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A B S T R A C T   

Despite remarkable progress made in recent years, producing freeform three-dimensional micro-components out 
of copper, silver or gold and their alloys remains an engineering challenge: current processes are either too slow 
to be economically viable, or produce porous or otherwise imperfect metal microstructures. Here we introduce 
an alternative, faster approach for the freeform fabrication of metal micro-components amenable to the pro
cessing of noble metals. The process begins with the 3D, micron-resolution, carving of arbitrarily shaped 
interconnected molds into amorphous silica using femtosecond laser micromachining and selective etching. This 
is followed by pressure infiltration of the mold with the molten metal, which is subsequently solidified. Metal 
architectures produced by this process have micron-scale resolution, are fully freeform and multiscale in ge
ometry, and are made of dense metal, while the process speed largely exceeds what is achieved in current 
alternative metal microfabrication approaches. The resulting glass/metal combinations enable new micro-device 
architectures. Alternatively, by mold dissolution, self-standing micron-scale 3D metal parts are produced, of high 
metallurgical quality and with features sizes down to ~2 μm.   

1. Introduction 

Many domains of technological progress, including micro
electromechanical systems (MEMS), microsensors, metamaterials, inte
grated optical devices, microfluidic, medtech micro-components, or 
microelectronic devices, rely on the availability of geometrically com
plex structures made to micrometric resolution [1]. Most established 
manufacturing processes at such a small scale have geometrical con
straints that limit them to two dimensions or to particular geometry 
types with specific symmetry properties, such as cylindrical or spherical. 
The production of truly freeform 3D shapes at the microscale, i.e. with 
no geometrical constraint across all three spatial dimensions, with 
micron to sub-micron resolution, has been an ongoing quest for decades, 
starting with pioneering work in advanced 3D-lithography on polymers 
[2–4]. Alternative routes for three-dimensional freeform micro- 
manufacturing, based on negative processes where the material is 
selectively removed, have been successfully applied to glass [5–7]. Some 
of these processes are now commercially available. 

Comparatively, the 3D freeform production of metallic structures to 

a micron and sub-micron level of precision remains challenging. Current 
selective powder-melting or sintering methods do not reach such reso
lutions, smallest features achievable being currently limited by the size 
of the powder to roughly 20 μm [8]. Other methods fit for the production 
of metallic micro-components include the electroplating-based LIGA 
process [9,10], micro-beam machining [11–13], micro/nano-forming 
[14] and processes that add metal to the surface of patterned glass 
[15–18]. None of these technologies, however, provides full geometrical 
design freedom in all three dimensions. To these, recent years have seen 
the addition of a wide range of novel, generally still experimental but 
truly three-dimensionally freeform, additive manufacturing processes, 
of which a detailed and extensive recent review can be found in Refer
ences [19,20]. 

Current cutting-edge additive 3D freeform micromanufacturing 
processes include (i) metal-ink 3D printing followed by annealing, metal 
lift and deposition, (ii) locally triggered chemical vapor deposition or 
chemical reaction, as well as (iii) high-precision in-situ electrolytic 
deposition. Most of these 3D metal additive micromanufacturing 
methods afford full 3D design freedom, but often produce parts of 
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porous or irregularly shaped metal (e.g., [21–26]), with the exception of 
local electrodeposition methods, which have in recent years demon
strated the production of complex, high aspect ratio, smooth-surface 3D 
freeform structures of dense metal shaped to sub-micrometric resolution 
[19,20,27–29]. Point-by-point local electroplating has, however, the 
limitation that volumetric metal deposition rates remain low, limiting 
that method to prototyping or niche applications. 

We present here an alternative approach that enables the fabrication 
of dense noble metal micro-components to micrometric resolution and 
has the potential for far higher production rates than current alternative 
processes: multiscale structures of size up to a few millimeters that have 
micron-scale features, unprecedented 3D complexity and sub-micron 
surface roughness are demonstrated. In this approach, freeform pro
cessing is first conducted in subtractive mode, starting with a glass 
substrate that is carved, using 3D femtosecond (fs) laser micro
fabrication followed by selective etching, to create a hollow that has the 
shape of the metal structure that one aims to produce. The hollow is then 
filled with molten silver, copper, gold or their alloys. This is achieved 
using elevated-temperature pressure infiltration to create, once the 
metal has solidified, what amounts to a cast metal structure freely sha
ped to micrometric resolution. 

