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Three-dimensional (3D) metallic microdevices have attracted a wide attention in the field of functional
microsystems, but the fabrication of 3D metallic structures remains a technical challenge. In this study,
a femtosecond-laser-based microsolidifying method was employed to fabricate 3D metallic structures by
injecting liquid metal into complex 3D microchannels/cavities in fused silica and solidifying the liquid
metal. 3D microchannels/cavities, which were served as micromoulds of the metallic microcomponents,
were fabricated in fused silica by taking full advantage of the improved femtosecond laser irradiation fol-
lowed by chemical etching (FLICE) technology. A PDMS-glass injection device was employed to finish the
injection of liquid metal and solidification process. This technology will enable the maskless and facile
fabrication of complex true-3D metallic conductive microcomponents for a wide array of micro-
applications.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Metallic microcomponents are significant for most
microsystems, including integrated circuit (IC), microfluidic sys-
tems and microelectromechanical systems (MEMS) [1–5]. As
three-dimensional (3D) metallic devices enable more efficient
and flexible electric/electromagnetic conduction and manipulation
than planar ones, metallic microcomponents with complex 3D
structures have been used in a wide range of functional microsys-
tems, such as high-sensitivity microsensors, on-chip nuclear mag-
netic resonance (NMR) [6–10].

Although mass efforts have been taken towards the creation of
3D metallic microstructures, it is still a technical challenge to
achieve intricate 3D metallic conductive microstructures by the re-
ported methods. The conventional fabricating method of metallic
conductive microdevices usually involves a tedious and expensive
lithographic process which has been mostly used to provide planar
copper (Cu) microwires [2,3,6] or multilayer metallic microstruc-
tures [5]. The LIGA (Lithographie, Galvanoformung and Abfor-
mung) technology [8] can achieve more complicated metallic
microdevices by utilizing deep X-ray lithography, but owns limited
processing capability of 3D metallic microstructures. 3D replica-
tion methods have been also reported to fabricate 3D microcoils
[9,10], but are accompanied with complex fabrication procedures
and only simple straight microcoils have been reported. A femto-
second-laser-induced electroless plating technology has been re-
ported to fabricate 3D metal nanowires on nonplanar substrates
[11]; however, intricate 3D metal structures are still hard to be fab-
ricated for the configuration of the metal nanowires is decided
according to the upper surface of the substrates. A microsolidics
technology has been reported to fabricate metallic microstructures
in polymer materials (polydimethylsiloxane, PDMS) [12], and the
metal forming process involved in the technology enhances the
flexible fabrication of metallic microstructures by employing liquid
metal. The injection moulding method provides a useful approach
to the fabrication of metallic microstructures [12,13], but is re-
stricted by the lithographic process to fabricate intricate micro-
moulds in 3D.

Recently, the femtosecond laser has been used to fabricate 3D
microstructures in glassy materials [14–17], and the technology
of femtosecond laser irradiation followed by chemical etching
(FLICE) has been the primary method to fabricate 3D microcavi-
ties/microchannels in fused silica. In this paper, a facile method
of combining the FLICE technology and the microsolidifying tech-
nique utilizing low-melting-point metal was proposed to fabricate
intricate 3D metallic conductive microcomponents in fused silica.
3D microcavities/microchannels in fused silica, which were served
as the micromoulds, were achieved by taking full advantage of the
improved FLICE technology. A PDMS-glass injection device was

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mee.2013.07.017&domain=pdf
http://dx.doi.org/10.1016/j.mee.2013.07.017
mailto:yangqing@mail.xjtu.edu.cn
mailto:chenfeng@mail.xjtu. edu.cn
mailto:chenfeng@mail.xjtu. edu.cn
http://dx.doi.org/10.1016/j.mee.2013.07.017
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee


94 K. Liu et al. / Microelectronic Engineering 113 (2014) 93–97
employed to finish the microsolidifying process. The liquid gallium
metal (Ga, mp � 30 �C) was introduced into the fabricated 3D
microchannels by applying a vacuum; and solid metallic micro-
components including microwires, microelectrodes and microcoils
were achieved after a cooling process. As the improved FLICE tech-
nology is theoretically free to fabricate arbitrary 3D microcavities/
microchannels in fused silica, flexible and rapid fabrication of 3D
metallic microdevices which is particularly compatible with
microfluidic can be achieved by the femtosecond-laser-based
microsolidifying method.
2. Methods development

