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Abstract: Laser-induced forward transfer (LIFT) has been shown to be a useful technique for the
manufacturing of micron-scale metal structures. LIFT is a high-resolution, non-contact digital printing
method that can support the fabrication of complex shapes and multi-material structures in a single
step under ambient conditions. However, LIFT printed metal structures often suffer from inferior
mechanical, electrical, and thermal properties when compared to their bulk metal counterparts, and
often are prone to enhanced chemical corrosion. This is due mostly to their non-compact structures,
which have voids and inter-droplet delamination. In this paper, a theoretical framework together
with experimental results of achievable compactness limits is presented for a variety of metals. It is
demonstrated that compactness limits depend on material properties and jetting conditions. It is also
shown how a specific choice of materials can yield compact structures, for example, when special
alloys are chosen along with a suitable donor construct. The example of printed amorphous ZrPd is
detailed. This study contributes to a better understanding of the limits of implementing LIFT for the
fabrication of metal structures, and how to possibly overcome some of these limitations.

Keywords: laser-induced forward transfer; 3D metal printing; additive manufacturing; printing of
micro-electronics devices; metal glass; improved properties

1. Introduction

Additive manufacturing (AM) of metals is becoming increasingly widespread with
the emergence of 3D devices and the new complex, flexible and wearable electronics [1,2].
One of several AM methods for 3D metal printing is the laser-induced forward transfer
(LIFT). LIFT is a non-contact digital printing method allowing the deposition of a wide
range of metals in their bulk form [3]. With LIFT, a pulsed laser is focused through a
transparent substrate onto a thin metal coating layer, typically 10’s to 100’s nm thick, often
labeled the ‘donor’. When conditions are properly set (pulse width, spot size, energy), the
absorbed pulse drives the jetting of a single molten droplet, typically at a rather high speed
(10’s-100’s m/s) and angular accuracy, towards the target substrate. Consequently, one
can accurately deposit a large number of droplets and create free-shape 3D structures [4-6].
As a single-step technique, LIFT does not typically require any post-treatment. One of the
main advantages of LIFT is it’s high-resolution, with femtoliter droplet volume yielding
a controllable droplet size of 0.5 um to 15 um on the target that is deposited at high
accuracy [7]. All the mentioned advantages of LIFT make it a promising AM method for
high-resolution and complex 3D structures [8]. Recent LIFT studies have demonstrated the
printing of various 3D objects, e.g., high aspect ratio pillars and functional devices such
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as thermocouple [9] and thermal actuators [10]. Over the past few years, LIFT has been
shown to have matured enough to be implemented as an exclusive open defects repair
tool [11] serving in the printed circuit boards (PCBs) industry.

Despite all the advantages, the LIFT of metals often has limitations when it comes to
its electrical and mechanical properties, which appear to be inferior to their bulk counter-
parts [12,13]. Therefore, its use in advanced applications such as microelectromechanical
systems (MEMS) and flexible devices is still limited. Previous studies have shown that the
electrical resistivity of LIFT printed structures is ~x3—~x10 inferior to the bulk value [12].
In some metals, such as aluminum, which readily oxidize in normal atmospheric condi-
tions, even during the short duration of LIFT jetting (~us), the resistivity increases up
to ~x100’s times that of bulk Al [14]. Optimizing the physical system parameters (i.e.,
pulse energy, pulse duration, laser spot size, etc.) and printing conditions (the gap between
donor and acceptor, metal layer thickness, etc.) can improve the electrical performance,
eventually yielding low resistivity. For example, for printed copper, the resistivity can
be reduced down to ~x3 bulk [12]. The post-printing thermal annealing treatment can
decrease the resistance further to ~x2 bulk by increasing the metal grain sizes [15]. Though,
such thermal treatment is limited to high-temperature substrates. Studies of the mechanical
properties of the LIFT of copper and gold show that Young’s modulus of printed structures
is ~x3 to ~x9 times lower than the bulk metal value [13]. Typically, LIFT printed metal
structures are found to be brittle. The formation of metal-oxides at the droplet bound-
aries during the LIFT process occurs at readily oxidizable metals (such as aluminum and
zirconium). In other metals such as copper or palladium, the amount of metal-oxides is
negligible and its value is under the reliable detection threshold of analysis tools such as
energy-dispersive X-ray spectroscopy (EDS) and x-ray diffraction (XRD). Therefore, in
those metals, the metal-oxide, if it exists, is unlikely to be the major reason for the gap
in the electrical and mechanical properties between the printed metals and their bulk
form [14,16]. Both the low electrical conductivity and inferior mechanical properties have
common origins: high porosity, low bonding strength, and delamination between the
droplets. As previous studies have shown, fast solidification of the metal droplets has a
clear effect on the morphology [17]: small grain sizes and air voids. The fast solidification
of fL droplets arrests the spreading of the droplets and not the surface tension or viscous
effects [18]. Porosity can also be controlled and improved to a certain level by adjusting the
printing algorithm [4,12]. Yet, so far, full compact structures have not been demonstrated
by using LIFT. It leads to the assumption that eventual compactness seems to be limited by
the physical properties of the printed metal droplets. Another challenge is found in the
droplets’ interface. In cross-section images of LIFT printed structures, one can clearly see a
border that indicates the lack of interface between droplets. Different grain sizes are often
seen on both sides of the interface between two droplets. In addition, delamination often
takes place giving rise to air gaps between drops. One can predict the interfacial properties
using a rather simple model based on the thermal properties of the metal [19].

