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Abstract—This paper presents fabrication approaches for
magnesium (Mg) microstructures embedded in biodegradable
polymers using through-mold Mg electrodeposition and metal-
transfer-molding. Biodegradable implantable electronics have
garnered increasing interest from the medical community for
the monitoring and treatment of transient diseases. Magnesium
is a biodegradable metal with desirable properties, and the ability
to micropattern Mg thick films (i.e., about >1 um) with direct
microelectromechanical systems (MEMS) integration would sup-
port the development of more sophisticated and clinically relevant
biodegradable devices and microsystems. Magnesium microstruc-
tures were electroplated through micropatterned water-soluble
molds in a nonaqueous electrolyte and transfer molded into a
biodegradable polymer. Electroplated Mg compared favorably
with commercial Mg foil based on elemental composition, crystal
orientation, electrical resistivity, and corrosion behavior. Mag-
nesium electroplated to a thickness of up to 50 um showed
a grain size of ~10 pum, and minimum feature dimensions
of 100 pm in width and spacing. Completely biodegradable
Mg and poly-L-lactic acid constructs were demonstrated. The
application of Mg thick films toward biodegradable energy
sources was explored through the fabrication and testing of
biodegradable Mg/Fe batteries. The batteries exhibited a capacity
and power of up to 2.85 mAh and 39 uW, respectively. Results
confirmed the advantages of electrodeposited Mg microstructures
for biodegradable MEMS applications. [2014-0103]

Index  Terms— Biodegradable,
technologies, bioMEMS.

magnesium, fabrication

I. INTRODUCTION

HE ELEMENT magnesium (Mg) offers a unique com-
bination of mechanical, electrochemical, electrical, and
physiological properties that are attractive for biomedical
applications. Magnesium is commonly alloyed with aluminum
for structural applications in the automotive and aerospace
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industries due to its high modulus-to-density ratio [1]-[4].
Magnesium is also the fourth-most common cation found in
the human body and an essential mineral nutrient. For exam-
ple, adenosine triphosphate (ATP), the main energy source in
biological cells, requires a bound Mg ion to be biologically
active. Magnesium also plays a critical role in stabilizing
polyphosphate compounds involved in DNA and RNA syn-
thesis [5], [6]. Further, Mg is an electronegative element
with a standard electrode potential of —2.34 V vs. SHE, a
theoretical capacity of 2200 mAh/g, and naturally corrodes
within a physiological environment [7]-[9]. These unique
properties promote the use of Mg for biomedical applications,
such as for the development of biodegradable implantable
technologies. Biodegradable implants would be advantageous
for the treatment and monitoring of transient disease states,
such as with bone or wound healing and drug delivery.

To date, biomedical use of Mg has been demon-
strated in structural devices, such as biodegradable stents
and bone screws, as well as for transient implantable
electronics [9]-[14]. The structural devices are typically
machined from commercial extruded or cold-rolled Mg, such
as with the laser micromachining of Mg foil for biodegradable
stents [9], [10]. Fabrication of transient electronics contain-
ing Mg relies on the bulk micromachining of commercial
Mg and physical vapor deposition (PVD) of thin-film Mg
(i.e., <1 um). However, these current methods of fabricating
and patterning Mg for transient electronics have their
respective limitations that preclude the full exploitation of
Mg for clinically-targeted biodegradable microelectronics.
Physical vapor deposition techniques, such as sputtering
and evaporation, produce high quality Mg thin films with
nanoscale grain size and high purity due to the vacuum
deposition conditions. Further, the crystal orientation and
morphology, ranging from columnar to granular structure, are
tunable based on deposition conditions. Studies have demon-
strated the enhanced corrosion resistance of Mg thin films
in comparison to bulk commercial cold-rolled Mg [4]-[15].
While these positive qualities render thin-film Mg a good
candidate for corrosion resistant coatings, films deposited by
PVD methods are typically limited to submicron thicknesses.
Due to the kinetics of Mg corrosion in physiological flu-
ids, submicron, unpassivated Mg films biodegrade on the
timescale of hours in physiological solutions. Hwang et al.
demonstrated that 150-nm-thick Mg resistors completely dis-
solve in deionized water after 3 hours. Protection of the Mg
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with barrier oxide (e.g., MgO) and polymeric encapsulation
extended longevity of the Mg to approximately 90 hours,
though the degradation rate is expected to increase in physio-
logical fluid [13]. Consequently, biodegradable devices com-
prising thin-film Mg may be restricted to clinical applications
that require a monitoring and/ or treatment window of only
several days, unless longer-lasting passivation schemes that
simultaneously contemplate biodegradation are demonstrated.

