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Biodegradable Frequency-Selective Magnesium 
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Bioresorbable implantable medical devices show a great potential for 
applications requiring medical care over well-defined periods of time. Once 
their function is fulfilled, such implants naturally degrade and resorb in the 
body, which eliminates adverse long-term effects or the need for a secondary 
surgery to extract the implanted device. Since biodegradable materials are 
water-soluble, the fabrication of such transient electronic circuits and devices 
requires special care and needs to rely solely on dry processing steps without 
exposure to aqueous solutions. A further challenge is the in vivo powering of 
medical implants that are only constituted of biodegradable materials. This paper 
describes the design, fabrication, and testing of radio-frequency biodegradable 
magnesium microresonators. To this end, an innovative microfabrication process 
with minimal exposure to aqueous media is developed to fabricate magnesium-
based, water-soluble electronic components. It consists of a novel sequence 
of only three steps: one physical vapor deposition, one photolithography, and 
one ion beam etching step. The frequency-selective wireless heating of different 
resonators is demonstrated. This represents a significant step toward their use 
as power receivers and microheaters in biodegradable implantable medical 
devices, for applications such as triggered drug release.
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and treating central and peripheral 
nervous systems after a surgery or a trau-
matic injury,[4–8] localized drug delivery 
for wound healing or following a surgical 
procedure,[9,10] as well as pressure and 
strain monitoring on tendons during reha-
bilitation after surgical repair.[11] For such 
usage, transient medical devices which 
resorb after some time are beneficial. 
Indeed, once its aim is achieved, a biode-
gradable implant naturally degrades and 
is eliminated by the body, thus avoiding 
adverse long-term effects or the need for a 
second surgery for its removal.[2,6,12–14]

One key challenge is to power 
biodegradable implantable medical devices. 
Biodegradable energy harvesters, super-
capacitors, batteries, and photovoltaic  
cells have been proposed.[15–25] In all these 
examples, additional volume and mass are 
added to the device. In the case of photo-
voltaic cells, power is efficiently generated 
only closely underneath the skin surface. 
An alternative is to wirelessly power these 

implants using a radio-frequency (RF) magnetic field to carry 
the energy to the implant location in the body. A resonant RLC 
circuit is commonly used as energy receiver on the implanted 
device.[4,6,10,12,26,27] In comparison to batteries and solar cells, such 
an approach reduces the amount of material implanted in the 
body, and integrates into one system the power supply and the 
wireless control of the implant. Using resonant circuits also adds 
another relevant dimension to the control, as the system becomes 
frequency selective. When implementing multiple resonators 
with distinct resonance frequencies in one or several implants, 
each RLC circuit can be selectively addressed by matching the 
frequency of the external excitation magnetic field to that of the 
resonator of interest. Selective drug delivery or differentiating 
drug delivery and optical stimulation in an implantable optoflu-
idic system were demonstrated using such a technique.[28,29]

Among the biodegradable metal candidates for transient 
implants, magnesium (Mg) shows excellent biocompatibility and 
is already used to fabricate bioresorbable coronary stents and 
transient electronic circuits.[4,6,10,12,30–33] Mg naturally dissolves 
in aqueous media by hydrolysis and Mg thin films show a rapid 
degradation rate of 0.05–5 µm h−1 depending on the solution 
composition, pH, temperature, and stirring, as well as on the Mg 
thin film deposition method and on the definition of the degra-
dation rate.[34] Consequently, unprotected Mg microstructures 

Transient Electronics

1. Introduction

Transient electronics shows high potential not only for elec-
tronic waste reduction, but also in the field of medical 
implants.[1–3] Several implantable medical devices, such as car-
diac pacemakers and cochlear implants, need to persist in time 
and should not degrade once implanted in the body. However, 
there also exist medical conditions which require implantable 
devices to work only over well-defined periods of time. These 
include various applications such as monitoring, stimulating, 
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have a lifetime of a few minutes when immersed in an aqueous 
solution.[12,35] Various Mg microfabrication methods have 
been reported in literature, including wet etching of thick 
Mg foils,[36] and evaporation of thin Mg structures through 
stencils.[6,12,37] Stencil lithography is used to pattern thin films 
of fragile materials because it completely avoids aqueous pro-
cess steps. Although stencil lithography, a high resolution 
shadow mask technique, is convenient to produce simple 
microstructures, it becomes less applicable when complex 
shapes such as coils are involved. Stencil lithography also suf-
fers from physical limitations such as blurring and clogging,[38] 
and is limited in resolution and materials options.[39] The  
lift-off technique, which consists of the deposition of a material 
by evaporation directly into a pattern of photoresist, is another 
way to avoid wet etching and its associated rinsing steps.  
However, it suffers from limitations in the maximal thickness 
of the deposited film. In our case, the required resolution and 
film thickness are not compatible with such a technique.