Seen differently, the present process is indeed a miniaturized variant 
of metal casting. Metal casting has resisted miniaturization down to sub- 
millimeter size scales mainly because, at the microscale and at the 
elevated temperatures characteristic of molten engineering metals (on 
the order of 1000 ◦C), capillarity coupled with high atom mobility rates 
interfere to disrupt the process. Interference of these phenomena with 
the casting process is manifest on three fronts:  

(i) Capillary forces oppose metal ingress into fine-scale mold cavities 
because molten metals have high surface tensions and wet poorly 
nearly all ceramics [30];  

(ii) Capillary forces coupled with high atom mobility at metal casting 
temperatures deform the surface of crystalline mold materials 
conventionally used to make precision molds. Indeed, wherever 
the mold surface intersects crystal defects (dislocations, in
terfaces or grain boundaries), capillary force equilibration creates 
micron-scale depressions along the mold surface. Those de
pressions matter little in conventional macroscale casting; at the 
microscale, however, once filled with metal, such depressions 
become as many unwanted, comparatively large, protuberances 
along the cast metal surface.  

(iii) At temperatures such as 1000 ◦C, chemical reaction rates are 
high. This leads to an additional limitation, namely that there 
must be no chemical affinity between atoms that make the mold 
and those that make the metal. 

We overcome here the first physical limitation (i) by pressurizing the 
hot molten metal in a way that forces it against capillary forces to fill 
micron-scale mold cavities. We address the second limitation (ii) by 
using an amorphous, and hence microstructurally featureless, material, 
namely glass, to make the mold. Finally, we overcome the chemical 
limitation (iii) by working with metals made of elements that have an 
oxide less stable than that of silicon; this includes noble metals, which 
are of prime interest in microtechnology by virtue of their corrosion 
resistance and high conductivity. 

With those features, the present process goes well beyond previous 
attempts to push down the resolution of metal casting. Those have 
produced parts on the order of a few tenths of millimeter (~100 μm) in 
size, but have not reached micrometric freeform resolution [31–34], or 
are restricted to casting one of the few metals or alloys that melt near 
room temperature [35]. 

2. Results 

Process steps that lead to produce 3D structures of dense engineering 

noble metal with sub-micron resolution are detailed in Fig. 1. As an 
illustration, we show the production of a micrometric classroom con
taining a series of miniature chairs and desks. Step 1 in Fig. 1 consists in 
exposing quartz glass to femtosecond laser irradiation according to a 
freely designed interconnected geometrical pattern that defines the 
material to be removed by altering locally the glass structure. This 
alteration causes the glass to be preferentially etched where it has been 
exposed to laser irradiation. 

This process is based on nonlinear absorption phenomena. These 
events are observed in otherwise transparent substrates when the 
incoming laser beam locally exceeds a peak irradiance level (typically 
around GW/mm2), triggering a chain of events leading to the ionization 
of the matter. As the effect is non-linear and depends on a threshold 
value, the effective size of the ionized volume can be smaller than the 
beam waist itself and the laser wavelength [5–7]. In addition, given the 
extremely short plasma life time, the absorbed energy remains confined 
in the focal volume and no heat is transfer to the surrounding, which 
thus remain largely unaffected [36,37]. Combined with high-accuracy 
beam trajectory thanks to the use of high precision motorized stages 
(PI Micos with a repeatability of 200 nm over a centimeter motion range 
and a micron over the full travel range), it enables the engraving of 
arbitrary 3D-shapes made of single voxel sizes that depends chiefly on 
the confocal parameters and the pulse energy. In our case, considering a 
beam waist at focus of 1.9 μm and a moderately focused beam with an 
energy of about 240 nJ, a voxel of laser-modified volume has an ellipsoid 
shape with 1.9 μm and 8 μm on the short and long axis, respectively. 
Smaller voxel sizes can be achieved by lowering further the pulse 
energy. 

In Fig. 1 step 2 wet chemical etching of the substrate preferentially 
removes those regions that were modified by the laser along a path that 
intersects the mold free surface. The etching-rate contrast between 
pristine and modified mold material depends on the chemistry used 
(namely, with fused quartz, etching with a basic – KOH [38] – or with an 
acidic – HF [6,7] – solution), on the deposited energy (or net fluence), 
and on other laser-related parameters such as the laser-beam polariza
tion or the pulse duration [39]. By precisely controlling the exposure 
and the etching steps, it is thus possible to achieve micrometric resolu
tions in the mold manufacturing. As the etching front progresses inward 
from the mold surface through the exposed pattern, the final shape of the 
etched volume becomes diffusion-limited and shows a dependence on 
the etching rate contrast between pristine and exposed material. This 
may lead to a dependence of the etched geometry on the time of expo
sure to the chemical solution, to be compensated for in the design of the 
path followed by the fs-laser beam. 