The bulk micromachining of commercial Mg overcomes the
thickness limitation of PVD methods, but is, in turn, limited
in geometry and MEMS-integration. Common methods for
the micropatterning of commercial Mg include photochemical
etching, laser micromachining, and electric discharge machin-
ing (EDM). D.M. Allen et al. demonstrated 300-um-wide
feature and millimeter-scale spacing from the photochemical
etching of Mg foil (250 pm thickness) in nitric acid solu-
tion, but showed no MEMS integration [16]. We previously
demonstrated finer feature width and spacing (i.e., 100 xm)
by confining photochemical etching to the top surface of
Mg foil mounted onto a carrier substrate and the use of
dilute hydrochloric acid. However, the isotropic nature of the
chemical etchants limited the minimum feature size for a given
thickness of Mg foil, and produced non-vertical sidewalls [17].
In contrast to wet chemical etching techniques, laser micro-
machining of commercial Mg achieved finer feature size, with
80-um-wide lines and 20-um-wide gaps demonstrated from
70-um-thick Mg foil. However, the redeposition of debris
and oxidation on the sidewall of laser-cut structures required
post-process chemical treatment. In our previous study, citric
acid was used to remove the redeposited material because
the etchant preferentially removes metal oxides. However,
citric acid will also etch magnesium isotropically via an
oxidative mechanism, which, ultimately, reduced the Mg thick-
ness by 15% and increased surface roughness threefold [17].
Boutry et al. utilized EDM to fabricate RLC resonators
from 3-mm-thick commercial Mg that featured a width of
1 cm and a gap of 0.6 mm [14]-[18]. As shown, the bulk
micromachining of commercial Mg is limited in minimum
attainable feature size, amenability to three-dimensional multi-
layered structures, and post-process integration with other
MEMS. While these subtractive microfabrication approaches
may be sufficient for certain applications, further advances
in Mg microfabrication and integration would support the
development of more sophisticated biodegradable devices and
systems.

This study presents the development of a MEMS-compatible
Mg electrodeposition process for the fabrication of biodegrad-
able bioMEMS, as well as a demonstration of the elec-
trochemical advantages of Mg as a key component of a
biodegradable energy source. Specifically, the through-mold
electrodeposition of Mg was investigated with an emphasis
on (1) ease of integration with traditional MEMS processing
and (2) use of biocompatible and non-permanent materials to
enable the development of biodegradable MEMS. In contrast
to the bulk micromachining of commercial Mg, electrodeposi-
tion is an additive approach that enables batch-scale micropat-
terning of Mg structures with specifically designed patterns.
Potentially, the use of multiple electroplating steps enables

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 23, NO. 6, DECEMBER 2014

the development of 3D microstructures, which would be chal-
lenging to achieve using the above-mentioned subtractive Mg
patterning technologies. Due to its high electronegativity, Mg
is difficult to electroplate from an aqueous electrolyte solution.
Instead, non-patterned Mg electrodeposition has been demon-
strated in organic solutions and ionic liquids, most commonly
with Grignard reagents solubilized in ether [7], [19]-[24].
For example, Mg electrodeposition has been used to gen-
erate porous deposits of Mg nanoparticles for hydrogen
storage applications and non-patterned surface coatings for
corrosion-resistance [19]-[25]. However, challenges with Mg
electrodeposition have hitherto limited its application to
MEMS [17]-[26]. While Mg electrodeposition takes place in a
non-aqueous solution, the metal is reactive with protic solvents
and water. Hence, pre-plating processing materials (e.g., the
electroplating mold) must survive extended immersion in
non-aqueous solutions and post-plating processes should avoid
prolonged exposure to aqueous solutions. In addition, materi-
als utilized in the fabrication process must either be biocom-
patible and biodegradable, or easily removable to eliminate
the presence of permanent materials in a biodegradable device
without exposure to harsh processing conditions that might
initiate or significantly accelerate device degradation.

We have previously demonstrated the non-aqueous
electrodeposition of aluminum microstructures from
lithographically-defined photosensitive polyimide molds [27].
The removal of thick polyimide films required -either
extensive dry etching in oxygen-based plasmas or wet
etching in commercial strippers. Based upon our work on Mg
patterning [17] and non-aqueous electrodeposition of Al [27],
the present study explores the development of through-mold
Mg electroplating with water-soluble molds and on a flexible
polyimide substrate to enable the development of completely
biodegradable Mg microstructures.

II. MATERIALS AND FABRICATION
A. MEMS-Based Through-Mold Electrodeposition of Mg

To achieve Mg microstructures, Mg was electrodeposited
through a lithographically-defined SU-8 mold. Although SU-8
is not biodegradable, its chemical insolubility in solvents
and amenability to lithographic patterning supported the use
of SU-8 as the electroplating mold material for preliminary
Mg electrodeposition and optimization studies. As shown
in Fig. la, Ti/Cu/Ti (50 nm/ 500 nm/ 50 nm) was sputter
deposited onto a glass substrate and chemically etched through
a patterned photoresist mask to obtain a mesh seed layer.
Next, photosensitive SU-8 epoxy (SU-8 2025, MicroChem)
was used to lithographically define the electroplating mold due
to its chemical insolubility in the solvent-based electroplating
solution. Briefly, SU-8 was spin-coated to a thickness of
75 pm and soft baked to remove residual solvent. The sample
was then physically inverted for backside exposure, where the
metallic pattern of the mesh seed layer served as the bright-
field mask. Samples were then cross-linked during a post-
exposure bake and developed in PGMEA (Thinner Type P).
In this manner, the electroplating mold occupied the negative
space of the mesh seed layer. Alternatively, for deposition of