Here, we describe a study of the physical effects leading to delamination, void for-
mation, and lack of inter-melting between droplets during LIFT of 3D structures. High-
resolution scanning electron microscope (HR SEM) images of focused ion beam (FIB)
cross-sections made in printed samples contribute to understanding these effects [8,20].
Theoretical explanations, as well as experimental results, were used in elucidating the
morphology and help draw limits to possible compactness achievable in the LIFT of metals.
In most cases, it is quite impossible to completely avoid porosity, however, with the LIFT
of metal glass [16], a highly compact structure can be achieved. Overcoming the inherent
shortcomings to get compact structures is a key factor for high-quality LIFT printing and
its industrial implementation. Some potential solutions in this direction are described.

2. Materials and Methods

The schematics of the LIFT printing system we have used were previously descri-
bed [10,16]. We employed a fiber laser with a frequency doubling module providing 532 nm
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pulses with a tunable duration between 3 and 50 ns (VGEN, Spectra-physics, Rehovot,
Israel). A Gaussian spot with a fixed spot size of ~35 pm (40) was used for jetting. The
distance between the donor and the acceptor (the gap) was set to 400 um. A sputtering
system (SemiCore SC450, Livermore, CA, USA) served for the donor’s preparation by
metal layers deposition on 1 mm thick glass slides.

Several such donors were prepared with Au, Cu, Ni, Pd, Bi, and ZrPd layers. In
each case, printing conditioners were first tested and optimized to obtain the desired
‘single droplet jetting regime’. Process optimization includes testing various metal layer
thicknesses and changing the pulse energy, typically in the range Ep = 1-15 uJ, and pulse
width, tp =1, 3, 5, 10, 20, 30, 40, 50 ns. Best conditions for quality jetting were then selected
for printing test samples (square shapes metal slabs typically). Typically, the maximum
pulse energy was chosen which still gives clearly distinguishable droplets with a minimal
number of satellites as found in the droplet matrix printing tests [12]. The specific laser
printing parameters used in each of the different cases are shown in Table A1 (Appendix A).

Cross-sections (CS) of the printed structures were prepared using a dual-beam FIB-
SEM system (HeliosNanoLab, FEI, Milpitas, CA, USA). High-resolution images of the
resulting CS were further analyzed in order to evaluate the influence of the printing
parameters and optimize the LIFT conditions.

3. Results
3.1. Voids and Delamination

The LIFT system was used to print the metal structures in this study. The laser energy
in the printing process was either reflected or absorbed in the donor since the metal layer
thickness was too thick for transmission of the light at 532 nm. The absorbed laser energy
in the process was:

Er =Ep-A 1)

where Ej, is the laser pulse energy and A is defined by:

A= (1 - Rglass) '(1 - Rmetal) 2)

where R is the reflectivity of the laser from the glass in the donor (~4%) and Rty is
the reflectivity of the light (532 nm) from the metal. The value of Ry, and the calculated
value of A are summarized in Table A2 (Appendix A).