Filling of the cavities with the metal, Steps 3 to 5 (Fig. 1), is per
formed by applying external pressure on the liquid metal sufficient to 
overcome capillary forces at play and make it flow into the mold. This is 
achieved using pressurized gas. In experiments reported here, the metal 
to be infiltrated is placed on top of the substrate, over all exposed cav
ities. The chamber is evacuated, then kept under a low vacuum and 
heated up to slightly above the melting point (Tm) of the metal to be cast. 
Once it is molten, the metal covers and seals all mold entries along the 
upper mold surface. At this point, a non-reactive gas, typically argon, is 
bled into the chamber. As the gas pressure builds up, the pressure it 
exerts on the metal eventually drives the latter to flow into the (evac
uated) cavities of the mold, filling them. Once the mold is full, mold and 
metal are cooled to solidify the metal. In doing this, particular consid
eration must be given to feed metal solidification shrinkage, a classical 
challenge in casting also present at the microscale. To this end, direc
tional metal cooling is used; this is done by placing a chill in contact with 
the apparatus along the substrate side opposite to the metal drop. One 
must also avoid the formation of cracks that may appear in the brittle 
glass substrate under the action of thermal stresses associated with the 
difference in coefficients of thermal expansion (CTE) between metal 
(typically ~10–20 μm m− 1 K− 1) and substrate (~0.5 μm m− 1 K− 1). Such 
cracks were observed in some of our experiments through standard and 
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cross-polarized optical microscopy; they are avoided by means of slow 
cooling after infiltration. 

After solidification (Fig. 1 Step 6), a substrate-metal composite is 
produced. The excess metal can be removed to obtain a microscopic 
fused quartz/metal composite structure that can, in itself, be of interest 
in microengineering device fabrication (Fig. 1 Step 6A). Alternatively, to 
produce a loose metal casting, the glass mold is dissolved in an etchant 
to which the metal is inert (for example, an aqueous HF solution when 
casting silver). Demolding -in the terminology of casting- can either 
produce miniature structures that are linked to a bulk metal base (Fig. 1 
Step 6B), or if Steps 6A and 6B are combined, it will yield many sepa
rated miniature metal castings (Fig. 1 Step 6C). 

Fig. 2 displays images of such a tiny classroom composed of desks 
and chairs, all made of pure silver. This particular assembly demon
strates the ability of the present process to produce, at the microscale, 
complex 3D structures with a shape that is not amenable to metal 
micromachining. The cast structures have a thickness near 2 μm. The 
similarity of chair/table pairs shows the reproducibility of the 

technique, and its resolution is shown by the submicron surface 
roughness of the mold or casting. In this illustration, to allow for 
observation in the scanning electron microscope, the fused quartz sub
strate was dissolved after solidification; this left the final metal chair and 
table structures linked to the silver that remained above the substrate (as 
in Fig. 1 - Step 6B). Fig. 2C and D show a close inspection of one of the 
chairs in two different perspectives, to exhibit its thickness and contours. 
In particular, a rough and wavy finishing of the top edge is observed. 
This feature is associated with the progressing etching front after laser 
machining during mold preparation and is later on reproduced by the 
metal during infiltration and solidification. Specifically, such imper
fections are found if the etching is interrupted before the entire laser- 
affected region is removed. It is in fact not seen on the other edges of 
the structures of Fig. 2 (or in subsequent figures). On the other hand, the 
slight roughness on the lateral edges of the chair (in Fig. 2D) derives 
from the laser machining trajectory followed during mold preparation 
and can be avoided by optimizing both the laser trajectory and the 
deposited energy. As shown in Fig. 2E, the metal grain size far exceeds 
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Fig. 1. Schematic of the microcasting process. The process comprises two main sequences, one being fs-laser 3D micromachining, and the second being metal 
pressure infiltration. Step 1 – a pattern defining the 3D structure is inscribed within a fused quartz substrate using a fs-laser. Step 2 - the substrate undergoes wet 
chemical etching to dissolve interconnected laser-patterned regions that intersect the substrate surface, thus turning the fused quartz substrate into a mold to be filled 
with metal. Step 3 - the fused quartz mold is positioned in the infiltration chamber, together with a metal load placed over the exposed cavities; the chamber is 
evacuated and the temperature is raised to melt the metal. Step 4 - pressurized inert gas pushes the metal against capillary forces, driving it to fill the pre-evacuated 
hollows. Step 5 - while maintaining the pressure, the chamber is put in contact with a chill to promote directional solidification. Step 6 - different final microscopic 
products can be obtained by varying final steps in the process. 
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Fig. 2. Images of a cast silver miniature classroom. (A) Reveals the fused quartz substrate (i.e., the mold) after etching and before metal infiltration (Step 2 in Fig. 1). 
In (B) the metal structure is shown after dissolution of the mold (Step 6B in Fig. 1). (C) and (D) Details at higher magnification the area delimited by the dashed 
rectangle in (B), the arrow indicates the orientation of (D) with respect to (C). (E) An array of 6 × 4 “chairs” and “desks” and inverse pole figures (IPF) of the four 
“desks” contained in the red dashed rectangle, evidencing that these, as well as the “floor” (i.e. the support), are single-crystalline metal structures. (A) Optical 
microscopy taken through fused quartz, (B), (C), (D) and (E) scanning electron microscopy (SEM) and (E) electron backscatter diffraction (EBSD). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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that of casting features, such that chairs and tables are essentially all 
monocrystalline – this parallels what was found with cast aluminum 
microwires cast using molds of grown NaCl single crystal [33]. 