The main original contributions of the work reported here 
are the design and fabrication of Mg wireless microheaters with 
a robust process based on ion beam etching (IBE) that reduces 
the devices exposure to aqueous media without the need to  
fabricate and use fragile stencils, in view of a versatile approach 
for implantable transient electronics. The fabrication consists of 
four main steps which are: a) deposition of a Mg thin film by 
thermal evaporation, b) pattern definition by photolithography, 
c) pattern transfer into the Mg film by ion beam etching, and d) 
resist stripping with oxygen plasma and acetone. The wireless 
microheaters’ shapes are designed in order to be able to pro-
duce the devices by a single iteration of the aforementioned pro-
cess. Slightly varying the geometry of the devices in the design 
process enables the tuning of their resonance frequency and to 
make them selectively addressable, as discussed hereafter.

2. Results and Discussions

2.1. Design and Fabrication of Biodegradable 
Magnesium Microresonators

Figure 1a illustrates the use of frequency-selective, biodegrad-
able microresonators as power receivers and microheaters for 
transient electronics. Several Mg resonators are fabricated on a 
substrate. Each resonator has a different resonance frequency 
(f0) tuned by its geometrical parameters, which makes them 
selectively addressable. Using an external RF magnetic field, 
energy is coupled only into the frequency matched resonator 
where an electrical current is induced by electromagnetic induc-
tion, resulting in the Joule heating of that particular device only. 
The geometry of the microheaters, shown in Figure 1b, is com-
monly referred to as spiral resonator (SR). Such a design enables 
the maximization of the capacitance and thus the minimization of 
the resonance frequency for a given diameter,[40] or, alternatively, 
the reduction of the size compared to similar devices working in 
the same frequency range reported in the literature.[12,29] Figure 1b 
also shows that by adding a meander to the design, the current 
density locally increases by one to two orders of magnitude, which 
creates a local hot spot at a specific location. The increase of the 
current density in the meander at resonance is computed by finite 

element method (FEM) and shown in Figure 1b. Details about the 
model parameters are reported in Section 4.

Another advantage of the SRs is that they are made only by 
a single layer, which allows their fabrication by only four steps: 
one physical vapor deposition, one photolithography, one dry 
etching, and one resist stripping step. Figure 1c shows the 
details of the process flow used to produce the Mg resonators. 
First, a 2 µm thick Mg film is deposited by thermal evapora-
tion on a 550 µm thick float glass substrate. Second, a 2 µm 
thick layer of photoresist is spin coated over the Mg film and 
micropatterned by direct laser writing. After developing the 
resist, a reflow is performed on a hotplate (2 min, 120 °C) to 
smoothen the resist profile and avoid redeposition of Mg on the 
resist sidewalls during the subsequent ion beam etching step. 
The Mg thin film is etched through ion beam etching at a rate 
of 100 nm min−1. Finally, the photoresist is removed in acetone 
after a 1 min oxygen plasma step and the wafer is rinsed in 
isopropyl alcohol (IPA). The final deionized (DI) water rinsing 
step usually performed with robust materials is waived in this 
case. Our new process enables producing Mg microresonators 
without exposing the Mg layer to water-based solutions over 
the entire fabrication process. The transfer of Mg microstruc-
tures from a non-biodegradable to a biodegradable substrate 
has been already demonstrated using a fabrication process 
based on transfer printing.[39,41,42] Additionally, materials such 
as poly(lactic-co-glycolic acid) (PLGA),[4,5,25,43–45] polycaprolac-
tone,[46] or poly(1,8-octanediol-co-citrate)[47] have been already 
used as biodegradable substrates for transient electronics appli-
cations. For the electrical characterization in air, the devices can 
be directly used without any further processing step. In order to 
mimic the permittivity of the in vivo environment, the Mg SRs 
are also characterized in water. For this purpose, a 5 µm thick 
Parylene passivation layer is deposited on top of the Mg struc-
tures to prevent their degradation and to enable us to study the 
device in water without any time constraint. Parylene is not 
biodegradable but passivating the device with a biodegradable 
layer instead of Parylene would not imply major changes in the 
fabrication process, as discussed in more details in Section 2.3.

Figure 1d shows a typical fabricated Mg SR with the geo-
metrical parameters designed to tune its resonance frequency. 
The thickness of all the resonators is constant and set to 2 µm 
in order to keep their electrical resistance to a few ohms only, 
while still being able to deposit the Mg thin film by thermal 
evaporation. An alternative geometry without a meander hot 
spot is shown in Figure S1 in the Supporting Information. 
Figure 1e shows Mg test structures demonstrating 4 µm res-
olution and 0.5 aspect ratio. The resolution is defined as the 
minimum line width that can be etched in the Mg film and the 
aspect ratio as the Mg film thickness divided by the resolution.

