Figure 2a demonstrates the
potential of LIFT for 3D metal micromanufacturing. The pillar
has a height of around 80 pm and a diameter of 5.3+ 0.7 pm. A
halo of drops around the pillar is visible, due to drops passing
the pillar tip or satellite droplet ejection (see Figure 1 and the
supplementary movie of the Supporting Information). The
pillar top is magnified in Figure 2b, showing the last-deposited
drop which has spread out over the pillar top and subsequently
solidified. Below this drop, the edges of several solidified drops
are visible. To assess whether such round edges result in pores
within the pillar, a pillar was cut lengthwise using a focused
ion beam, and subsequently visualized using a scanning elec-
tron microscope (SEM) (for details, see supplementary note
1C, Supporting Information). As shown in Figure 2c,d, the
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Figure 1. The LIFT concept. a) The LIFT setup. A laser pulse is focused
onto a 200 nm thick copper donor layer, resulting in the ejection of a
liquid copper drop (shown as a dot). By moving the glass carrier horizon-
tally (shown by the arrow), repetitive ejections are induced at the same
location. The impacting drops solidify, resulting in the formation of a
pillar on the receiver substrate. The receiver is coated with a copper film,
to improve the adhesion of the drop. Each ejection leaves behind a hole
in the donor film: the “crater.”” b,c) A single LIFT ejection for fluence
F = (4600 £ 200) ] m~2, 50 ns, and 400 ns after the laser pulse. The black
area in the very top of these images shows the crater. In (b), the strongly
deformed donor film is just detaching from the remaining substrate. In
(c), the flying drop is shown, which is trailed by several smaller satellite
drops. The drop appears to be much smaller than in (b), as surface ten-
sion contracts the (initially hollow) drop into a sphere with a final size
as indicated by the white dot. Eventually, the drop will reach a spherical
shape and land on the receiver substrate (not shown).

original drops are hardly visible and only a few small pores are
observed. Using a through-lens detector, the grains within the
pillar become just visible. Grains sizes between 50 and 200 nm
are typically observed and seem to constitute most of the pillar
volume. Furthermore, several long, horizontally aligned grain
boundaries are identified, as illustrated by the dashed lines in
Figure 2e. The ends of these boundaries (at the outer surface
of the pillar) frequently coincide with voids corresponding to
the edge of solidified drops. This footprint suggests that the
impacting drops do not melt the pillar surface during impact,
but instead crystallize onto the previously deposited drops. In
principle, these horizontal interfaces could be weak or brittle.
However, as the pillar can be bent signifi-
cantly before plastic deformation occurs (see
Figure 3b), the influence of these interfaces
on the pillar characteristics seems to be
limited.

Snapshots of the deposition process of a
270 pm high pillar are shown in Figure 3a
(in the supplementary movie, Supporting
Information, the drops are also visualized
in-flight). In the final stage, the growth rate
becomes constant as indicated by the inclined
line in Figure 3a, and the pillar diameter is
almost homogeneous. In the initial phase
the pillar growth rate is suppressed, due to
deviations in the ejection angle of the drop
resulting in a spread of the impact location.
Therefore, the bottom 30 pm of the pillar is
slightly thicker. This thickening is easily pre-
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receiver substrate. These were deposited in a few minutes by
moving the receiver and repeating a series of ejection events.
Implementing an automated positioning stage for the receiver
would readily allow for deposition of pillar—forests or complex
microscale structures.

The homogeneity of the pillars and their thickness are
assessed according to Figure 3b. By applying a controlled force
and measuring the deflection of the pillar tip using an atomic
force microscope, the effective thickness of the pillar is calcu-
lated to be 0.9 £ 0.15 pm (see supplementary note 1D, Sup-
porting Information). The dashed line in Figure 3b indicates
the calculated bending of a beam of homogeneous thickness,
which collapses to the pillar shape. This confirms that the pillar
is effectively homogeneous in thickness, despite its roughness
and internal voids. The deformation of the pillar is elastic, illus-
trating that the pillar can be significantly deformed prior to
plastic deformation.