The process was also used to fabricate a set of suspended (‘H-shape’) 
beams made of pure gold, Fig. 3. The suspended beams in Fig. 3 have a 
45 × 45 μm2 square-cross section and a length of 900 μm, demonstrating 
an aspect ratio (AR) – cross-section over length - as high as 20. 
Furthermore, in this experiment the AR was not maximized: higher 
values are likely achievable. Indeed, fs-laser micromachining has 
demonstrated AR values that exceed 500 with only two entrance points 
for the etchant [40] and has no theoretical aspect ratio limit if multiple 
entries can be included [7]. Close inspection of the mold surface along a 
longitudinal cut through an un-infiltrated mold along the length of the 
suspended-beams (Fig. 3C) reveals features typical of fs-laser exposed 
silica glass etched with hydrofluoric acid: [41] note how those are later 
on reproduced by the gold (Fig. 3B). This demonstrates that the pressure 
infiltration process used here can replicate shapes with a sub-μm-scale 
resolution, similar to what is obtained in polymer molding. [42] Even 
though the overall surfaces of the suspended beams are easily correlated 
to features on the mold, some peculiarities can be distinguished in some 
structures (red delimited areas in Fig. 3D). These depressions are 
particularly smooth and they interrupt surface patterns present on the 
fused quartz surface; hence, they may have been produced by metal 
solidification shrinkage or the presence of trapped gas. 

Fig. 3E shows a cross section through a similar structure made of 
pure silver; as seen, the metal is dense, or in other words exempt of 
pores. To check that there is no significant chemical interaction between 
the mold and the metal, we investigated whether there was penetration 
of the metal atoms into the glass matrix using energy-dispersive X-ray 
spectroscopy (EDS) measurements across sections of infiltrated beams, 
still embedded in its fused quartz mold, near the host-substrate/metal 
interface. No new phase and no traces of metal within the fused 
quartz host were detected (see Fig. S2 in Supporting information). Local 
properties of the metal were measured by nanoindentation: for the pure 
silver of this casting, data yield a Young’s modulus of 84.1±1.2 GPa, to 
be compared with 83 GPa for bulk silver [43], in accord with the 
observation that the microcast metal is fully dense. This shows that the 

process produces metallurgically sound metal, the flow stress of which 
can be tailored by alloying. Hardness values were similarly collected, 
with the consideration of possible size-effects (data in Supplementary 
material) [44,45]. 

Fig. 4A exhibits an array of silver pyramids, each ending in a much 
thinner filament, 30 μm-long and ~2 μm in diameter. The silver sub
strate was removed by mechanical grinding in order to obtain, as in 
Fig. 1 Step 6A, a final product consisting of the 6 mm-diameter, 800 μm- 
thick, fused quartz substrate containing an array of embedded silver 
pyramids each topped by this thin, antenna-like, coaxial filament. This 
demonstrates that the combination of laser-patterning and infiltration 
characteristic of the process provides a pathway for the production of 
multiscale 3D structures that would be difficult if not impossible to 
achieve by other means. As another prototype giving an example of the 
innovation potential of the technology, Fig. 4B-D shows a 3D-array of 
high-aspect ratio multiscale silver-copper alloy micro-electrodes that are 
left embedded in the fused quartz mold (visualized here by observation 
through the glass). The minimum distance between electrodes is about 6 
μm and the total structure length is 5 mm (leading to an aspect ratio of 
the glass slit between electrodes that exceeds 800). Being able to pro
duce such arbitrarily shaped 3D highly conductive electrodes embedded 
in a high dielectric constant material host is highly interesting in 
numerous fields of microtechnology: e.g., implantable devices in med
icine, or components for high-voltage, high-frequency electronics. 