2.2. Electrical Characterization and Finite Element 
Method Modeling of the Resonators

The sheet resistance of the Mg thin film deposited by evapo-
ration is measured using a conventional four-point resistivity 
meter (OmniMap RS75, KLA-Tencor, USA). The resistivity 
is then computed by multiplying the sheet resistance by the 
film thickness (2 µm) whereby a value of about 100 nΩ m 
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is obtained. For comparison, the resistivity of bulk Mg is 
44 nΩ m.[36] In order to characterize the resonant properties of 
the Mg microresonators, a wireless excitation setup is required 
because contacting the devices with microprober needles would 
alter both their resonance frequency and quality factor (Q). The 
characterization setup is shown in Figure 2a. A signal generator 
creates a pulse-modulated RF signal and sweeps the frequency 
over the range in which our SRs have their resonance frequen-
cies (1–4 GHz). The signal is coupled into a coplanar waveguide 
(CPW) on top of which is positioned a Mg microresonator. If 
the signal frequency matches the Mg SR's resonance frequency, 
electromagnetic energy is coupled from the CPW into the reso-
nator. The efficiency of this coupling is depicted in the trans-
mitted power at the output of the CPW, which is recorded using 
a power detector and a lock-in amplifier. Without an SR above 
the CPW, all the energy is transmitted through the CPW and 
the recorded signal can be used as a baseline. Figure 2b shows 
a schematic cross-section view of the Mg microresonator on top 

of the CPW. To maximize the power coupling, the magnetic 
flux through the resonator should be maximized. Thus, the 
center of the SR is aligned over one of the two gaps of the CPW. 
The vertical distance between the device and the CPW is also 
important since it is a tradeoff between the signal intensity 
and the loading of the resonator as shown in Figure S2 in the 
Supporting Information. In our case, a distance of 300 µm is 
chosen. A shorter vertical distance results in a larger signal but 
also in a larger shift from the unloaded resonance frequency 
of the resonator. A custom made 3D printed sample holder is 
used to set precisely the vertical and horizontal position of the 
SR with respect to the CPW.

Figure 2c shows the geometry of the SRs used for the elec-
trical characterization in Figure 2d,e. These resonators are 
without a meander hot spot, as shown in Figure S1 in the Sup-
porting Information. The geometrical parameters designed to 
tune the resonance frequency are the radius (R), the Mg track 
width (W), and the gap between the two turns of the resonators 
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Figure 1. Design and fabrication of biodegradable Mg microresonators. a) Concept of using frequency-selective, biodegradable microresonators as 
power receivers and microheaters for transient electronics. b) Design and FEM simulation of a spiral resonator (SR) with a meander hot spot to increase 
the induced current density by one to two orders of magnitude. c) Fabrication process to produce biodegradable Mg electronics with minimal exposure 
to aqueous media. Mg is first deposited by thermal evaporation and then patterned using photolithography and ion beam etching. The photoresist is 
finally stripped with oxygen plasma and acetone. d) Optical microscope (OM) images of a fabricated Mg microresonator with the specific geometrical 
parameters enabling the tuning of the resonance at the desired frequencies. e) OM images of some fabricated Mg microstructures showing 4 µm 
resolution and 0.5 aspect ratio.
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(G). For all the devices, the Mg layer thickness (T) is 2 µm. In 
order to design SRs having well-defined resonance frequencies, 
an FEM model was developed. The model includes the CPW, 
the Mg resonator, the glass substrate, the polymer passivation 
layer, and the surrounding medium (i.e., air, water, or body fluid 
solutions). Details about the model parameters are reported 
in Section 4. Figure 2d compares the resonance frequencies 
computed by FEM (top) and measured (bottom) for a specific 
resonator geometry (R = 1280 µm, W = 160 µm, G = 10 µm, 