LIFT printed metal structures typically contain voids, from trapped air or delamina-
tion. FIB polishing was used to get high-quality cross-sections which also revealed clear
boundaries between the droplets. Figure la depicts a typical example of such a cross-
section in printed copper. One can see the trapped air pockets as well as the delamination
between droplets. The latter is seen as narrow lateral gaps between the flattened copper
droplets that pile up. These gaps are expected to be the prime reason for the observed
brittleness. To validate this, a fracture experiment was performed on a copper sample
1mm long and 200 um thick, printed on FR4. The sample was pulled along its long axis
until it broke. The SEM image of the fracture is shown in Figure 1b,c. The red arrows
in Figure 1b indicate stacked, disc-like flat copper droplets with no clear indication of
inter-melting. The yellow arrows point to areas where the fracture involves the separation
of whole droplets, indicating the low bonding strength between the droplets. There were
some areas of bulk-like fractures [21] that were demonstrated in the rough, coarse regions
seen within the green circle in Figure 1c. The fact that such regions were rather rare could
explain the brittleness of such printed structures.
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Figure 1. (a) SEM cross-section of printed copper structure; (b,c) Fractured laser-induced forward
transfer (LIFT) copper structure. (b) Magnified SEM image that shows piled up flattened droplets
(red arrows) and regions of whole droplets separation (yellow arrows). (c) Rough, dimple-like
surfaces associated with the typical bulk copper fractured surface.

Droplet delamination results from shear stress which develops as the droplet solidify
on the metal substrate. The femtoliter droplets first spread out, attaining a ~1 pum thick,
disc-like shape, which instantly solidified (i.e., within nanoseconds). There was almost no
interfacial melting, as evidenced by SEM cross-sections, where a clear boundary was present
between droplets. Delamination and air gaps were observed between droplets. There was
a large density difference (~10%) between the liquid and solid phases of copper (ps > pr),
and as the droplet solidified, shear stress developed at the border which could lead to
partial delamination. The degree of this effect, which depended on the printing conditions,
was encountered in a rather large number of printed metals. Still, it was not as universal
as we will show below. To explore the role of metal properties and printing conditions,
we studied several representative metal cases. Figure 2 depicts FIB cross-section images
prepared from four LIFT deposited metal slabs: gold, nickel, palladium, and bismuth. Note
that the typical diameter of the droplets was 5-10 um and the height was 0.5-1 um. The
metal grains could be seen well in this figure. The grain sizes of the printed metal were
affected by the cooling rate of the droplets when they reached the surface. The cooling rate
was affected by the thermal properties of the metal and the material of the ‘acceptor’. As
with the case of copper presented earlier, here as well, clear boundaries and voids were
seen in printed Au, Ni, and Pd (Figure 2a—c). The deposited droplets maintained their
shape and could easily be identified. Additionally, significant delamination was evident
as represented by air gaps. However, in the case of the extraordinary metal, Bismuth,
a different picture emerged. A highly compact structure was obtained with only a few
voids and delamination (Figure 2d). Unlike the other three metals, its density in the liquid
state was higher than the solid-state (ps < pr). It was due to this property that shear
stress did not develop at the interface during solidification which otherwise would lead to
delamination and void formation. This supports our assertion that voids seen in most other
cases originate from the fast solidification during droplet spread-out, while no inter-droplet
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melting takes place. This, when combined with normal density change (ps > pr.), leads to
shear stress which partially tears off the deposited droplet leaving an air gap behind.

Figure 2. HR-SEM images of focused ion beam (FIB) cross-sections of LIFT printed metal tracks: (a) gold; (b) nickel;
(c) palladium, and (d) bismuth. The highly compact structure of Bi printing is noticeably superior to other metals in terms
of compactness and strength.

Another challenge facing quality metal LIFT printing has to do with minimizing
trapped air voids. These, while mainly due to the fast solidification, strongly depend on the
printing algorithm used, that is, the arrangement, ordering, and the number of droplets per
unit area. Optimizing the printing algorithm can reduce the density and size of the voids.
In our study, we applied the algorithm described earlier [4]. As mentioned, we maintained
the highest possible pulse energy for droplet jetting while still avoiding sputtering. This,
along with a large laser spot size, typically ~30 um, which keeps a stable and large working
window, yielded droplets with high kinetic and thermal energy. Such droplets could spread
farther and solidify slower [12], this also serves to minimize voids.