Fig. 5 shows a larger, geometrically complex, 3D (Maltese cross) 
structure fabricated out of copper or silver. Fig. 5A-C shows the structure 
still embedded within fused quartz, while Fig. 5D shows the self- 
standing structure (here made of silver) extracted out of its mold. The 
beams composing the truss structure have a diameter around 50 μm, 
while the entire Maltese cross fits within an area of two-by-two milli
meters. In this larger casting, there was a higher probability for solidi
fication to nucleate and propagate from different locations of the mold, 
leading to a polycrystalline structure. Grain boundaries are indeed 
revealed by the trough that capillary forces have created along the 
beams composing the structure (Fig. 5D). This is confirmed by EBSD, 
which shows the presence of three crystals in the imaged structure, grain 
boundaries of which are consistent with the location of grain boundary 

1 mm
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5 µm

10 µm

5 µm

Mold cavityC

B

D

E

10 µm

Fig. 3. Images of suspended beams made of gold and 
left connected to the bulk metal. (A) Overall view of 
the piece after dissolution of the fused quartz mold. 
(B) SEM close-up image of a single suspended beam 
showing features typical of a silica glass etched with 
hydrofluoric acid. (C) SEM images of the internal 
surface of an etched, uninfiltrated mold cavity. In (D) 
a portion of the beam in (B) is shown to highlight 
likely surface casting defects in red. (E) SEM image of 
a cross section of a similar silver structure while it 
was still embedded in the fused quartz mold, showing 
that the beams are made of pore-free, dense metal 
(the corresponding silver beams can be seen in 
Fig. S1). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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grooves visible in the SEM micrograph. Fig. 5C shows a larger version 
(~4 × 4 mm) of the same design, this time infiltrated with pure copper 
and left embedded in fused quartz. 

3. Discussion 

Structures produced in this work, of size ranging from a few tens of 
micrometer to a few millimeters and with features of size down to 
around 2 μm, are made out of engineering metals (silver, copper and 
gold and their alloys) that are among the best electrical conductors and 
the most corrosion resistant metals – features of interest for micro
technology in general. It will easily be appreciated that producing those 
structures would at best be difficult using existing technology, with one 
exception, namely local electrodeposition. Micromachining would not 
carve out the space between the tables and the chairs, or between them 
and the floor of the classroom of Fig. 2. Layer deposition processes 
would not, unless the part was of dimensions far above the voxel size, 
produce in-plane beams of circular cross-section such as those in Fig. 5. 
Processes that produce rapidly porous and/or binder-containing metal 
structures that require subsequent sintering and/or debinding would be 
unlikely to leave the thin table or chair structures unwarped after 
annealing. The only process that we believe could rival or surpass what 
is presented here is local electroplating, as this process also produces 
dense metal with nearly total shape flexibility (such processes might, 
however, be challenged by the sharp, 90◦ corner, overhangs present in 
structures of Figs. 2, 3 or 5). 

As with any process that aims at broad acceptance and potential 

industrialization, achievable production rates are important. In pro
ducing silica molds in larger quantities, the laser-exposure time is the 
main bottleneck. 

The time needed to produce the mold for samples presented here 
was, with laboratory tooling used in this study, on the order of a day for 
a part such as the Maltese cross in Fig. 5. In our laboratory, etching 
represented most of this time. In a production environment, however, 
the etching process is low-cost and usually parallelized, such that it does 
not represent an intrinsic limitation on production rates. Casting, 
meaning pressure infiltration followed by metal solidification, is a 
relatively rapid process already capable of high production rates; it, too, 
can also be massively parallelized, since larger molds each containing 
many castings can be infiltrated, solidified and retrieved simulta
neously. Femtosecond laser-exposure is therefore the rate-limiting step 
of the present process if production runs reach sufficiently high volumes. 