The electrical resistance of the pillars is plotted in Figure 3c.
The resistance was measured at different stages in the depo-
sition process as illustrated in Figure 3a. The slope indicates
the pillar resistance per unit length, which is normalized by the
pillar area to provide the effective bulk resistance py (see supple-
mentary note 1E, Supporting Information). For pillars processed
in atmospheric conditions, pg =35.3x 107 Q m, which exceeds
the resistance of bulk copper (which is p;=1.6x10"° Q m)
by a factor of 22. As oxidation of the metal drops or the pillar
tip during deposition was expected to cause this relatively high
resistance, a next set of pillars was processed in an argon envi-
ronment. As shown in Figure 3c, this approach reduces the
bulk resistivity to p, =18.7 x 10® Q m, thus almost halves the
resistance as compared to the air-processed pillars. The value
of bulk copper is not obtained, presumably due to transfer of
copper oxide from the donor film, (invisible) nanometer-scale
inhomogeneities within the pillar (for example, gas bubbles that
are entrained during droplet deposition,*!l or oxygen entering

Figure 2. Copper pillar visualization. a) Overview image. Although the surface is rough, the
thickness is relatively homogeneous. b) Pillar top, clearly showing the final drop which spread
over the top prior to solidifying. The nanodrops visible on top of this drop are satellite drops
caused during the ejection process. c) Cross section (obtained by cutting with a focused ion
beam) of the pillar top; the region in the rectangle is magnified in (d) showing that the interior

vented by reducing the donor-receiver dis- of the pillar is almost pore-free. e) Pillar cross section, showing different grain orientations

tance by =50 pm, but could be beneficial if
a strong pillar-receiver adhesion is required.
The reproducibility of the pillars is illustrated
in supplementary Figure 1, Supporting Infor-

in different color. Grain boundaries with a length spanning multiple grains are indicated as
dashed lines. These lines typically end at pores in the edge of the pillar, which correspond
to the original drop’s edges. Therefore, these long grain boundaries likely correspond to the
original drop’s surfaces. f) Example view of solidified drops deposited next to a pillar. Images
(a,c,d) are from the same pillar (the other images are from different pillars processed using

mation, showing five pillars on the same the same ejection parameters).
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Figure 3. Pillar characterization. a) Snapshots of a pillar as a function of
the number of ejections. The solid line indicates a constant pillar growth
rate of 2.3 pm per ejection, which is observed if the pillar tip is sufficiently
close to the donor surface and all drops land on the tip. b) Photograph
of a pillar with a height h = 800 pm which is deflected by an AFM; the
h-direction is indicated by the arrows in (a) and (b). The arrow at the
AFM tip indicates the force (here Fapy = 90 nN). The dashed line repre-
sents the modeled deflection of a homogeneous beam with a diameter of
2.2 pm. The agreement between this line and the pillar shape confirms
the mechanical homogeneity of the pillar. c) Electrical resistance of pillars
processed in air and argon as a function of the pillar height. The slope of
the fitted lines indicates the resistance per unit length, which is 22 and
12 times higher than for bulk copper for the air- and argon-processed pil-
lars, respectively. The error resulting from the =20% uncertainty in pillar
thickness is indicated, and scales proportional to R.

through the top of the (partly open) argon container). Still, as
both these values are several orders of magnitude below other
metals used for printing of conductive wires (e.g., gallium—
indium, for which p; =3 x 107 Q m,* the pillars printed here
are suitable for out-of-plane electrode manufacturing.

To illustrate example applications, we extend the pillar depo-
sition concept in the following. In Figure 4a, a 860 pm long
pillar is deposited, by moving the receiver down during pillar
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deposition while maintaining a distance between the donor
and the pillar tip in the range of 20-50 pm. Higher pillars can
easily be created, until at some height the position of the tip
is no longer stable. Here, small vibrations or light air flows
result in swaying of the pillar. Therefore, a wider distribution
in the drop impact location with respect to the tip is observed,
resulting in a thicker tip. The longest (homogeneous) pillar we
could deposit is 2.1 mm high and less than 5 pm in radius (see
supplementary Figure 2, Supporting Information), providing
an aspect ratio of at least 1:200. This pillar was deposited in
gold. Next, the pillars can be deposited as out-of-plane inter-
connects between different layers of stacked electronics. A top
view and cross section of such a TSV are shown in Figure 4f,g.
The top view shows the virtually clean deposition process:
Only a few drops landed next to the TSV, as indicated by the
arrow. The TSV’s cross section (Figure 4g) shows that the pillar
extends to the 100 ym deep bottom. (As yet, we have only one
visualization of a filled TSV, as their cutting without damaging
the pillar proved highly challenging, e.g., the defect close to the
top in Figure 4g might be caused by accidentally cutting the
intact pillar.) Finally, high aspect ratios can also be achieved in
the horizontal plane: by moving the receiver substrate while
ejecting repeatedly a line is formed, shown in Figure 4h. The
conductivity of these lines is 6 + 2 times bulk copper. Con-
trolling the receiver position also in the horizontal plane may
enable truly 3D manufacturing, as discussed below.