T = 2 µm), in several media and orientations shown in the 
schematic cross-sections at the bottom. As shown in Table 1, 
very good agreement exists between the FEM simulations 
and the measurements in air and in water in terms of f0 and 
Q (Δf0 = 0–10% and ΔQ = 10–50%). Adding any of our meander 
to the resonator has negligible effect on the f0 and Q as shown 
in Figure S3 in the Supporting Information. Both the FEM 
simulations and the measurements reveal how the resonance 
frequency and signal intensity depend on the resonator–CPW 
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Figure 2. Electrical characterization and finite element method simulations of the resonators. a) The characterization setup consists of 1) a signal 
generator, 2) a coplanar waveguide (CPW), 3) a spiral resonator, 4) a power detector, and 5) a lock-in amplifier. b) Schematic cross-section view of 
the characterization setup showing how the magnetic field generated by the current in the CPW interacts with the resonator. Insets show top-view 
photographs of the coplanar waveguide with one resonator on top of it. A 3D printed sample holder is used to position the chip 300 µm over the 
CPW and to align it with the gap of the CPW. c) Geometry of the SRs used for the electrical characterization in (d) and (e) as well as the geometrical 
parameters designed to tune the resonance to specific frequencies. d) Comparison of the resonance between finite element method (top) and measure-
ments (bottom) for a given resonator geometry (R = 1280 µm, W = 160 µm, G = 10 µm, T = 2 µm). Blue curves are for data in air without passivation 
layer, red curves for data with Parylene passivation layer in air, and black curves for data with Parylene passivation layer in water. Full lines are for data  
with the resonator facing down and dashed lines for data with the resonator facing up as illustrated in the schematic cross-sections at the bottom.  
e) Resonance of different resonator geometries in air (full lines) and in water (dashed lines). In both cases, the devices are passivated with a Parylene 
layer (5 µm thick). The change in the transmitted voltage through the CPW as a function of the frequency is recorded. Geometry changes are described 
in the table at the bottom left (1000 < R < 1280 µm, 80 < W < 160 µm, 10 < G < 20 µm) and depicted by different colors in the plots.
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distance, as discussed in detail in Figure S2 in the Supporting 
Information. Indeed, changing the chip orientation, and thus 
the distance between the CPW and the SR, induces a change in 
the resonance frequency as well as in the signal intensity. These 
results show that the FEM model is able not only to predict the 
resonance frequency, but also to take into account the loading 
of the resonator by the excitation system. The Q factor defini-
tion is reported in Section 4, while details about the frequency 
shift and the decrease in Q from air to water are discussed in 
the Supporting Information.

The measured resonance frequencies of different SR geom-
etries in air (full lines) and in water (dashed lines) are shown 
in Figure 2e. In both cases, the Mg structures are covered with 
a 5 µm thick Parylene layer to protect them as described in 
Section 2.1. Geometrical variations of the resonators, resulting 
in distinct resonance frequencies and Q factors, are described 
in the table at the bottom left (1000 < R < 1280 µm, 80 < W < 
160 µm, 10 < G < 20 µm) and depicted by different colors in the 
plots. Detailed numerical values of f0 and Q for each measure-
ment are given in Table S1 in the Supporting Information. In 
air, a small gap variation of 10 µm induces a relatively large fre-
quency shift of 0.28 GHz. In water, for the same gap variation, 
the frequency shift is only 0.01 GHz. Our measurements show 
that obtaining large frequency shifts in water requires larger 
geometrical variations (ΔR = 280 µm, Δf0 = 0.57 GHz), which is 
also confirmed by FEM simulations.

2.3. Degradation Rate of the Magnesium 
Microresonators in Aqueous Media

Previous studies have demonstrated that the Mg degradation 
rate in aqueous media varies from a few tens of nm h−1 to a 
few µm h−1.[34] Figure 3a shows sequential optical images of Mg 
microstructures (2 µm thick, without Parylene passivation) in 
phosphate-buffered saline (PBS, pH 7.4, Merck, Switzerland) 
at 37 °C under gentle stirring. The left image shows the Mg 
microstructures a few seconds after their immersion in PBS. 

The center image shows the same sample after 10 min. 
Hydrogen bubbles that are typical of the Mg dissolution process 
by hydrolysis are clearly visible.[12] As shown in the right image, 
after 50 min in PBS, the Mg structures are fully dissolved and 
there are no more bubbles. The contrast pattern visible on the 
image is due to overetching of the glass substrate during the 
ion beam etching step, which was intentionally produced to 
ensure a complete etching of the Mg layer. Such a short time 
window of a few tens of minutes implies that a passivation 
layer must be used to tailor the degradation time to several days 
or weeks once implanted in the body.[3] Several materials such 
as silk,[48] silicon dioxide and nitride,[5,7,49] polyanhydride,[6] or 
poly(lactic-co-glycolic acid) can be used for this purpose.[4,5] 
The degradation rate of the entire device is defined first by the 
degradation rate of the passivation layer, and subsequently by 
the degradation rate of the actual device layer. Hence, a stable 
operation regime during several days or weeks followed by a 
rapid degradation of the device functionality within a few min-
utes is expected. Figure 3b shows the resonance of a micro-
resonator (R = 1360 µm, W = 120 µm, G = 15 µm, T = 2 µm) 
in air after several successive immersions in PBS without stir-
ring. The same characterization setup and measurement prin-
ciple as in Figure 2a are used. Between each immersion step 
in PBS and the subsequent resonance measurement, the chip 
is dried under a gentle nitrogen flow. Already after a few tens 
of seconds, the Q factor of the resonator begins to decrease. 
After 190 s, the Q factor is reduced by a factor of two, and after 
250 s, no resonance can be measured anymore. For geometries 
having fine meander structures, the degradation time until 
the resonance vanishes is a few tens of seconds only. Such a 
rapid degradation of the resonance represents an important 
challenge for their fabrication. Indeed, it confirms that the 
production of thin Mg resonators is not compatible with the 
rinsing steps associated to wet etching processes, which would 
severely damage the finest structures of our device. The use 
of a manufacturing process which avoids exposing the struc-
tures to an aqueous media is thus required. Figure 3c,d shows 
the underlying mechanisms that lead to the failure of the Mg 
microresonators. In its initial state, before immersion in PBS, 
the Mg film quality is uniform over the entire resonator surface 
(Figure 3c; Figure S4, Supporting Information). However, after 
250 s in PBS, the Mg film is not uniform anymore (Figure 3d). 
Scanning electron microscope (SEM) images of Mg areas 
partially degraded by hydrolysis show that cracks appear and 
propagate across the entire Mg track. As a result, the electrical 
resistance of the resonator increases, which leads to a decrease 
of the Q factor and a degradation of the resonance.