TSANG et al.: DEVELOPMENT OF ELECTROPLATED MAGNESIUM MICROSTRUCTURES

= —— L L L
Ti/Cu/Tiseed layer sputtered
and patterned on glass substrate Ti/Cu/Tiseed layer sputteredon  NR-21 removed with acetone and
Kaptonand mounted on glass top Tilayer dry etched with SF
0, and moisture free
Micropatterned SU8 mold I_-l_-l_-

with top Tilayer removed

Surface cleaningand
Mg electroplating through SU-8

—A8EA

Electroplated Mg
microstructures

Micropatterned NR-21 withspin-
casted PVA

Edges of PVA etched with O,
plasma treatment

Surface cleaningand Mg
clectroplating through PVA mold

Removal of PVA mold, embossing
of Mg microstructures in PLLA, and
release from Kapton

Key
B Magnesium O Glasssubstrate B NR-21
@ PVA O Kapton film

Osus
O Seced Layer (TVCwTi) B PLLA

(@) ®)

Fig. 1.  Fabrication scheme of Mg electroplating through (a) SU-8 and
(b) water-soluble PVA molds. Microstructures electroplated through PVA are
released from a polyimide (Kapton) substrate and transferred to a biodegrad-
able polymer.

Mg onto a silicon substrate, the SU-8 mold may be aligned to
the underlying mesh seed layer through conventional top-side
exposure using a lithographic mask. The uppermost Ti of the
seed layer was chemically removed in dilute hydrofluoric acid.

The sample was then loaded into an oxygen- and moisture-
free glovebox under nitrogen atmosphere and cleaned with
salicylic acid solubilized in tetrahydrofuran (THF). The elec-
trodeposition process was conducted in a glovebox because the
electrolyte solution is anhydrous and contains strong reducing
agents. The measured temperature and relative humidity were
approximately 27 °C and <5%, respectively. Commercial Mg
foil (250- um-thick) served as the anode and was mechanically
polished with sand paper (2000 grit) and rinsed in THF prior to
use. The electrolyte solution comprised 3 M methylmagnesium
chloride (CH3MgCl) in THF. Magnesium was electrodeposited
under direct and pulse current at peak current densities of
5, 10, 15, and 20 mA/cm? and 20%, 50% and 100% duty
cycles to determine optimal plating conditions After elec-
trodeposition, samples were removed, rinsed in THF, and
allowed to dry overnight prior to unloading from the glovebox.
In subsequent experiments, aluminum chloride (AICl3) was
added to the electrolyte solution, resulting in a 6:1 molar ratio
of CH3MgCl:AICI3 in THF.

B. Fabrication Process Compatible With
Biodegradable MEMS

In this section, polyvinyl alcohol (PVA, MW = 2000 Da)
and commercial polyimide film (Kapton, 3-mil-thick) were
used as the electroplating mold and substrate, respectively.
These materials were selected to enable the use of electrode-
posited Mg for biodegradable bioMEMS applications. Specifi-
cally, the fabrication process was designed to eliminate the use
of non-biodegradable and/or not easily removable materials.
For example, the removal of SU-8 by reactive ion etching with
O, gas can be rather time consuming at thicknesses greater
than 10 um. In contrast, PVA is a water-soluble polymer
with poor solubility in non-aqueous solvents, suggesting that it
can serve as a mold for non-aqueous electroplating processes
and subsequently be removed by solubilizing in water [26].
Moreover, PVA is a FDA-approved, biocompatible polymer
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that is found in various consumer food products [28]. Kapton
film was selected as the substrate to facilitate post-plating
substrate removal and packaging with biodegradable material
sets [29].