The disk-shaped drops that constitute the pillars may be
beneficial for 3D manufacturing, but these are not generally
obtained. In particular, for fluences just above the ejection
threshold a sphere is deposited, as shown in Figure 5a and
reported previously.!1416:3234-3644-46] For intermediate fluences,
the drops solidify as a disk (Figure 5b,c), but toroids!3 and frag-
mentation®>#’] have also been observed (splashing, as shown
in supplementary Figure 3, Supporting Information, is only
scarcely observed; for a discussion see, e.g., ref. [42]). For even
higher fluences, a transition occurs to spray ejection, in which
many drops are ejected and deposited. Still, these drops individ-
ually solidify as a sphere, disk, or toroid as shown in Figure 5d
and ref. [34]. Since the drop shape will affect the properties of
any LIFT-printed structure, we will now assess this shape for
various cases.

To assess why spherical deposition is usually observed for
fluences just above the ejection threshold, we first calculate
the ejection velocity at the ejection fluence threshold, and
subsequently show that this velocity is insufficient to force
the drop into a disk shape. Ejection occurs if the inertia of
the ejected material exceeds the surface tension of the film,
which is quantified by a threshold ejection Weber number,??!
We, = phVio ' =1, with donor film thickness h, density p,
surface tension o, and ejection velocity V= /o (ph)". Next, to
determine the drop shape during impact, we define an impact
Weber number We,,, = pD,Vi,0 ™", describing the ratio between
inertia and surface energy of the impacting drop. The diam-
eter D, of the drop is generally of the same order as the film
thickness (i.e., D, <10k ), and we assume that V;,, =V,; (i.e., we
neglect the effect of air drag), providing a maximum impact
Weber number We;,, =10. For these low Weber numbers, drops
hardly spread during impact™ as shown in Figure 5e, and thus
can only solidify in a spherical shape. Since fluences just above
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Figure 4. High-aspect ratio examples of copper LIFT. a) 860 pm long pillar close to the clearly visible edge of a microscope slide. b) Close-up of the
pillar. Zooming in further shows that the pillar has a virtually homogeneous thickness: the center d) and top e) are around 4 pm thick whereas the
bottom diameter (e) is around 6 ym, due to drops landing next to the pillar. f,g) A top view and a cross section of a filled TSV, respectively. The dark
area next to the copper pillar (also visible from top) is a polymer for fixating the pillar, to avoid any harm due to grinding. The arrow in (f) indicates a
droplet that landed next to the TSV. Image (g) shows that the pillar extends to the bottom of the hole. Finally, by moving the receiver substrate while
depositing drops, copper lines that connect conductive pads were deposited on glass, as shown in (h). The inset shows a close-up of the line, in which

the colors represent a height map.

the ejection threshold also correspond to the
smallest droplets,[1416:3234-3644-46] jncreasing
the printing resolution (using smaller drops)
and control of the drop shape are conflicting
requirements.

For higher fluences, the impact velocity
increases (i.e., We = 10), resulting in inertial
impact illustrated in Figure 5f~h. (An addi-
tional requirement for inertial impact is a
high ratio of kinetic impact energy to viscous
dissipation, which is represented by the Reyn-
olds number Re= pD,Vou™", with viscosity p.
In LIFT, this condition is fulfilled since usu-
ally Re = 100.) Initially, the drop spreads
out into a disk, until a certain maximal
spreading diameter D, is reached as shown
in Figure 5g. Meanwhile, the edge of the
drop is contracting by surface tension, which
results in the formation of an initially small
“rim” shown in Figure 5g. This rim keeps
growing until the drop reaches an essen-
tially toroidal shape as shown in Figure Sh.
Eventually, the drop contracts back into a
spheroid that can even (partly) bounce away
from the surface.*?l The sphere, disk, and
toroids observed in LIFT (see Figure 5a-d)
thus correspond to drop shapes for nonso-
lidifying impact.