The femtosecond laser-exposure process can be seen as moving an 
ellipsoid-shaped interaction zone (resulting from a non-linear laser- 
matter interaction) across the glass structure to be carved; in our set-up, 
motion is driven by linear-motor moving stages. The shape and size of 
the laser-affected zone within the glass depends critically on the 
focusing conditions, i.e. the numerical aperture of the focusing objective 
as well as the laser wavelength and the pulse energy. With our appa
ratus, at the finest level of focusing, we can produce an ellipsoid of 
diameter ~2 μm on its short axes and length 8 μm on the long one. The 
velocity of the motorized stages is coupled to the laser pulse repetition 
rate to optimize the etching rate, as this depends strongly on the 
deposited energy (or dose, typically expressed in J mm− 2) [39]. 

20 µm

C D

20 µm

30 µm

100 µm

500 µm

A

Fused quartz mold Electrodes

B

Fig. 4. (A) Optical micrograph of a silver pyramid array embedded in fused quartz, each pyramid ending with a thin antenna-like filament extending from its tip, 
illustrating the multiscale and multi-material capability of the process. (B), (C) and (D) are images of a row of electrode pairs embedded in fused quartz. (B) CAD 
model of the design (for the sake of clarity, the drawing is out of scale). (C) and (D) are optical micrographs of the resulting structures of 79wt%Ag-21wt%Cu alloy 
embedded in fused quartz. 
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Exposure parameters are set by several considerations. On one hand, 
thermal diffusion beyond the LAZ should be avoided; this limits the 
repetition rate to a maximum of about 1 MHz, which is the onset for 
thermal accumulation in fused silica [46]. An optimal deposited energy 
value of ~10 J mm− 2 (for HF 2.5% vol. etching) is reported to achieve 
the highest etching contrast between laser affected zones and pristine 
material. Considering a repetition rate of 900 kHz, the maximum 
optimal writing speed is ~15 mm s− 1 [39]. This is a very high value, 
such that operationally it is inertia, and in turn the achievable acceler
ation of the motorized stages used here (maximum acceleration of ~50 
mm s− 2) that will limit the maximum attainable speed for μm-scale 
patterns to values well below the above limit. This adds a dependence of 
the maximum average glass pattern printing velocity on the intricacy of 
the pattern. For example, to pattern the structures in Figs. 2 and 5, the 
average speeds of our stages were ~1.0 and ~1.45 mm s− 1, respectively; 
however, these values are defined by technical limitations of our setup. 
Other commercial motorized stages can reach accelerations of around 
10 m s− 2. This would result in average writing speeds of ~14.1 and 
~20.1 mm s− 1 for the previous examples; therefore, one can in practice 
reach the theoretical speed limit outlined above. 

Additional features of the process are also to be noted, on both fronts 
of limitations and potential. Pressure infiltration is, as expected, capable 
of intimately replicating nanometric features. The minimum channel 
size that can be infiltrated is ruled by the pressure required to overcome 
the molten metal surface tension that opposes its flow into tiny mold 
cavities. This is given by the Young-Laplace equation [30], according to 
which the capillary pressure differential roughly equals the metal sur
face tension divided by the channel width. Surface tensions of most 
metals are on the order of 1 J m− 2; hence, a pressure of 10 MPa, which is 

technically achievable, should drive metal into features as fine as 100 
nm. This is in keeping with the observed fidelity with which the infil
trated metal reproduces the carved glass structure in samples of this 
work. 

The present process is therefore limited in terms of resolution by the 
controllable size of the LAZ which, due to the non-linear nature of the 
process by which it is formed, can itself be significantly smaller than the 
optical waist in the focused path of the laser beam (in our case ≈1.8 μm 
at a laser wavelength of 1030 nm) as illustrated elsewhere [47]. In its 
versions presented here the process has a resolution of 2 μm; however, 
for these reasons, this may be reduced in future work. For example, an 
additional approach to reduce the laser beam waist further, and in turn, 
the size of the laser affected zone, is to use shorter wavelengths, for 
instance by frequency doubling or tripling common Ytterbium-based 
laser sources, reaching out to the UV exposure regime. 

A limitation of the present process is that it is a priori not amenable to 
process alloys that contain elements, the oxide of which is more stable 
than silica (for example aluminum, titanium or magnesium) or to pro
cess metals with melting temperature higher than the mold annealing 
temperature, ~1200 ◦C for fused quartz. It also tends to produce large- 
grained structures, which has advantages (e.g., high conductivity) and 
disadvantages (e.g., absence of grain boundary hardening or the for
mation of visible grain boundary grooves along the metal surface; see 
Fig. 5D). Finally, the process is well suited for the production of multi
scale structures (as in Fig. 4) and it offers, when making multiscale 
structures, scope for efficiency gains in production if laser parameters 
are dynamically adjusted during printing. One could indeed dynami
cally alter lens parameters (for example by using a spatial light modu
lator) and beam energy, so as to vary both the laser spot shape and size 
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while maintaining optimal exposure conditions. This possibility might 
largely increase the volumetric speed and so provide opportunities for 
the rapid production of multiscale structures. For example, just by 
tuning the beam energy, the ellipsoidal LAZ can vary from ~1 to ~2.5 
μm and from ~8 to ~20 μm in short and long axis dimensions, respec
tively; this corresponds to an order of magnitude (dynamic) change in 
voxel volume [47]. 