The fabrication process begins with sputter deposition of
Ti/Cu/Ti (50 nm/ 500 nm/ 50 nm) onto a 3-mil-thick polyimide
film mounted onto a carrier wafer using a thin layer of negative
photoresist (Futurrex, NR9-1500PY) (Fig. 1b). This ensured
that the bottom surface of the polyimide film was fixed to
a rigid carrier during subsequent sonication. The polyimide
films were cleaned and briefly treated with oxygen plasma
prior to metal deposition. Next, PVA was micropatterned
onto the polyimide via a lift-off process using negative-tone
photoresist (Futurrex, NR21-20000). The negative image of the
desired electroplating mold was lithographically patterned with
100-um-thick NR-21 and briefly treated with oxygen plasma.
PVA solutions were prepared with commercially purchased
PVA under constant stirring at 90 °C, which exceeds the glass
transition temperature of PVA without exceeding the boiling
point of water, until a homogenous solution was achieved.
To improve surface wettability, samples were briefly treated
with oxygen plasma and a dilute PVA solution (10 wt.%) was
spin coated onto the samples. Next, two layers of PVA, at a
concentration of 33 wt.%, were spin-coated onto the samples
at 1000 rpm for 45 seconds. Samples were dried in an oven
at 100 °C for 10 min to remove residual water and cooled to
room temperature. To facilitate removal of the NR-21 pattern,
samples were treated with reactive ion etching in oxygen gas
for five minutes to etch away PVA coating the edges of the
NR-21 features. This was performed at 200 mTorr and 200 W
with a 5:1 ratio of O, and CHF3 gas. Samples were then son-
icated in acetone to remove the negative photoresist, resulting
in a micropatterned water-soluble mold. The topmost titanium
of the seed layer was dry etched by reactive ion etching in SFg
gas to prevent exposure of the sample to aqueous etchants.
Samples were loaded into the glovebox and electroplated in a
1:6 molar ratio of aluminum chloride and methylmagnesium
chloride in a two-electrode-cell configuration. The pulse plat-
ing conditions were an average current density of 10 mA/cm?
and a duty cycle of 20% (ton = 1 ms, toff = 4 ms), which
corresponded to a deposition rate of approximately 7 pm/h.
After electroplating, samples were rinsed with THF, dried,
and removed from the glove box. Magnesium samples were
stored within the glovebox unless immediate use was desired
to eliminate long-term exposure to ambient conditions.

The PVA mold was removed either by solubilizing in
deionized (DI) water or by reactive ion etching with oxygen
gas, if dry processing was desired. Magnesium samples were
rinsed in isopropranol and thoroughly dried after aqueous
removal of the PVA to eliminate residual moisture. In addition,
samples were cleaned with 10 wt.% citric acid to remove
surface oxidation when necessary. The dry etching of PVA was
performed using the reactive ion etching parameters described
earlier. Complete removal of the PVA mold was achieved with
25-30 minutes of etching. The Mg microstructures were lam-
inated into prepared 200- um-thick poly-L-lactic acid (PLLA)
sheets with a nanoimprinter (Obducat NIL) in two steps; Mg
was embossed into the PLLA at 10 bar and 140 °C for
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four minutes and maintained at 10 bar and 70 °C for one
minute before cooling down to the demolding temperature
(Tgemola = 30 °C). The polyimide film was peeled from the
Mg/PLLA, with the Cu and Ti seed layers selectively adher-
ing to the polyimide. The resulting construct is an example
demonstrating the amenability of the PVA and Kapton-based
process flow with fabricating biodegradable MEMS.

C. Comparison to Commercially-Purchased Mg Foil

Surface morphology of the electroplated Mg microstruc-
tures and PVA molds was characterized by scanning electron
microscopy (SEM; Hitachi S-3700 VP-SEM and LEO 1530
FE-SEM). Energy-dispersive x-ray spectroscopy (EDX) was
performed to analyze the elemental composition of the Mg
deposited from the various electrolyte solutions and plating
parameters. Results were compared to elemental composi-
tion of commercial pure Mg (CP-Mg). In addition, x-ray
diffraction (XRD; Pananalytical XRD) with Cu Ka radiation
was used to determine the material composition and crystal
orientation of the plated structures. Electrical resistivity of
the electroplated Mg was compared to CP-Mg with four-point
probe testing (Signatone Four-point Probe). The degradation
characteristics of the electroplated and commercial Mg were
compared with potentiodynamic testing. Tests were performed
with a potentiostat (Wavedriver 10, Pine Instruments) in
physiological saline, wherein samples were immersed in the
solution for five minutes before testing to come to equilibrium.
A three-electrode-cell configuration was implemented with
Mg, platinum and silver/silver chloride (Ag/AgCl) as the
working, counter and reference electrodes, respectively. Open
circuit potentials (OCP) were recorded and linear sweep
voltammetry was performed for a 1 V range centered at the
measured OCP at a scan rate of 5 mV/s.

D. Application Towards a Biodegradable Mg/Fe Battery

The fabrication and testing of a biodegradable battery,
comprising electroplated Mg as the anode and iron (Fe) as
the cathode, are presented to demonstrate the application of
electroplated Mg to bioMEMS. The electrolyte solution was
selected to be 0.1 M magnesium chloride (MgCl,), as the con-
stituent Mg?*+ and C1~ ions are found in physiological fluids.
The governing chemistry of the biodegradable battery is the
galvanic protection of Fe through the anodic oxidation of Mg.
The Mg anodes (35-um-thick) were electroplated through
micropatterned PVA molds and released from polyimide sub-
strates as described in the previous section. As the Fe is not
consumed during discharge of the battery, Fe cathodes were
patterned by e-beam through a shadow mask to a thickness of
300 nm onto glass substrates. Batteries were tested with free-
standing Mg anodes and thin-film Fe cathodes immersed into
an acrylic electrolyte cell, machined with a CO; laser. The
use of another material to serve as the current collector for
Mg electrodes was avoided because the metal would form a
galvanic couple with the Mg upon exposure of the current
collector to the electrolyte. Therefore, self-supporting Mg
structures were utilized as anodes. Future studies on Mg/Fe
biodegradable batteries will address biodegradable packaging
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(a) (b)

Fig. 2. Electroplated Mg through lithographically defined SU-8 molds: SEM
images of surface morphology of (a) an electroplated Mg coil and (b) Mg
electroplating adjacent to the SU-8 corner. Samples were plated under pulse
current conditions with an average current density of 15 mA/em? at 20% duty
cycle to a thickness of 15 um.