2.1. Fabrication of 3D micromoulds in fused silica

3D microcavities in fused silica, which were served as the
micromoulds, were fabricated by the selective etching of fused sil-
ica after femtosecond laser irradiations. Methods of fabricating
complex 3D microstructures with extra accesses and laser power
compensation were employed to improve the processing capabil-
ity, as shown in Fig. 1(a). The femtosecond laser micromachining
system consisted of a femtosecond laser source (wavelength:
Fig. 1. Schematic illustration of the femtosecond-laser-based microsolidifying process: (
accesses and laser power compensation, (b) illustration of the microsolidifying process
inside surface of the microchannels, and (d) the picture of the injection device.
800 nm, pulse duration: 50 fs, repetition rate: 1 kHz), a microscope
objective, a programmable three-axis stage, a CCD camera and a la-
ser beam control system. During the laser irradiation process, the
bulk fused silica (10 � 10 � 0.8 mm3) was fixed on the three-axis
stage; and the designed patterns were written in fused silica with
femtosecond laser pulses by translating the bulk fused silica along
the programmed pattern path. The chemical etching process was
carried out in hydrofluoric (HF) acid solution assisted by the ultra-
sonic bath. The processing parameters were kept constant as: scan-
ning speed of 10 lm s�1, circular polarization laser and HF solution
concentration of 10%.
2.2. Injection of liquid metal and formation the solid metallic
microstructures

A microfluidic-compatible injection device was employed to in-
ject liquid metal into the 3D micromoulds. The injection device
consisted of a fabricated fused silica chip, a cover of PDMS sub-
strate, and steel tubes which can be used to introduce both liquid
objects and electric power into the microsystem, as shown in
Fig. 1(b) and (d). Typically, the liquid objects include biochemical
a) the improved FLICE technology of writing complex 3D microstructures with extra
and the microfluidic-compatible injection device, (c) the silanization process of the



Fig. 2. The dependency relationship of the femtosecond laser power and the microchannel diameter, after HF acid etching for 60 min: (a) diameters of the microchannel
entrances fabricated by laser power of different levels and (b) the image of the fabricated microchannels.
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solutions for the assay process in microfluidic applications and
liquid metal for fabricating the metallic microstructures.

In the experiment, the metal gallium was used to form the 3D
metallic conductive microstructures in the micromoulds. An infra-
red heat lamp was used to melt the metal gallium and maintain the
temperature at 45 �C during the injection process. A source of neg-
ative pressure was applied to the outlets of the microfluidic chan-
nels by connecting them to a syringe; and the liquid gallium was
pulled through the microchannels rapidly (<1 s). After filling the
channels with gallium, the device was removed from the infrared
heat lamp and cooled in the icebox (�1 �C). The liquid gallium in-
side the microcavities/microchannels was then solidified into solid
metal structures.

To facilitate the injection of liquid gallium into the micro-
moulds, a silanization process to decrease the free energy of the
metal–silica interface of the channels was employed before the
injection of gallium, as illustrated in Fig. 1(c). Dimethylchlorosilane
solution in methanol (6%) was introduced into the 3D micromoulds
Fig. 3. Fabricating results of helical microchannels in fused silica: (a) by the traditiona
improved FLICE technology of writing complex 3D microstructures with extra accesses
with the injection device, and the device was stored at 25 �C until
the solution had emptied in the microchannels.

3. Results and discussion

3.1. Enhancement of the FLICE processing capability

The microchannels of millimetres fabricated by the traditional
FLICE technology are usually strongly tapered that a conical geom-
etry in the microchannel is unavoidable, and the FLICE technology
is generally used to provide microchannels in fused silica of less
than a few millimetres [16,17]. To address this problem, methods
of writing complex 3D microstructures with extra accesses and
laser power compensation were employed to improve the process-
ing capability, as illustrated in Fig. 1(a).

The extra accesses acted as extra entrances for the etching solu-
tion during the etching process. The amount and distribution of the
extra access was designed according to the geometry of the
l FLICE technology, (b) the extra access at the helical microchannel, and (c) by the
and laser power compensation.



Fig. 4. Solid metallic conductive microstructures fabricated by the femtosecond-laser-based microsolidifying method: (a, c) simple helical microchannels and microcoils, (b,
d) microchannels of intricate crossbridge structure and straight microcoils with a central microchannel filled with water, and (e, f) U shape helical microchannels and
microcoils.
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micromoulds. This method actually divided the fabrication of bulk
microfluidic chips by FLICE technology into several smaller parts,
and each part could be etched by HF solution simultaneously.

A fabricating strategy of tuning laser power during the laser
irradiation process was used to improve the microchannel geome-
try quality. According to our previous study [18], the diameter of
microchannels is increased with laser power. Dependency relation-
ship of the femtosecond laser power and the microchannel diame-
ter was investigated. Laser power ranging from 1 to 27 mW was
utilized to fabricate straight microchannels in fused silica, and
the diameters of the microchannel entrances were measured after
HF acid etching for 60 min. A linear increase of the microchannel
diameter with the increasing laser power was testified, as shown
in Fig. 2. In the experiment, the laser power was modified linearly
from 7 mW at the entrances/extra access to 12 mW in the middle
of two adjacent entrances by a computer-controlled attenuator to
compensate the conical geometry in the microchannel, as shown
in Fig. 1(a).