Building on the extensive survey of metal freeform microfabrication 
that is given in Ref [19], the production speed of the microcasting 
process presented here is compared in Fig. 6 with alternative 3D metal 
freeform manufacturing techniques. Specifically, in Fig. 6A, the fabri
cation speed is normalized by the voxel size, which is in essentially all 
such processes assumed to be a cylinder with a diameter equal to the 
dimension read in the horizontal axis. Assuming a roughly equiaxed 
cylinder, one can obtain estimations of the volumetric production rate 
(for a more detailed description we refer to [19]). As seen, comparing 
feature sizes and production rates of the present process with current 
alternatives places it in the top right corner, showing that it stands out in 
terms of achievable production speeds. Such higher fabrication rates 
enable the industrialization of the process and the large-scale production 
of 3D components. In parallel, Fig. 6B displays a measure of the metal 
microstructural soundness, namely the ratio of measured to theoretical 
elastic modulus, for different techniques, using in this graph data and 
graph formats from Ref. [20], together with data for our samples re
ported in the Supplementary material, Tables S1 and S2. The pro
nounced porosity, and thus large spread in elastic properties, exhibited 
by most of the structures obtained by current micron-scale additive 
micromanufacturing processes other than local electroplating underline 
another major advantage of the microcasting process, namely the 
metallurgical soundness of the structures that it produces. For example, 
the electrical or thermal conductivity in metal structures produced by 
the present process will be as high as in the same pristine bulk metal, 
enabling micro-components and devices with optimal electrical or 
thermal performance. This is a feature that the present process only 
shares with electrodeposition, a process capable of finer resolution than 
the present process, albeit with far lower achievable production rates. 

Moving forward, a few remaining challenges will have to be 
addressed for the present process to be improved or for it to enter 
commercial production. As seen, the pressure infiltrated metal 

reproduces with precision even minute details, below 100 nm in size, 
along the inner mold surface, see Fig. 3; thus, improving the roughness 
of the molds is the next step in producing even smoother micro-cast 
products. A challenge, omnipresent in metal casting, is feeding solidi
fication shrinkage of the metal. At the macro-scale there are well-known 
recipes to this end, directional solidification towards a riser being one of 
the main approaches. In the present instance, given the far smaller part 
dimensions, the influence exerted by capillary forces may still cause the 
formation and retention of tiny pores within the metal (perhaps cavities 
outlined in Fig. 3 are of this nature) or may lead to other defects, such as 
the grain boundary grooves apparent in Fig. 5. Finally, mastering the 
inner microstructural development of micron-scale cast metals and al
loys is an area where much remains to be learned. 

In conclusion, we have demonstrated that geometrically complex 
interconnected multiscale components up to a few millimeters in size 
and freely shaped to micrometric resolution can be made of fully dense 
metal via a novel, freeform manufacturing process that combines fs-laser 
glass micromachining with metal pressure infiltration. The process is 
suited for engineering metals that are inert in contact with silica, 
including silver, copper, gold and their alloys, and has the potential for 
higher large-scale production rates compared to existing technology. 
The resulting glass/metal combinations enable new device architectures 
for applications in a wide range of areas in microtechnology. Alterna
tively, by mold dissolution, this process fills a gap in microfabrication 
because it gives the ability to turn, as is done at the macro-scale, to 
casting when monolithic metallic parts of high geometrical complexity 
are to be produced. 

4. Methods 

The glass molds were fabricated using fs laser micromachining fol
lowed by wet chemical etching according to a known process described 
in the literature [7]. We used an Ytterbium-fiber amplifier laser (Yuzu, 
manufactured by Amplitude, Bordeaux, France) emitting 270 fs pulses at 
a wavelength of 1030 nm at a repetition rate of 800 kHz, with an energy 
of 240 nJ (average power after the objective of about 190 mW). The 
laser is focused in the specimen using a 0.4-numerical aperture objective 
to a measured waist of 1.9 μm at the focal point. The substrate used is a 
UV-grade fused quartz plate (Heraeus HOQ 310), 800 μm-thick, and 25 
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mm-square. The substrate is moved with linear stages (Micos - UPS 150). 
Following laser exposure, the specimen is etched for several hours in a 
2.5% HF acid bath at room temperature. In order to fit the dimensional 
requirements of the chamber used for metal infiltration, the substrates 
are cut into circular disks of 6 mm diameter to produce the molds into 
which the desired shapes to be injected are laser-patterned and subse
quently etched. 