TABLE I
COMPARISON OF THE ELEMENTAL COMPOSITION OF ELECTROPLATED
Mg AND COMMERCIAL Mg (CP-Mg), AS DETERMINED
BY EDX ANALYSIS

Elemental Composition by EDX

Electroplated Mg CP-Mg
Element - AlCl; +AICl;
Mg 89% 85% 90%
o 11% 15% 10%
Al 0% <1% 0%

and shelf life. Batteries were discharged galvanostatically at
discharge currents ranging from 5 to 220 x4 A with the use of a
potentiostat (Model 263, EG&G Princeton Applied Research).
The cut-off potential was determined as 200 mV.

III. RESULTS AND DISCUSSION
A. Electroplated Mg Microstructures

Magnesium microstructures electrodeposited  through
lithographically-defined SU-8 molds are shown in Fig. 2.
Electroplated Mg coils were plated under pulse current
conditions (ipeax = 15 mA/cm?; tiep = 2 h; ton = 0.2 ms,
tof = 0.8 ms; 20% duty cycle) in 3 M CH3zMgCl and
corresponded to a deposition rate of approximately 7 pm/h.
It was observed that the pulse plating condition provided
better electrodeposition into the micropatterned SU-8
trenches (i.e., < 300 um in width), whereas direct current
was sufficient for electrodeposition into larger areas. The
electroplated Mg microstructures exhibited a thickness of
15+ 5 pm and a grain size of 10 gm. The measured surface
roughness of electroplated Mg was approximately 6 um,
in comparison to the submicron roughness of commercial,
cold-rolled Mg foil. The electroplated material demonstrated
coherent and dense packing in spite of the surface grain size.
EDX analysis determined that the elemental composition at
the surface of the electroplated material was 89%Mg and
11%0, which compares favorably to commercial Mg foil
(Table I). Electrical resistivity of the electroplated Mg was
characterized by conventional four-point DC resistance
measurement technique and determined to be 8.7 uQ-cm.
For comparison, commercial Mg foil was 5.3 x€Q-cm and
the reported resistivity of bulk Mg is 4.4 Q. cm.

The addition of AICI3 to the electroplating solution was
explored to enhance the quality of the electroplated Mg,
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Fig. 3. Comparison of Mg electroplated (a) without and (b-c) with the
addition of AICI3 to the electrolyte solution by VP-SEM, and (d) cross-
sectional image of Mg electroplated with the AICl3 additive. Samples were
plated under current-controlled conditions at 15 mA/ecm? and 20% duty
cycle in 250-um-wide SU-8 trenches to a thickness of (a, b, d) 50 xm and
(c) 10 pm.

increase electroplating bath conductivity and hinder electrolyte
decomposition (Fig. 3). Studies have suggested that AICI3
enhances conductivity, voltage stability, and current efficiency
of the electroplating bath by increasing ionization of Grignard
reagent in ether (e.g., CH3MgCl in THF). Further, AICI3 at
concentrations below 10:1 molar ratio (AlCl3:CH3MgCl) has
been shown to reduce grain size. Co-deposition of Al was not
reported at molar ratios below 3:1 [19]-[28]. Fig. 3 shows
the direct comparison of Mg microstructures electroplated in
a Grignard reagent solution with and without the addition
of AICI3. The samples were plated to a thickness of 50 um
under identical pulse plating conditions in both electrolyte
solutions. For electroplated Mg thicker than 10 xm, the aver-
age grain size did not appreciably change along the center of
the electroplated region with the addition of AlCl3. However,
Mg electroplated in pure CH3MgCl solution showed preferen-
tial plating at the edges of the conductive region, adjacent to
the SU-8 mold (Fig. 3a). Surface morphology of Mg plating
at the SU-8 border showed larger grains that deformed the
SU-8 mold. In contrast, Mg microstructures electroplated in
the presence of AICl3 demonstrated more uniform plating
from the center to the edge without any deformation of
the adjacent SU-8. Cross-sectional imaging of 50-xm-thick
electroplated Mg confirmed the dense crystal packing of Mg
microstructures electroplated with AlCl3.