The printed slab compactness, and consequently its strength, depends on both trapped
voids and interfacial delamination. As demonstrated by the fracture test, the lack of inter-
droplet melting, delamination, and voids contributed to its fragility. We further studied
three different metals, with different liquid to solid density ratios r = psiia/piiquia- Slabs of
palladium, copper, and bismuth were printed, where ps,);; was higher than ;4,4 by 15.8%,
11.7%, and —2.7% respectively. Figure 3 shows the differences in voids” characteristics.
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The higher the ratio (r) was, the larger the area of the voids were (the voids’ partial
area was calculated from the projected 2D cross-sections). Bismuth demonstrated the
highest compactness with minimal voids and no indication of delamination as expected
from its anomalous density, while its low melting temperature increased the droplet
solidification time.
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Figure 3. HR-SEM images of FIB cross-sections for LIFT printing on Si wafer of (a) palladium, (b) copper (c) bismuth.

3.2. Inter-Droplet Melting
3.2.1. Theory

The lack of interfacial melting was mentioned as a major factor in the fragility seen
in the LIFT printed structures. The molten metal droplets usually lacked enough thermal
energy to induce the melting of the substrate. Clear interfacial boundaries were seen in
the cross-sectional images (see e.g., Figure 2). HR-SEM images showed that the grains
almost never crossed the droplet boundaries. In some cases, there was an indication of a
thin interfacial layer of metallic glass that formed around the droplets [12].

The problem of melting a solid material in contact with its molten phase was dealt
with by Stephane [22], then Neuman provided a solution for the melt at a temperature
higher than T, [23]. A mathematical analysis and solution were provided for the melt
front propagation (X(t)) where the melt temperature is kept constant. Hu [24] used it to
study structures built-up from molten tin droplets. The derivation starts with Stephan’s
condition [22]:

o, , oT; _ Ax(t)

ksox “higy = Hre =y )

where T7, Ty, and Ts are the molten liquid temperature, the metal melting temperature,
and the substrate temperature respectively, and ks, and k; are the thermal conductivity
coefficients of solid and liquid respectively, and H s the heat of fusion, and p is the density.
X(t) describes the melt front evolution as a function of time.

In the case of LIFT printing that involves a small liquid volume (100’s of femtoliters
typically or smaller), a very fast cooling rate (>~10'" K/s), and a high initial temperature
of the molten metal (T >> T,), a large temperature gradient results when landing on
a metal substrate, which is typically near room temperature (since the cooling rate is far
higher than the jetting rate). Additionally, the droplet spreads at a pace faster than the
thermal conduction, and a thin layer is formed. The condition of fixed temperature at the
boundary (X = 0), as required [24,25] for the analytical solution, therefore does not hold.
To illustrate this, it is noted in [24] that the melt front propagation is given by:

X(t) = 2A/agt 4)

where A is a dimensionless number that is obtained from the solution to a transcendental
equation (Equation (13) in [24]). Thus, a melt front will propagate whenever T; > T, only
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its propagation rate varies. This is not the case with the LIFT printing of small droplets,
where the assumption of fixed temperature at the interface cannot be maintained. To deal
with LIFT printed droplets inter-melting, a different approach is needed. We can derive an
approximate solution starting from the Stephane conditions (Equation (3)). We consider
two thin metal slabs in contact, one a solid metal at room temperature, the other, a molten
metal layer at temperature T = Ty, (>T};). Both slabs are of thickness &, typically 100’s of
nanometers thick, that is, very thin. In this case, we can write Equation (3) as follows.

dx(t)

kSATS — klATL = HfPT

h ©)
where & is the layer thickness. The liquid front progression is determined by the thermal
diffusion, so we can write:
ax(t)  2as
at X(t)

where o is the heat diffusion coefficient of the solid. From Equation (6) we can estimate the
droplet temperature which is required to melt the substrate to a depth X(t) = h, equivalent
to the droplet thickness itself. As k; = a;-cpp;, (cp,s, ¢, are the heat capacities of the solid
and liquid respectively, «s, o are the heat diffusion coefficients of the solid and liquid
respectively), we can get this with the help of Equations (5) and (6), an equation for
ATy =T, — Ty

(6)

k 2H
(T = Tw) = =24 [(TM ~Tp)+ } )
1 Cp,s

Equation (7) can be rewritten to account for supercooling as expected in several cases
of interest, for example, when printing metal glasses [20]:

kS,d 2Hf
(TL,SC - TM) = TI (TM - TO - ATsc) + c (8)
ps

here AT, is the excess cooling temperature.