2.4. Selective Wireless Heating of the Resonators

The setup that we designed and used for the electrical char-
acterization of the resonators (Figure 2a) does not amplify 
the signal generated by the signal generator and is thus not 
capable to deliver sufficient power to wirelessly heat and 
break the meander hot spot of the resonators. We therefore 
designed and made a different setup (Figure 4a). With this 
setup, the power coupled into the Mg SR is increased by using 
an RF power amplifier as well as by replacing the CPW by a 

Adv. Funct. Mater. 2019, 1903051

Table 1. Comparison of the resonance frequencies and Q factors of 
Figure 2d, in several media and orientations, measured and computed 
by FEM simulation (in parenthesis). Δf is the full width at half maximum 
of the voltage signal at the output of the CPW.

Medium and orientation f0 [GHz] Δf [GHz] Q

Air, down 3.13 0.21 15

(3.15) (0.17) (19)

Air, up 2.93 0.17 17

(2.93) (0.13) (22)

Parylene, down 2.85 0.16 18

(2.74) (0.17) (16)

Parylene, up 2.80 0.15 19

(2.57) (0.15) (17)

Water, down 1.63 0.16 10

(1.51) (0.25) (6)

Water, up 1.57 0.16 10

(1.45) (0.18) (8)
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lambda-over-two (λ/2) CPW resonator. Details regarding the 
λ/2 CPW resonator are given in Section 4. As a result, the 
magnetic field generated by the λ/2 CPW resonator is much 
stronger than the one produced by the transmission line. 
According to FEM simulations, the induced current in the 
SR increases by an order of magnitude. In order to be able 
to measure the resonance of the SR in situ, i.e., without any 
modification of the setup, a directional coupler and attenuators 
are added to the setup to measure the reflected signal from the 
CPW resonator. By doing so, it is possible to measure the reso-
nance of the SR before and after applying a high input power 
into the λ/2 CPW and hence, to detect if the SR was thermally  

damaged. Our current setup is also able to excite two SRs with 
different resonance frequencies at the same time and with 
the same amount of power in order to demonstrate the selec-
tive breaking of only one (the desired one) of the meander hot 
spots. To do so, the two SRs should be positioned on top of the 
λ/2 CPW resonator, symmetrically with respect to the center of 
the transmission line, as shown in Figure 4a. Figure 4b illus-
trates the wireless heating and breaking of a meander hot spot 
when a 10 W input power is applied into the CPW resonator. 
The top images show an SR without Parylene passivation that 
was used in air. The images clearly show that the Mg meander 
hot spot is burnt by Joule heating and damaged in the center. 
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Figure 3. Degradation study of Mg microresonators. a) Sequential images of Mg microstructures dissolution (2 µm thick) in phosphate-buffered 
saline (PBS, pH 7.4) at 37 °C under gentle stirring. Microstructures in their initial state (0 min, left), during dissolution (10 min, center), and after full 
dissolution (50 min, right). b) Resonance of a resonator (R = 1360 µm, W = 120 µm, G = 15 µm, T = 2 µm) in air after different immersion times in 
PBS (0–250 s) without stirring. c) Initial OM image of the resonator used for the measurements in (b). d) OM (left) and scanning electron microscope 
(SEM) (center, right) images of the resonator used for the measurements in (b) after 250 s in PBS.
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The bottom images show an SR with a 5 µm thick Parylene 
passivation layer used in water. In this configuration, the heat 
generated by coupling the external 10 W RF excitation into the 
SR is strong enough to induce damage to the Parylene layer 
by creating a hole in it as shown in the microscope image. In 
contrast, when applying an input power lower than 10 W into 
the CPW resonator, the Parylene layer is melted over the whole 
meander area but no holes are observed (Figure S5, Supporting 
Information). Selective wireless breaking of the meander 
hot spot of one resonator, when two SRs with different reso-
nance frequencies are excited at the same time and with the 
same RF field, is demonstrated in Figure S6 in the Supporting 
Information. Details about the dimensions of the SRs used 
in Section 2.4 are summarized in Table S2 in the Supporting 
Information. The ability to selectively power and heat up micro-
resonators made of biodegradable materials is a significant 