Complex 3D microchannels of uniform diameter were achieved
by the improved FLICE technology. Fig. 3 shows the fabricating re-
sults of helical microchannels in fused silica by the traditional and
improved FLICE technologies. An extra access was designed at
every coil of the helical microchannel by the improved FLICE tech-
nology, as shown in Fig. 3(b). Without the method of employing
extra accesses and laser power compensation, helical microchan-
nels of more than three coils can hardly be realized, as shown in
Fig. 3(a). Meanwhile, the conical geometry of the microchannels
was acute. By combing writing complex 3D microstructures with
extra accesses and laser power compensation, helical microchan-
nels of arbitrary length and uniform sections were achieved, as
shown in Fig. 3(c). Thus, the improved FLICE technology can be
used to provide more complex microchannels whose configura-
tions are decided by programming the pattern in 3D.

3.2. Fabrication of 3D metallic conductive microstructures

For microchannels with a diameter >35 lm, the liquid gallium
can easily fill the microfluidic channels completely; nonuniform
wetting of the microfluidic channels was rarely observed. How-
ever, liquid gallium in narrower microchannels (diameter
<30 lm) was often accompanied with nonuniform wetting points,
and sometimes the liquid gallium in the microchannels was
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separated as disconnected parts. As the diameter of the microchan-
nels decreased to 20 lm, it became even tough to pull the liquid
gallium through the microfluidic channels. This phenomenon was
caused by the poor micro-scale wetting characteristics of liquid
gallium with fused silica.

To improve the wetting characteristics and fabricate more min-
iaturized metallic devices, silanization of microcavities before the
injection of gallium was carried out using dimethylchlorosilane,
as described in Fig. 1(c). After this process, the inside surface of
the channels was coated with a layer of silane; and the silane de-
creased the free energy of the metal–silica interface of the channels
and made it possible to wet the inside walls with liquid gallium.
This process enabled efficient fabrication of metallic structures in
microchannels with a narrower diameter (20–30 lm).

Fig. 4 shows the 3D microchannels and the fabricated solid
metallic conductive microstructures, including simple microcoils
(Fig. 4(c)), straight microcoils with a central microchannel which
is filled with water (Fig. 4(d)), and U shape microcoils (Fig. 4(f)).
The 3D microcoil is a kind of typical metallic microcomponents
that can be used as microinductors for LC or microsensing applica-
tions, electromagnets or heating elements; and the 3D microcoils
of different geometries and constructions can extend their applica-
tions with different functions. The intricate crossbridge structure
of the microcoils indicates that the femtosecond laser based micro-
moulding method can be used to fabricate more complex 3D
metallic microdevices.

The 3D metallic microcomponents fabricated by the femtosec-
ond-laser-based microsolidifying technology can be easily inte-
grated into microfluidic systems. Fig. 4(d) shows a microfluidic
system consisting of a straight microcoil and a central microchan-
nel along the axis of the microcoil; and deionized water, which can
be replaced by biochemical solutions, was easily introduced into
the microfluidic system. Position and configuration of the metallic
microcomponents is decided during the femtosecond laser irradia-
tion process and inherently aligned with the microfluidic channels.
Besides, the microfluidic-compatible micromoulding process en-
ables convenient application of the metallic conductive microcom-
ponents without extra alignment and packaging steps. Biochemical
solutions and electric power can be directly applied into the micro-
fluidic system through the steel tubes of the micromoulding
device.

4. Conclusion

In conclusion, this paper presents a femtosecond-laser-based
microsolidifying technique to fabricate intricate three-dimensional
(3D) metallic microcomponents. 3D metallic objects were achieved
by solidifying liquid metal in 3D micromoulds embedded in fused
silica; and the micromoulds with complex 3D configurations are
fabricated by a femtosecond laser micromachining technology.
The femtosecond-laser-based microsolidifying method owns sev-
eral advantages over other techniques to fabricate 3D metallic
microstructures. The fabricating procedure is facile and maskless,
and makes it possible to co-fabricate microfluidic channels and
metallic microcomponents, each with arbitrary configuration. The
fused silica applied in the fabricating process owns excellent
electrical insulation, biochemical inertia and light transparent
properties, and is highly suitable for most micro-applications.

The femtosecond-laser-based microsolidifying method also has
some limitations. The improved femtosecond laser irradiation fol-
lowed by chemical etching (FLICE) technology involved in the fab-
ricating process is accompanied with extra access structure which
may have side effects on the metallic microdevices’ function or
microfluidic performance. However, the side effects of the extra ac-
cess structure could be further studied, and treatment processes
could be taken to eliminate side effects of the extra access struc-
ture if needed, such as decreasing the length of extra access or fill-
ing the extra access with polymeric materials. Meanwhile, the
method cannot be used to inject liquid objects into ‘‘dead-end’’
channels. In addition, the low melting point of Gallium may not
meet a wide range of operation temperature of microfluidic appli-
cations. However, as a vast kind of low-melting-point metals can
be used to form the 3D metallic microstructures [12], this approach
will be beneficial for fabricating functional microsystems inter-
graded with 3D metallic wires, electrodes, electromagnets or heat-
ing elements.
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