Equation (7) served to evaluate the temperature of an impinging molten droplet T,
which was required for interfacial melting. The ratio of the thermal conductivity of the
solid-state to that of the liquid state ws detrimental to melting the substrate surface. Metals
typically have their solid thermal conductivity much higher than the liquid. For interfacial
melting to occur, the temperature of the droplet should be high enough to compensate for
this difference in thermal conductivity. Note that here, k; ; designates the thermal conduc-
tivity of the solidified droplets, forming the substrate. Typically for LIFT printed structures,
the thermal conductivity is lower than the bulk metal value as previous studies [12] have
shown. This is due to the presence of inter-droplet boundaries and air gaps. As far as our
simplified model was concerned, such differences might be negligible to the first approxi-
mation when we considered thin shell melting only, that is on the order of droplet thickness.
Table 1 summarizes the calculated droplet temperature which will be required to satisfy
substrate melting according to Equation (7). The thermophysical parameters used for the
calculation are summarized in Table A3 (Appendix A). In evaluating Tr, we have assumed
that the thermal conductivity of the printed substrate equals the bulk metal value, k; 5 =
ksotid, puk- The calculated AT} is an upper limit given the assumption made in taking the
bulk conductivity value. Table 1 shows results for both k; ¢, = k14 and assuming a twice
lower thermal conductivity, k; 4 = k; 4,,1x/2, to reflect a factor x2 lower thermal conductivity
of the printed substrate.
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Table 1. AT}, calculated for three different cases depending on the factor taken for the droplet thermal
conductivity k; 4 (Equation (7)). Ty, and T}, are the melting and the boiling temperature, respectively.

Material Ty ATy (ks g = kg puix) ATy* (ks q = kg puir/2) Ty

°C °C °C °C
Cu 1084 5158 2579 2575
Au 1064 6080 3040 2800
Al 660 3809 1905 2470
Sn 231 1613 807 2600
Bi 271 697 349 1564
Ni 1455 4580 2290 2800
Ge 938 5732 2866 2833
Pd 1555 3607 1803 2963
Cr 1907 9885 4943 2670

The droplet temperature required to melt the substrate according to Equation (7) is
very high for most cases, and unattainable in LIFT printing which targets the droplet jetting
regime. Even for Bismuth, which demonstrates printed structures with high compactness
and lacking delamination, still, inter-droplet borders were evident in some cases as seen
in high magnification, without interfacial grain crossing (Figure 2d, Figure 3c). Thus, for
Bismuth as well, the required AT} was too high for the droplets to attain within the fully
effective droplet jetting regime.

Stephane’s equation served above to obtain an estimate of the metal droplet’s excess
temperature required to melt a substrate of the same metal. It was derived for the case
where the melt front achieving a depth on the order of the droplet thickness, typically
~1 pm in the cases studied here. A better estimate of the required droplet temperature
should be obtained from a numerical calculation of the thermal evolution making simple
assumptions. A 2D model was employed to solve the thermal evolution, without flow,
using COMSOL (Burlington, MA, USA) modeling software. Specifically, we have modeled
a molten copper disc of thickness / on a solid copper substrate and traced the temperature
evolution given an initial temperature T. Figure 4 depicts the melting depth as a function
of the copper droplet temperature for two cases of initial droplet thickness: 1 = 250 nm
and & = 500 nm. Also shown is the droplet temperature obtained from Equation (7) for full
melting (see vertical red line). The comparison with the COMSOL simulation results was
quite good. One could notice that a significant melting of more than only a few nanometers
started only at temperatures higher than a temperature that is above the boiling point of
copper (2575 °C). It seems that there was no possibility of full melting in our case since the
copper droplets could not be at such a high temperature.