Surface elemental composition of the electroplated material
was 85% Mg, 15% O, and insignificant Al, confirming that
the addition of AIClsz did not result in Al co-deposition
(Table I). Further, the percentage of Al detected is less
than commercial Mg-Al alloys that have been considered
for biodegradable, implantable applications. For example,
AZ-31 and AZ-91 alloys have been explored for use as
biodegradable bone screws and bone plates, and feature 3%
and 9% Al, respectively [30]-[32]. The biocompatibility of the
AZ-31 has been well demonstrated in vitro and in vivo [11],
suggesting that Al composition equal to or less than that of
the alloy may be physiologically tolerated. These findings
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Fig. 4. Comparison of crystal orientation of electroplated Mg and commercial
Mg (CP-Mg) based on XRD analysis. Data of plated Mg corresponds to Mg
electrodeposited from solution containing AICI3 as an additive.

suggested that the Al found in the electroplated Mg does
not detract from its biocompatibility, though it remains to be
validated experimentally. X-ray diffraction was performed on
Mg electroplated with the addition of AlCl3 to compare the
crystal orientation of the plated material to commercial Mg foil
(Fig. 4). The top surface of the 50-um-thick electroplated Mg
showed a singular peak corresponding to the [002] orientation
of the hexagonal close packed crystal structure of Mg. The
bottom surface showed two strong peaks that corresponded
to the [002] and [101] crystal orientation with a (002)/(101)
peak intensity ratio of 2.2. This suggested that Mg grown by
confined electrodeposition through a mold, under the studied
electroplating conditions, shows preferential orientation along
the [002] crystal axis. Commercial Mg foil was also analyzed
by XRD and exhibited a singular peak between 30° to 40° in
the 26 region that aligned with the [002] peak observed with
electroplated Mg samples.

Surface morphology, cross-sectional structure, elemental
composition, and crystal orientation results supported that
Mg electroplated from a mixture of CH3MgCl and AICI3
is comparable to commercial Mg foil. In addition, it was
experimentally confirmed that addition of AICl3 to the plating
solution increased the conductivity of the bath and extended its
lifetime by hindering electrolyte decomposition. The reduced
concentration of CH3MgCl in the electroplating mixture
also rendered the plating solution more transparent, enabling
visibility of the sample during the plating process. For
these reasons, a 6:1 molar ratio of CH3MgCl to AlICI3 was
exclusively used henceforth as the electrolyte solution for the
presented Mg electroplating studies.

B. Fabrication and Integration for Biodegradable MEMS

Unlike traditional photoresists for electroplating, which
are susceptible to swelling and dissolution in solvent, we
selected a water-soluble material, PVA, for the micropat-
terning of solvent-resistant molds for Mg electroplating.
Using embossing technologies, electroplated Mg microstruc-
tures were transfer molded into a biodegradable polymer.
Magnesium microstructures electrodeposited through PVA
molds, and released and embedded into PLLA are shown
in Fig. 5. The presented PVA molds are 75 um in height
and 100 gm in width. Dimensions of the micropatterned
PVA are determined by the corresponding NR-21 molds.
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Fig. 5. SEM images of (a) microfabricated water-soluble molds using PVA,
(b) electroplated Mg through PVA molds, (c) electroplated Mg after mold
removal, and (d) bottom of electroplated Mg after embossing into PLLA
and removal from substrate. Image obtained using VP-mode at 30 Pa and
backscatter electron detector.

Magnesium structures with thicknesses in the 10 to 100 ym
range have been electroplated through micropatterned PVA
molds. Thickness of the Mg microstructures was determined
by PVA mold height, which was, in turn, limited by thickness
of the corresponding NR-21 template. However, this issue may
be resolved by replacing NR-21 with thicker negative tone
resist (e.g., AZ 125 nXT), which can achieve thicknesses in
the hundreds-of-microns range. Magnesium electrodeposited
through the PVA molds exhibited uniform thickness across
the microstructure, with no dendritic plating observed at the
PVA borders (Fig. 5b). The presented Mg microstructures
were electroplated through a water-soluble PVA mold and onto
a flexible polyimide substrate, in comparison to chemically-
resistant SU-8 mold and rigid glass or silicon substrate,
to promote the use of Mg electroplating for biodegrad-
able MEMS applications. SU-8, glass, and bulk silicon are
not biodegradable materials and their post-plating removal
requires either extensive dry etching with oxygen plasma or
exposure to corrosive, wet chemicals [34]-[36]. While these
processing techniques are common to the microfabrication of
traditional MEMS, they are less suitable for the processing
of biodegradable MEMS, which are susceptible to corrosion
and highly sensitive to chemical and physical conditions.
Moreover, prolonged exposure to the solvent electroplating
solution (i.e., greater than 4 hours) causes micropatterned
SU-8 molds to swell, crack, and delaminate. This often causes
adjacent electroplated Mg to either crack or delaminate and
places an upper limit on the electrodeposition time per sample.
Polyvinyl alcohol overcomes the limitations observed with
SU-8, as it is soluble in water and poorly soluble in solvents.
It was experimentally verified that micropatterned PVA molds
can withstand immersion in the electroplating solution for over
24 hours. Consequently, the PVA molds demonstrated greater
chemical resistance to the electroplating solution than SU-8
and ease of removal after Mg electrodeposition by solubilizing
in water. This can be shown by the integrity of the PVA
mold and removal of the PVA post-plating in Fig. 5b and 5c,
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respectively. Further, Mg electroplated through PVA molds did
not exhibit any cracking.