step toward the use of such devices as heating and triggering 
elements in implantable biodegradable devices, in particular 
for controlled drug release and thermal therapy.[9,10,28,29,50] In 
comparison, our device has 4–24 times smaller coil area, and 
its fabrication complexity is much reduced since it consists of 
only a single metal layer. In addition, the specific design of our 
resonators enables obtaining large frequency shifts by merely 
inducing small geometrical variations by design. As a result, we 
can readily integrate several resonators in one device without 
increasing much the diameter of the resonators. Although 
Figure 4b clearly shows that the wireless heating of the SRs 
damages the meander hot spot and the Parylene passivation 
layer, it is not straight forward nor practical to visually deter-
mine if the meander is broken or not. Furthermore, it is not 
possible to optically determine the integrity of an implanted 
device. The capability of our newly developed excitation setup 
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Figure 4. Wireless heating of the resonators. a) The characterization setup consists of 1) a signal generator, 2) a power amplifier, 3) a directional cou-
pler, 4) a lambda-over-two coplanar waveguide resonator, 5) SRs, 6) attenuators, 7) a power detector, and 8) a lock-in amplifier. Insets show top-view 
photographs of two SRs aligned on the CPW resonator. b) OM images of the broken meander hot spots of the SRs after applying 10 W into the CPW 
resonator, for a time longer than 2 s. Top row shows Mg without Parylene passivation and bottom row shows Mg with a 5 µm Parylene passivation 
layer. c) In situ measurement of the meander breaking in water and in air. In both cases, the SRs are passivated with a Parylene layer (5 µm thick). The 
scattering parameter S11 is recorded at the port of the CPW resonator. The blue line is the measurement of the resonance of the CPW resonator alone, 
i.e., without an SR on top of it. The black line is the measurement of the resonance of the CPW resonator coupled to an intact SR, whereas the red 
line is the measurement of the resonance of the CPW resonator coupled to a broken SR, i.e., after heating. d) Meander heating analysis in air. Average 
temperature of different meander geometries as a function of the DC power applied through the meander with a four-point-probes setup. Inset shows 
a broken meander after a large power has been applied through it.
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to electrically measure, in situ, the effective breaking of the SRs 
in water is demonstrated in Figure 4c. Indeed, the variation of 
the impedance matching between the CPW resonator and the 
excitation/detection system resulting from the meander hot 
spot breaking induces a clear signal change in the scattering 
parameter S11. In addition to providing a feedback about the SR 
integrity, the setup also enables to quantitatively determine that 
a minimum input power of 3.2 W into the CPW resonator is 
required to break the SR (Figure S7, Supporting Information). 
The dimensions of the resonator used for this experiment are 
R = 1280 µm, W = 80 µm, G = 10 µm, T = 2 µm, Wm = 20 µm, 
Lm = 30 µm, and Nm = 3 and are also summarized in Table S2 
in the Supporting Information with all dimensions of the SRs 
used in Section 2.4. Finally, the temperature in air as a func-
tion of the power dissipated in the meander was also studied 
for several meander designs (Figure 4d). The temperature was 
measured by monitoring, with a four-point probe setup, the 
change in resistance when a DC current is applied through 
the meander. To this aim, standalone meanders with contact 
pads are used (Figure S8, Supporting Information). In order to 
reach the highest possible temperature, the meander area must 
be minimized and the meander density maximized to concen-
trate the heat in one spot. Although these measurements are 
performed with a DC current, they can be related to the wire-
less heating and breaking of the resonators. Current densities 
of 4–7 × 109 A m−2 are required when breaking the meanders 
with a DC current. According to the FEM simulations, a 0.5 W 
input power in the λ/2 CPW is required to obtain such current 
densities in the meander of the Mg resonators. Comparing 
this number with the measured value of 3.2 W reported above 
and in Figure S7 in the Supporting Information shows that it 
is within the same order of magnitude. The small mismatch 
between these two values can be attributed to experimental 
inaccuracies such as the alignment and the gap between the SR 
and the λ/2 CPW. Although the breaking temperature of the 
meanders is high, it is not harmful for in vivo use thanks to 
the short time scale and small heated volumes.[50,51] Finally, we 
also investigated that heating a resonator up to 140 °C, i.e., well 
above all realistic in vivo applications, does not affect its elec-
trical performance or the Mg degradation rate. No change was 
observed in terms of resonance frequency and quality factor 
before and after heating the resonators and degradation times 
of a few minutes were measured, independently of the heating.