The setup used for pressure infiltration consists of a refractory 
stainless steel (UNS S31400) chamber in which an alumina crucible 
prevents contact of the steel chamber with a graphite crucible that 
contains both the mold and the metal (see Fig. 1). Once mold and metal 
are placed within the graphite crucible, the infiltration chamber is 
bolted shut at its top. The top of the chamber contains a carbon foil to 
seal the closure and is connected to a vacuum pump and an argon bottle 
through a pipe, in which a K-type thermocouple is also introduced in 
order to monitor the temperature during infiltration by placing the 
thermocouple tip 1 mm above the melt. The chamber is evacuated 
(usually to ~0.06 mbar) and positioned within an induction coil using 
an overhead crane. A GMF12 CELES (Lautenbach-France) induction 
furnace is utilized to heat up the ensemble, to 1000 ◦C in the case of 
silver and 1100 ◦C for infiltration with copper or gold. Once the target 
temperature is reached, the chamber is pressurized with an inert gas 
(Argon N48, typically at ~1.5 MPa for structures of minimum feature 
size exceeding 1.5 μm, or 5 MPa otherwise). Subsequently, the chamber 
is lowered until its bottom is in contact with a water-refrigerated copper 
chill, maintaining the pressure and also with the induction furnace 
turned on, in order to create a vertical temperature gradient to promote 
directional solidification. Once the solidification temperature is reached 
on the thermocouple reading, the chamber is cooled further and then 
kept at ~600 ◦C during 1 h in order to relieve internal stresses caused by 
differential shrinkage between the mold and the metal. Heating is then 
stopped and the substrate-metal component is removed once it has 
reached room temperature. Pure silver (Figs. 2, 4A, 5A-B, D), gold 
(Fig. 3) or copper (Fig. 5C), all of 99.99 wt% purity, were utilized as 
infiltrant metals as well as a silver-copper alloy (79wt%Ag-21wt%Cu) 
(Fig. 4C-D). To produce cast metal structures released from their mold, 
in a final step the fused quartz mold was dissolved in high concentration 
HF during approximately 12 h (Figs. 2, 3, 5D). 

4.1. Materials characterization 

Scanning electron microscopy images were obtained at 3 kV using a 
Zeiss® GeminiSEM 300 (Oberkochen, Germany) equipped with a stan
dard Everhart-Thornley secondary-electron detector and an Oxford In
strument EDS detector. EBSD images were acquired at 25 kV using a 
Zeiss® SEM Gemini450 (Oberkochen, Germany) equipped with a sym
metry CMOS, operating with Aztec acquisition and data treatment 
software (Oxford Instruments, UK). Optical micrographs were taken 
with a Hirox digital microscope KH-8700 (Tokyo, Japan). 

Composition gradients near the interface of the host substrate/metal, 
exposed by conventional grinding and polishing of infiltrated beams still 
embedded in the fused quartz mold (Fig. S1B), were analyzed by Energy- 
dispersive X-ray spectroscopy (EDS) in the scanning electron microscope 
operated at 10 kV (Fig. S2). The X-ray intensity at the metal-silicon di
oxide boundary was modeled with CASINO Monte Carlo software v2.5 
(Sherbrooke, Canada) assuming a 10 kV electron beam, beam size 5 nm 
and 10,000 electrons. A TI 950 Triboindenter (Hysitron® Corporation, 
Minneapolis, MN) with a load cell of 10,000 μN and a diamond Berko
vich indenter tip was used to measure both the hardness and elastic 
modulus of the cast from cross-sections of trusses still embedded in the 
fused quartz substrate (similar to what is seen in Fig. 3E). Quasi-static 
indentations were made to a maximum load of 8000 μN for silver and 
to 3000 μN for copper, the loads being selected in correlation with the 
trusses’ cross-sections (150 × 150 μm for Ag silver and 25 × 25 μm for 
copper) to minimize the elastic influence of the substrate and to be able 
to indent 4 times on each specimen. The loading-holding-unloading 

sequence was of 5–2-5 s and the data were analyzed according to the 
Oliver-Pharr procedure [48]. 
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