An alternative approach to water-based PVA removal is by
dry etching with oxygen plasma. The spin-casting conditions
for the PVA were determined such that the PVA does not
entirely fill the trenches created by the micropatterned NR-21.
Instead, the PVA coated the bottom substrate and sidewalls of
the NR to render a U-shaped horseshoe cross section (Fig. 1b).
Hence, a larger surface area of the PVA mold is exposed
and the etch depth for complete removal of the PVA is less
than that of corresponding SU-8 molds, which feature filled
rectangular cross sections. Due to differences in geometry and
chemical composition, complete removal of the PVA mold
by reactive ion etching can be achieved in 20 minutes with
a 5:1 ratio of O, and CHF3; gases, whereas dry etching of
corresponding SU-8 molds requires over 1 hour of processing.

The electrodeposition of Mg onto a flexible polyimide
substrate facilitated metal-transfer-molding of the Mg
microstructures to a biodegradable substrate. After removal
of the PVA mold, the Mg microstructures were embossed
into PLLA (Fig. 5d). Constant pressure and temperature were
applied to the embossed Mg/PLLA construct and after the
embossing process, the Mg/PLLA was removed from the non-
degradable polyimide by peeling off the flexible substrate.
As the Cu and Ti seed layers selectively adhere to the
polyimide film due to surface energy principles, no subse-
quent processing was required to remove these non-degradable
metals from the Mg/PLLA construct. EDX analysis indicated
that the PLLA embossing process increased oxidation on the
electroplated Mg surface by 15%, but did not affect elemental
composition of the bulk Mg film. Poly-L-lactic acid (PLLA)
was selected as the encapsulation material for proof-of-concept
because it is an FDA-approved, commercially-available,
and well-studied biodegradable polymer. Microfabrication
with PLLA has also garnered interest from the bioMEMS
community in recent years [14], [18], [28]. It should be
noted that alternative biodegradable polymers may be used
for the embossing and encapsulation of Mg. Moreover, the
electrodeposition of Mg microstructures through PVA molds
and onto polyimide is a modular fabrication process that can
be integrated with the prior or subsequent micropatterning of
additional biodegradable elements (e.g., Zn, Fe). The PVA
molds and flexible substrate provide a versatile approach
for the fabrication and integration of electroplated Mg for
biodegradable MEMS applications.

C. Degradation Behavior of Electroplated Mg

The degradation characteristics of the electroplated Mg
were evaluated electrochemically by potentiodynamic testing.
Tests were conducted in phosphate-buffered saline (1x PBS)
to emulate the physiological environment and to maintain
the solution at the physiological pH (7.4). Fig. 6 shows the
polarization curves of electroplated Mg compared against com-
mercial Mg foil. Electroplated Mg demonstrated a corrosion
potential of —1.55 V vs. SHE, whereas commercial Mg foil
showed a corrosion potential of —1.31 V. The difference
in corrosion potential suggested that the electroplated Mg
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Fig. 6. Corrosion evaluation of electroplated and commercial Mg based on
potentiodynamic testing of samples in phosphate-buffered saline (1x PBS).

is less corrosion resistant than commercial foil. This may
be attributed to the larger grain size of electroplated Mg,
as studies have found that increased surface roughness con-
tributes to increased pitting corrosion in Mg and its alloys.
It was speculated that the native passivation layer that forms
on the Mg surface, which comprises magnesium hydroxide
(Mg(OH),) in aqueous environments, is more continuous
on a smooth surface and provides greater protection against
corrosion [3]. Interestingly, electroplated Mg showed a lower
corrosion rate than commercial Mg foil. Polarization curves
indicated a corrosion current of 24 uA/cm? and 67 pA/cm?
for electroplated Mg and commercial Mg foil, respectively.
The fluctuations observed in the anodic curves were attributed
to the pitting nature of Mg corrosion, which manifests in
the repeated breakdown and formation of the passivation
layer. These findings suggested that the corrosion properties
of electroplated Mg slightly differ from that of commercial
Mg foil. The corrosion resistance of the electroplated Mg
may be enhanced by reducing surface roughness, such as by
chemical-mechanical polishing or electrochemical polishing,
or by surface passivation techniques [2]-[36].