3. Conclusion

The results reported in this work demonstrate the design,  
fabrication and characterizing of selectively addressable biode-
gradable Mg microresonators made by ion beam etching. Their 
resonance frequency in air and in water can be conveniently 
tuned to specific values by varying their geometrical parameters, 
and can be accurately predicted beforehand using FEM simula-
tions. When immersed in an aqueous media, the magnesium 
starts to degrade, with the consequence that the resonance of 
the devices is strongly affected after a few tens of seconds due 
to the fast propagation of cracks through the magnesium thin 
film. As a result, and to enable magnesium thin film structures, 
a dry fabrication process as well as a passivation layer on top 

of the structures are required and demonstrated in this work. 
We also demonstrated that adding a meander hot spot to the 
resonators enables to wirelessly heat and melt the surrounding 
environment in air and in liquid. Thus, we showed that such 
wirelessly powered, frequency-selective microstructures are 
promising candidates to be used as power receiver and micro-
heaters for biodegradable implantable medical devices.

4. Experimental Section
Mg Microresonators Fabrication Process: First, a Mg thin film (2 µm 

thick; 99.95% purity, 1/4 in. × 1/4 in. pellets, Kurt J Lesker, USA) 
was deposited by thermal evaporation (2 × 10−6 mbar, 8 Å s−1, Joule 
evaporator) on a float glass substrate (550 µm thick). No specific 
cleaning of the substrate was required. Second, a photolithography 
step was performed: after a dehydration step on a hotplate (10 min, 
120 °C), a layer of photoresist (2 µm thick, AZ9260, Microchemicals 
GmbH, Germany) was spin coated on top of the Mg film and patterns 
were exposed by direct laser writing (150 mJ cm−2). The targeted critical 
dimension (CD) was 4 µm. Resist was developed (AZ400K 1:3.5 in DI 
water, Microchemicals GmbH, Germany) and a reflow on a hotplate 
(2 min, 120 °C) was performed to smoothen the resist profile and avoid 
redeposition on the resist sidewalls during the subsequent IBE step. The 
IBE (Argon ions) was performed with a sample tilt of −10° and an etch 
rate of 100 nm min−1. The photoresist was removed in acetone after 
a 1 min oxygen plasma step. The wafer was finally rinsed in isopropyl 
alcohol and dried with nitrogen (N2). For the electrical characterization 
in water, a Parylene passivation layer (5 µm thick) was subsequently 
deposited on top of the Mg resonators to prevent their degradation.

Finite Element Method: FEM simulations of the microresonators 
on top of the coplanar waveguide used as an excitation system were 
performed using COMSOL Multiphysics 5.3. A 3D model was required 
since there was no symmetry in the problem. The model takes into 
account dielectric losses in the glass substrate, in the Parylene 
passivation layer, and in water. Since the resistive losses in water 
were negligible, the water electrical conductivity was set to zero. The 
electromagnetic waves, frequency domain physics from the radio-
frequency module were used. Lumped port boundary conditions were 
used at the input (10 V) and at the output of the coplanar waveguide 
(50 Ω). The entire modeling domain was bounded by scattering 
boundaries that represented an open space. A free tetrahedral mesh 
was used for all domains except for the thin Mg and Parylene layers 
where a free triangular swept mesh was used. Finally, a “frequency 
domain” study with an iterative FGMRES solver was performed. This 
model enabled to compute the electric and magnetic fields, as well 
as the current in the resonator and in the meander. It also enabled 
to compute f0 and Q and took into account the effect of the distance 
between the CPW and the resonators.

Wireless Electrical Characterization: f0 and Q were characterized by 
measuring the change of transmitted power and voltage through a 
coplanar waveguide as a function of the frequency when a resonator was 
placed 300 µm above the CPW. The working principle of the setup was 
the following. A signal generator (SG384, Stanford Research Systems, 
USA) generated a −40 dBm RF signal and coupled it into the CPW. 
The frequency was swept between 1 and 4 GHz. The signal was pulse 
modulated at 5 kHz to perform synchronous detection and, hence, 
suppress the influence of low frequency noise sources on the measured 
transmission and reflection spectra. When the signal frequency matched 
the resonator resonance frequency, some energy was coupled from the 
CPW into the resonator. This resulted in a drop in the transmitted power 
and voltage at the output of the CPW. A power detector (ZX47-60+, 
Mini-Circuits, USA) and a lock-in amplifier (7260 DSP lock-in amplifier, 
EG&G Instruments, USA) were used to amplify the signal. Finally, an 
acquisition card was used to record the signal (BNC-2110 + PCIe6361, 
National Instruments, USA) and the system control was performed 
using LabVIEW (National Instruments, USA). The resonance frequency 
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is defined as the frequency at which the voltage attenuation at the output 
of the waveguide is maximal. The Q factor is defined as the resonance 
frequency over the full width at half maximum (Δf) of the voltage signal 
at the output of the CPW, i.e., Q = f0/Δf.

