Micromolding three-dimensional amorphous metal structures

Jeffrey A. Bardt

Department of Mechanical and Aerospace Engineering, University of Florida,

Gainesville, Florida 32611
Gerald R. Bourne®

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

Tony L. Schmitz and John C. Ziegert

Department of Mechanical and Aerospace Engineering, University of Florida,

Gainesville, Florida 32611
W. Gregory Sawyer

Department of Mechanical and Aerospace Engineering and Department of Materials Science and
Engineering, University of Florida, Gainesville, Florida 32611

(Received 31 May 2006; accepted 1 September 2006)

In this article, we report a simple and inexpensive approach to micromolding of
complex, three-dimensional, high aspect ratio structures (with non-line-of-sight
features) out of a high-strength amorphous metal. Inexpensive sacrificial silicon molds
were created using lithography and etching techniques originally developed for
integrated circuit production by the microelectronics industry and later adopted for
microelectromechanical (MEMS) manufacturing. Multiple silicon layers were stacked,
and the metallic glass was forced into the cavities under heat and pressure in an open
air environment. Following cooling, the metallic structures were released by etching
the silicon away in a potassium hydroxide (KOH) bath. Process studies showed that
temperature is the most significant variable governing mold-filling. Transmission
electron microscopy (TEM) sections of the mold/glass interface showed successful
replication of features with characteristic dimensions on the order of 10 nanometers
and no discernible gap between the silicon and the metallic glass. This scalable
micromolding process leverages the inexpensive and readily available aspects of silicon
lithography to economically support the mass customization (low volume production)
of metal microcomponents without elaborate infrastructure needs.

. INTRODUCTION

Over the past decades, electronics technology has
shown a steady trend toward miniaturization of compo-
nents and circuits that has, in turn, enabled a new class of
electromechanical devices known generically as micro-
electromechanical systems (MEMS). The application of
MEMS technology to domains such as microscale sen-
sors (chemical, fluidic, radiation, and acceleration) and
power sources (batteries, photovoltaics, and energetics)
has raised awareness of the potential advantages that
could be realized if it were possible to miniaturize me-
chanical devices and systems that do not possess nearly
planar geometries. However, the ability to accomplish
this miniaturization is restricted by the available manu-
facturing technology and materials.
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Interest in producing components for micro- and
mesoscale mechanical systems that require materials,
geometries, and/or relative tolerances that cannot be pro-
duced using conventional planar, lithography-based, sur-
face micro-machining techniques and other MEMS fab-
rication technologies has led to various manufacturing
alternatives. The four generic processes that are currently
being investigated are material removal, material addi-
tion, casting and molding, and forming. Material removal
processes include machining,' grinding, electrical dis-
charge machining,” electrochemical machining,” and
other microscale analogies to conventional macroscale
technologies. Additive manufacturing processes create
structures layer by layer, typically using electroplating
followed by planarization and selective etching.* Casting
and molding processes are routinely practiced for poly-
meric microscale components. Forming processes create
geometry through plastic deformation, which at the micro-
scale are generally limited to relatively simple features with
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traditional metallographic techniques [Fig. 2(a)]. Exami-
nation of the section shows that the amorphous metal
filled the mold without visible voids at the mold/
metal interface [Fig. 2(b)]. This is surprising since the co-
efficient of thermal expansion of the metallic glass,
10 wm/m K, is approximately four times that of silicon,
2.6 pm/m K. For a post with a nominal diameter of
200 pwm and a 400 °C temperature change, the difference
in shrinkage between the silicon and the metallic glass
should be on the order of 100 nm and visible in the
high-resolution SEM image. A very thin slice (<200 nm)
through the mold/metal interface was collected from this
sample by focused-ion-beam milling. Transmission elec-
tron microscopy (TEM) analysis of the slice revealed that
a layer of crystallized material approximately 180 nm
thick existed at the continuous interface [Fig. 2(c)]. The
lack of observable separation at the interface due to
shrinkage was further supported by the cross section be-
havior; the silicon and metal interface remained intact
during the slice lift-out procedure. One hypothesis is that
the metallic atoms may chemically react with the silicon
and oxygen in the mold cavity to create an integral crys-
tallized layer. Such a reaction process may provide the
necessary driving force to follow the intricate surfaces of
the mold, and surface reactivity may be an important
criterion for net shape fabrication of micromolded com-
ponents. Energy dispersive spectroscopy (EDS) analysis
through this region [Fig. 2(d)] suggests that its constitu-
ents are primarily from the amorphous metal. An added
benefit of the stacked wafer approach is that the flatness
of the silicon wafers and the molding pressure appear to
completely arrest unintentional flow of amorphous metal
between the layers; this ability to mold complex parts
without flash negates the need for secondary finishing
operations (assuming they were readily available).

Of the variables thought to be critical in the molding
process—temperature, pressure, and time—temperature is
the most important; a 15 °C increase in mold temperature
reduces the viscosity by nearly an order of magnitude. In
one particular study, a temperature increase from 400 to
475 °C [Figs. 3(a)-3(d)] reduced the viscosity by ~1000x
[Fig. 3(e)] and increased the achievable aspect ratio from
approximately unity to greater than 10:1 [Fig. 3(f)] for
twin 10-pm-diameter circular posts. Although still a
very viscous material at these processing tempera-
tures, pressure-driven flow in microchannels is not en-
tirely unexpected. Assuming fully developed flow within
circular pipes, the conditions shown in Fig. 3 suggest an
average velocity of the amorphous metal at 450 °C on
the order of 2 wm/s [V = R*/(8 w)-AP/AL): R = 5 pum,
w = 2 x 10° Pas, AP/AL = 115 x 10° Pa/100 pm].

IV. CONCLUSIONS

Given this micromolding capability and the unique
properties of amorphous metals, we envision fabrication

opportunities for new microcomponents with complex
geometries in disciplines ranging from thermal manage-
ment to the biomedical sciences. Example applications
could include high-Q (lightly damped) micro-resonators
for the telecom industry, high surface area structures,
microwave waveguides and connectors suitable for
higher frequency operation, multi-degree of freedom
flexure-based micromechanisms, microsurgical tools and
devices, microscale motors and transmission components,
microfluidic arrays, and free-form reflective micro-
optics. In the end, we anticipate this new ability to create
three-dimensional, metallic structures in a cost-effective
manner will enable new design innovations, similar to
the paradigm shift realized through the application of
planar silicon fabrication technology to MEMS produc-
tion.
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