D. Application Towards a Biodegradable Battery

Biodegradable batteries featuring electroplated Mg were
fabricated and tested to demonstrate the biomedical appli-
cations achievable with Mg. The batteries comprised elec-
troplated Mg and evaporated Fe as the anode and cathode,
respectively (Fig. 7). The design of an implantable battery may
either consider the physiological solution as the electrolyte
or feature an appropriately encapsulated biodegradable elec-
trolyte cell. In the present study, batteries were immersed and
discharged in 0.1 M MgCl, solution to provide preliminary
results in support of the latter approach and, more generally, to
showcase the use of Mg towards biodegradable energy storage
applications. The freestanding Mg anode comprised a circular
geometry with a diameter of 5 mm and a thickness of 35 uym.
In the present configuration, the Fe cathode was fabricated
separately by e-beam evaporation onto a glass substrate.
The governing chemistry of the battery, shown in Fig. 7a,
is the anodic oxidation of Mg and reduction of hydrogen
on the Fe surface. Although the biodegradable nature of Mg
and Fe is a key attribute that supports their use in transient
medical applications, this feature also results in the parasitic
corrosion of Mg and Fe in the chloride-containing electrolyte
solution [26], [37]. Consequently, the battery design must also
consider the parasitic corrosion of Mg at the anode. The Fe
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Fig. 7. A MEMS-enabled biodegradable battery comprising electroplated Mg
as the anode and evaporated Fe as the cathode in a 0.1 M MgCl; electrolyte
solution. (a) Schematic representation of battery. Electrolyte diffuses across
the native magnesium hydroxide (Mg(OH)y) film to reach the Mg surface,
where anodic oxidation and parasitic corrosion occur. The formation of
Mg(OH), from these reactions is countered by mechanical disruption of
this passive film from the discharge current. Hydrogen reduction takes place
on the Fe cathode surface; (b) Discharge profile of a Mg/Fe battery under
galvanostatic discharge at 55 uA; (c) Plot of specific capacity and power vs.
discharge rate for free-standing Mg/Fe batteries. Tests were performed in a
two-electrode cell configuration under galvanostatic discharge.

cathode is galvanically protected by Mg and its corrosion
does not occur until the Mg anode is consumed (i.e., after
the battery lifetime). Fig. 7b presents the discharge profile
of a biodegradable Mg/Fe battery discharged galvanostatically
at 55 uA. The biodegradable battery maintained a stable dis-
charge profile with an average discharge potential of 650 mV
for 22 hours. At 55 pA discharge, the battery exhibited a
capacity, power, and energy of 1.2 mAh, 36 uW, and 2.9 J,
respectively.

Interestingly, the specific capacity and power of the electro-
plated Mg/Fe batteries showed a parabolic trend with respect
to discharge rate, as shown in Fig. 7d. While it is not
uncommon to observe reduced capacity and power in batteries
at higher discharge rates primarily due to transport-related
issues of ions, it is speculated that the poor performance
observed at low discharge rates is attributed to the corrosion
mechanism of Mg. As discussed in the previous section, Mg
features a native passivation layer of magnesium hydroxide
at the surface. The pitting corrosion of Mg begins when
the native hydroxide layer is locally disrupted to expose the
underlying Mg. As the corrosion of Mg forms Mg(OH), as
a reaction product, the surface passivation layer is continu-
ally broken down and reformed in pitting zones during the
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corrosion process [3], [37]-[39]. When a current is drawn from
the Mg/Fe batteries, the native passivation layer is mechan-
ically disrupted to initiate the battery, as well as parasitic
corrosion of the anode. At sufficiently low discharge currents,
the rate of film breakdown does not overcome the rate of
Mg(OH); reformation at the anode surface, which prematurely
terminates the battery. This was experimentally confirmed by
elevating the discharge current from terminated batteries that
were discharged at low currents (i.e., 5 #A) to mechanically
break through the reformed Mg(OH); film and access unused
Mg at the anode for a second interval of discharge (data not
shown). It was also observed that the shape and peak of the
parabolic trend shifted based upon geometry and design of the
battery, suggesting that the presented data does not represent
the upper limit in Mg/Fe battery performance.

As biodegradable electronics have not yet reached the
commercial market, the power requirements of commercial
permanent medical implants were considered as a reference
in the design of the biodegradable batteries; literature reports
power requirement for permanent implants ranging from
10 to 1000 W depending on the device and application [41].
The present configuration of biodegradable Mg/Fe batter-
ies delivered powers that fell within the range required for
commercial medical devices. Design optimization with more
application-specific energy requirements will support further
developments of biodegradable Mg/Fe batteries.

IV. CONCLUSION

The present study successfully adapted the non-aqueous
electrodeposition of Mg towards the development of
biodegradable microstructures for MEMS devices. The fabri-
cation process and materials were developed to overcome the
chemical reactivity, susceptibility to corrosion, and aggressive
electrodeposition conditions of Mg. Magnesium electroplated
from AlCl3-enhanced magnesium-based electrolyte solution
showed negligible aluminum (i.e., <1%) and comparable ele-
mental composition to that of commercial Mg foil. Further,
through-mold electroplated Mg exhibited similar crystal ori-
entation, electrical resistivity, and corrosion potential to that
of commercial Mg, and supported direct MEMS integra-
tion and development of completely biodegradable constructs.
Biodegradable batteries were fabricated using through-mold
electroplated Mg and exhibited viable capacities and powers
to support transient implantable devices. The results of this
study, from material analyses, fabrication compatibility, and
application to bioMEMS, underscore the utility and advantages
of through-mold electroplated Mg for the development of
biodegradable MEMS.
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