We noted that to melt the interface and get interfacial co-solidification, the required
melt depth could be smaller than the droplet thickness. Therefore, the temperatures
calculated by Equation (7) were an overestimation. For example, we could learn from
Figure 4, that for a droplet thickness of 500 nm, one already got a ~20 nm melting depth for
a droplet at T = 3000 °C. While this was already a much higher temperature than typical
droplet jetting conditions allow, it was still not clear whether such a thin melting layer
could induce interfacial co-solidification and grain crossing.

3.2.2. Experimental Results

Interfacial melting initiated by the landing molten droplets on already solidified
droplets is seen to be rare in LIFT metal printing. This was evident from the boundaries
between the droplets, seen in the high-resolution SEM of cross-sections (Figure 2). While
this is the typical case with homogenous metal structures, when printing heterogeneous
structures such a drawback can be eliminated. This amounts to the printing of two, or
more, different metals, for example, jetting droplets of a high melting temperature metal
(Metal A) along with a low melting temperature metal (Metal B). This can possibly initiate
interfacial melting. Consider tin or bismuth as Metal B on top of which droplets of Metal
A are printed. As seen in Table 1, the required droplet temperature to melt Sn or Bi was



Crystals 2021, 11, 291

9of 14

~1000 °C and ~600 °C respectively, temperatures which could not in principle be achieved
in LIFT printing of Sn or Bi since they are >60% above their respective Tm. However,
those temperatures could be achieved in LIFT of e.g., copper or many other relevant
high Tm metals. Figure 5 shows cross-sections of such bi-metal structures, with copper
deposited on printed Sn or Bi. While the porosity of both copper and tin was still evident
(Bi demonstrates compactness, as discussed above), the interface between copper and either
Sn or Bi was seen to be free of voids, no delamination was seen, as well as Cu diffusion and
Cu penetration into the Sn or Bi (Figure 5¢,d). This suggested that interfacial melting was
taking place. There was also evidence of CuSn mixed phases at the interface which could
be seen as a gradual discoloration between the Cu and the Sn (Figure 5c), while no mixed
phases were seen at the copper-bismuth interface (Figure 5d). This reflected the respective
phase diagram characteristics, where copper had a common solid phase with tin, but not
with bismuth.

600

T S

® h [nm]= 250
400 h [nm]= 500

300

200

Molten depth [nm]

100 F L

0 [ SROUNTIILLY
2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
Droplet Temprature ['C]

Figure 4. Melting depth from 2D COMSOL thermal simulation of Molten depth vs. droplet tempera-
ture for two initial droplet thicknesses: 250 nm and 500 nm. The red vertical line depicts the droplet
temperature as obtained from Equation (7). Comparison with COMSOL simulation is quite good.
The dotted lines are polynomial fitting lines with extrapolation to a higher temperature.

3.3. Metal Glass

Recently we demonstrated LIFT printing of amorphous ZrPd [16]. Such printed
metallic glass (MG) showed morphological compactness due in part to the similarity in
solid and liquid phases density, with their ratio as only ~1-2%. Consequently, there was a
significant decrease in the number of voids. The droplet’s temperature depended on the
melting temperature of the donor’s metal constituents. In our case, the donor was made of
alternating layers of Zr and Pd [16]. While the Zr was the first deposited metal on the glass
and the melting temperature of the metals were T},(Zr) = 1855 °C, and T;,,(Pd) = 1555 °C.
Therefore, the droplet temperature was much higher than what would be obtained when
jetting from a solid ZrPd alloy, where it was T,, ~ 1300 °C [26]. Moreover, during the
jetting process, the Zr and Pd metal layers, intermixed to form the ZrPd alloy, and heat was
generated due to their negative mixing enthalpy, AH,,; = —91 kJ/mole [27]. This would
increase the droplet temperature further, by ~1000 °C. All in all, the ZrPd droplets should
have a large excess temperature of over ~2000 °C, and this gives rise to the conformal
structure observed with such printed MG structures. The droplet’s thermal energy was
high enough to bring the substrate glassy phase above its glass transition temperature
(Tg ~ 438 °C [28]) and promote compact interfacial bonding. When hit and heated by
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a high-temperature droplet, the MG substrate was readily heated above its Tg by the
supercooling droplet and brought into a viscous liquid regime [29]. In this regime, the
metallic glass was malleable and shapeable and thus the printed droplets could flow and
form compact interfaces.