The particular solidified drop shape will
depend on the solidification time scale with
respect to the spreading and retraction time
scales of the drop. However, the solidification
time scale cannot yet reliably be calculated
(the spreading, retraction, and solidification
time scales are discussed in supplementary
note 2, Supporting Information). Therefore,
we followed an empirical approach to opti-
mize the drop shape. Initially, we tried to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Drop shapes as a function of fluence, Weber number (We), and time. SEM images
a—d) show solidified drops deposited on a copper-coated surface, for fluences of 3.8, 4.4,
6.3, and 8.2 k)] m™'. Image (a) shows a droplet deposited just above the ejection fluence
threshold. For these drops the Weber number is around 1, resulting in spherical solidifica-
tion. For increasing fluence, droplets are deposited as a disk which is used to construct
the pillars. Finally, a transition to spray ejection occurs resulting in the ejection of many
drops, as shown in (d). In this regime, the solidification patterns include toroids, as illus-
trated in the inset (additional patterns are shown in supplementary Figure 3, Supporting
Information). The scale bar of 2 ym holds for all images except the inset. e-h) Numerical
simulations of impact dynamics onto nonwetting surfaces (surface not shown; for numerical
details see supplementary note 1F, Supporting Information). Image (e) illustrates low Weber
number impact (here, We = 1). In this low-velocity regime, the impact is dominated by sur-
face tension and the drop maintains a spheroid shape. Images (f-h) illustrate the spreading
dynamics of an impacting drop for the high Weber number case (here, We = 150). Image
(f) shows the drop approaching the surface with velocity V,. (g) The maximal spreading
diameter is reached on the inertial time scale 7,=2V,Dg'. (h) Subsequently, the drop
retracts (snapshot shown for t=5V,Dg") and the rim becomes dominant. The retraction
occurs on the capillary time scale g, as discussed in supplementary note 2, Supporting
Information.
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deposit the ejected drops onto a glass receiver, but then the
drops bounce away. Since this bouncing effect was previously
attributed to evaporation of volatile elements in the glass,*"! we
coated the glass with a 100 nm thick copper film, resulting in
disk-shaped solidification. This coarse approach is sufficient
for pillar deposition, but we expect that further tuning of the
film thickness and material allows to optimize the solidifica-
tion time scale and thereby freeze the drop in any of the shapes
discussed.

As seen, a trade-off exists between control of the drop shape,
its impact location, and contamination. For fluences around the
ejection threshold, clean deposition can be achieved but depo-
sition will be sphericalll#16:3234-364446] dye to the low Weber
number. Moreover, we could not achieve drop stacking in this
regime, since the impact location was insufficiently controlled
for our donor-receiver distances of 10-100 pm. For fluences
that significantly exceed the ejection threshold, the drop shape
can be controlled as discussed in the previous paragraph, but
here a single laser pulse generally results in the ejection of
multiple drops. Remarkably, when significantly exceeding the
ejection threshold fluence, these drops primarily land on top
of each other as shown in Figure 5c. Our pillars have been
deposited in this regime, since this behavior is consistent
and the location of impact is robust with respect to the ejec-
tion location. At these fluences, small satellite drops are ejected
and deposited around the main drop, resulting in contamina-
tion of the impact surface as observed in Figure 2a. A plausible
cause of these undesired drops is uncontrolled break-up of the
ejected cap from the metal film (see Figure 1b,c), which we
aim to study in future work. Alternatively, nanosecond LIFT
might allow for clean deposition, since highly aligned, satellite-
free drops can be ejected at velocities allowing for disk-shaped
solidification.[*!5%

Finally, the shape flexibility, resolution, and throughput of
metal LIFT are concisely discussed. Spatially translating the
receiver stage would allow for fabrication of rather complex 3D
shapes, as already achieved by metal inkjet printing.! Imple-
menting a rotating receiver stage may further expand shape
flexibility, for example, to deposit horizontal pillar sections,
arcs, or bridges. Printing has already been achieved for resolu-
tions between 20 and 300 pm,!*3! and is robust with respect
to the drop size and material properties, since the drop impact
dynamics is scale-invariant.*”l Metal LIFT extends this range
down to length scales of 300-3 pum.323** Since alternative
technologies achieving micrometer resolution (such as ste-
reolithography and laser chemical vapor deposition® require
careful control of a surrounding fluid, this makes metal LIFT
particularly interesting if processing under atmospheric condi-
tions is required. In our system, the donor velocity of 2 mm s
and crater size of =10 pm limit the ejection frequency to
200 Hz, resulting in a volume ejection rate of =3 pl s™'. How-
ever, the ejection rate can be substantially increased by scan-
ning the laser position,3 using a microlens array,™ or using a
thicker donor film.*!!

In summary, we control the deposition of copper and gold
drops using LIFT, to construct pillars, lines, and fill through-
silicon vias. The pillars, with diameters below 5 pm and lengths
up to 2 mm, have a low porosity, are electrically conductive,
and mechanically homogeneous. They consist of disk-shaped
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solidified drops, which is beneficial for 3D printing since the
drop-to-drop contact area and adhesion are maximized. We
show that disks are only obtained for laser energies that sub-
stantially exceed the ejection threshold, and explain why
spherical deposition was observed in previous work. Remark-
ably, drop shape control and maximizing the printing resolu-
tion seem to be mutually exclusive requirements. By control-
ling both the position and angle of the receiver substrate, we
expect that micromanufacturing of truly 3D structures would
be achievable.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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