Baseline removal was performed for each measurement by 
subtracting the signal obtained with a broken resonator on top of the 
CPW. A 3D printed sample holder with three fixation screws was used 
to align the center of the resonator over one of the two gaps of the 
waveguide in order to maximize the magnetic flux through the resonator. 
For the characterization in water, the CPW was protected by a 5 µm 
Mylar film and a 5 µm Parylene passivation layer was coated on top of 
the Mg resonators.

Degradation Study: 150 mL of phosphate-buffered saline (pH 7.4, 
Merck, Switzerland) was poured in a beaker and placed on a stirring 
hotplate at 37 °C. For the full degradation experiment, stirring was 
set to 250 rpm and pictures were taken every 30 s without removing 
the sample (2 µm thick, no Parylene passivation) from the solution. 
For the resonance degradation experiments, stirring was set to 0 rpm. 
The sample (2 µm thick, no Parylene passivation) was immersed in the 
solution for a defined amount of time and subsequently dried under 
a light nitrogen flow. An OM image was taken and the resonance was 
measured before immersing the sample in the solution again for the 
next degradation step. SEM images were taken after the last degradation 
step with an acceleration voltage of 2 kV, a working distance of 7.6 mm, 
0° tilt, and recorded using a secondary electrons detector.

Wireless Heating of the Resonators: The setup used to wirelessly heat 
the SRs enabled to increase the induced current in the resonators at a 
specific frequency. The working principle of the setup was the following. 
As for the wireless electrical characterization, the RF generator generated 
a 5 kHz pulse-modulated RF signal, and swept the frequency between 
1 and 4 GHz. The signal was amplified using a 15 W RF power amplifier 
(gain = 46 dB, ZHL-15W-422+, Mini-Circuits, USA), and subsequently 
coupled through a directional coupler (ZGDC6-362HP+, Mini-Circuits, 
USA) to a λ/2 CPW resonator. The reflected signal was coupled 
through the directional coupler and detected at the coupled port using 
attenuators (−50 dB), and the same detection system as for the wireless 
electrical characterization. Using a resonant CPW enabled to increase 
the current in the waveguide at a specific frequency, for a fixed amount 
of input power. As a result, the generated magnetic field was stronger, 
which increased the induced current in the SR. The λ/2 CPW resonator 
consists of a 50 Ω CPW with a transmission line of a defined length and 
an open end (Figure 4a). To tune its resonance frequency, the length of 
the CPW was trimmed and a capacitance between the input port and 
the transmission line was used to match it to 50 Ω. The resonance 
frequency of the λ/2 CPW resonator is defined as the frequency at which 
the scattering parameter S11 has the lowest value. S11 is defined as 
S11 =  20  × log 10(Vout/Vin), with Vin and Vout being the input and output 
(reflected) voltage waves at the port of the λ/2 CPW resonator. The 
relationship between the resonance frequency and the length of the λ/2 
CPW resonator is defined as /(2 )0 erl c f ε= × × , with c being the speed 
of light in a free space and εer being the effective relative permittivity of 
the CPW. The quality of the 50 Ω matching is proportional to the value of 
the attenuation of S11 at resonance.

Once the λ/2 CPW resonator was tuned and matched to the same 
resonance frequency as the SR to heat, a −5 dBm nonmodulated signal 
was generated by the signal generator at the resonance frequency of the 
system, for a time longer than 2 s. A −5 dBm signal at the output of the 
signal generator resulted in a 10 W signal at the input of the λ/2 CPW 
resonator after amplification. The setup used here enabled in-depth 
characterization of material and device functionalities, with well-
controlled and reproducible environmental conditions. For subsequent 
in vivo experiments, a setup able to generate a stronger magnetic field 
will be required.[4,6,10,29]

DC Heating/Breaking of the Meanders: To study the effect of the 
meander shape on the meander temperature as a function of the 
electrical power through the meander, a 4-point probe setup was used. 
Standalone meander geometries with four contact pads were specifically 
designed for this purpose. A sourcemeter (Serie 2400, Keithley, USA) 

was used to generate a current and simultaneously measure the voltage 
drop across the meander. The current was progressively increased until 
the meander broke while the voltage was recorded. The power through 
the meander as well as the meander resistance was computed from the 
recorded IV curves. The average temperature was determined from the 
meander resistance value and a preliminary calibration was performed 
by measuring the meander resistance when placed on a hotplate while 
increasing the temperature between 30 and 120 °C. A linear extrapolation 
was performed to determine the resistance at higher temperatures.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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