Figure 5. HR-SEM images of FIB CS of copper printing onto Sn (a,c) and Bi (b,d). (c,d) are magnified images of (a,b). High

quality, compact interfaces are seen between Cu and both metals.

As explained above and shown previously [16], metal-glass structures could be LIFT
printed to form compact structures. They can also serve as complementary adhesion
materials when printed along with a crystalline metal. Figure 6 demonstrates two such
cases. In the first case (Figure 6a), we printed a mixed structure made from droplets of
amorphous ZrPd printed alongside crystalline Pd droplets. LIFT printed Pd is typically
accompanied by voids, however, as one can clearly see, when mixed with the amorphous
ZrPd phase, the latter permeated and filled the voids, forming a compact heterogeneous
material. Depending on the specific design rule, materials ratio, and deposition scheme
(print-plan), one can target such mixed material structures which are of desirable properties.
In another realization, the printed MG served as an adhesion layer between two otherwise
crystalline metals. Such a case is depicted in Figure 6b, where the amorphous ZrPd was
LIFT printed as an intermediate layer between laminated bulk copper (bottom material)
and LIFT printed NiCr (on top). In comparison to the case where NiCr was directly printed
on the copper substrate (Figure 6¢), one can appreciate here the improvement obtained by
such an intermediate layer. Printing NiCr directly on copper was seen to result in interfacial
air gaps, due mainly to delamination as discussed above. However, when an amorphous
ZrPd layer was introduced, one could obtain bonded areas with better coverage on both
sides which can lead to better adhesion.
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Palladium

Amorphous ZrPd

NiCr

Amorphous ZrPd

Cu (bulk)

NiCr

Figure 6. HR-SEM images of FIB cross-sections of LIFT printed multi-metal structures: (a) Mixed
metal structures made of droplets of amorphous ZrPd along with crystalline Pd; (b) Amorphous
ZrPd as an intermediate layer between LIFT printed NiCr and a bulk copper substrate; (c) NiCr
directly printed on copper.

4. Discussion and Conclusions

We dealt here with a well-known problem in LIFT printing of metals, namely, that
printed 3D structures display a considerable number of voids due primarily to fast micro-
droplets cooling, lack of interfacial melting, and delamination. As a result, compact metal
structures, printed by LIFT are hard to obtain and are typically mechanically fragile. The
droplets’ interfacial characteristics are dictated by molten droplets’ properties, e.g., their
temperature, volume, spreading behavior, and cooling rate on the solid substrate. We have
analyzed and discussed how specific material properties dictate the presence of voids.
Reduced voids are observed whenever the density difference between the solid and liquid
phases is small. Additionally, the lack of interfacial melting results in weak inter-droplet
bonding affecting the strength of the material. For most metals, the droplet jetting regime
in LIFT printing does not provide enough thermal energy to promote inter-droplet melting.
In certain cases, as we have shown, one can overcome this limitation. For example, by
printing mixed metal structures with high melting temperature with metals such as Cu
on low melting temperature substrates such as Sn or Bi. By using this technique, LIFT can
be a very useful method for applications where printing a single thin metal layer (100’s
of nanometers) is required. In other cases, similar to low melting temperature cases, like
anomalous bismuth or ZrPd metal glass, one can still obtain compact structures without
any additional post-processes.
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Our work illuminates the weaknesses of LIFT printed metal structures as expressed in
their brittleness, low electrical and thermal conductivity. A few strategies are proposed for
improvement by choosing proper materials and printing strategies. However, in general,
it is limited in its span since the droplet temperature required for interfacial melting of
pure metals cannot be supported by a stable droplet jetting regime. Yet, we have shown
specific examples where improvement can be achieved by embedding metal glass droplets
in otherwise crystalline metal structures, both printed by LIFT, where the former serves
as a mechanical reinforcement material, leading to improvement in the compactness of
the printed structures. Such an approach can be generalized further using other mixed
metal structures. Another approach that is proposed targets the donor structure as a
potential route to increasing droplet temperature without affecting jetting quality. Such
a case is demonstrated using ZrPd, where the multi-layer donor structure results in an
alloy droplet having a temperature higher than the highest melting temperature of the
constituent metals (Zr or Pd). In addition, the rather high negative heat of mixing further
contributes to the droplet’s temperature. A large difference is thus generated between
the droplet temperature and the alloy melting temperature (in particular, when proper
eutectic mixtures are chosen). This can lead to efficient interfacial melting. Further studies
will target other metal alloys which promise to provide compact structures, for example,
CuZr or CuZrAl, relying on their high mixing enthalpy values [27] and their already
demonstrated high-quality printing [16].

Studying the characteristics of LIFT printed metal structures is critical to promote this
method for additive manufacturing such as micro-scale electronic devices. Overcoming
the mentioned drawbacks by using new printing strategies and material compositions can
potentially advance the field and provide compact structures with improved mechanical
and electrical properties.
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Appendix A

Table Al. Laser printing petameters of pulse width and energy per pulse per each LIFT printed metal.

Metal Pulse Width [ns] Energy per Pulse [p]] Fluence [J/cm?]
Au 1 4.25 0.88
Ni 5 6.25 1.3
Pd 10 6.5 1.35
Bi 1 0.75 0.16

ZrPd 20 6 1.25
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Table A2. The reflectivity and the relation between the transmitted laser energy that heats the metal
and the whole energy of the laser pulse at wavelength of 532 nm.

Metal Reflectivity at 532 nm [%] ET?Ep
Cu 60.1 0.38
Au 70.4 0.28
Al 91.6 0.08
Bi 52.5 0.46
Ni 63.3 0.35
Ge 51.5 0.47
Pd 69.2 0.3
Cr 55.6 0.43

Table A3. Thermophysical parameters of several materials of interest for use in evaluation of Tr. Tm is the melting
temperature, Tb is the boiling temperature, AHf is the heat of fusion, Cp,s and Cp,l are the heat capacity of the solid and the
liquid state respectively, p(s) and p(I) are the densities in the solid and liquid states respectively, k(s) and k(I) are the thermal
conductivity of the solid and the liquid states respectively, «(S) and (L) are the heat diffusion coefficients in the solid and
liquid states respectively. Since the thermal parameters vary with temperature, we have chosen for simplification to use the
values near the melting temperature for the molten state and values at room temperature for the solid materials. Clearly a
more accurate calculation should consider the temperature dependence of the relevant thermophysical parameters.

Material Ty, Ty AHf  AHfICp,s Cp,s Cp,l p(S) p(L) k(S) k(L) «(S) a(L)  KS/KL

°Cc  °C Jigr K Jigr/K  Jigt/K  gr/lem®  gr/iem® W/m/K W/m/K cm?/sec cm?/sec
Cu 1084 2567  204.7 531.7 0.39 0.49 8.96 79 401. 165 1.16 0.43 243
Au 1064 2970 63.0 493.8 0.48 0.15 19.3 17.3 318 106 1.28 0.4 3.00
Al 660 2467  399.6 446.0 0.13 1.18 2.7 2.54 237 95.0 0.98 0.41 2.49
Ti 1668 3287 2954 564.2 0.90 0.79 4.5 4.1 20.0 20 0.08 0.32 1.00
Sn 231 2602 59.2 259.3 0.52 0.24 7.28 6.98 66.8 30.0 0.40 0.06 2.23
Bi 2715 1564 54.1 4432 0.23 0.15 9.81 10.0 8.0 13. 0.07 0.18 0.62
Ni 1455 2730  297.8 670.6 0.12 0.73 8.9 7.8 90.9 55. 0.23 0.09 1.65
Zr 1855 4377 1535 552.1 0.44 0.51 6.52 5.8 22.6 20. 0.12 0.097 1.13
Ge 938 2833  508.6 1590.7 0.28 0.34 5.32 5.6 60.2 43. 0.35 0.07 1.40
Pd 1555 2963 151. 616.5 0.32 0.37 12.0 10.4 71.8 55 0.24 0.22 1.31

Cr 1907 2671 4039 901.3 0.25 0.76 7.19 6.3 93.9 35 0.29 0.14 2.68
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