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A B S T R A C T   

Micro-coil magnetic stimulation of brain tissue presents new challenges for MEMS micro-coil probe fabrication. 
The main challenges are threefold; (i) low coil resistance for high power efficiency, (ii) low leak current from the 
probe into the in vitro experimental set-up, (iii) adaptive MEMS process technology because of the dynamic 
research area, which requires agile design changes. Taking on these challenges, we present a MEMS fabrication 
process that has three main features; (i) multilayer resist lift-off process to pattern up to 1800-nm-thick metal 
films, and special care is taken to obtain high conductivity thin-films by physical vapor deposition, and (ii) all 
micro-coil Al wires are encapsulated in at least 200 nm of ALD alumina and 6-μm-thick parylene C such the leak 
resistance is high (>210 GΩ), (iii) combining a multi-step DRIE process and maskless photolithography for 
adaptive design and device fabrication. The entire process requires four lithography steps. Because we avoided 
SOI wafers and lithography mask fabrication, the design-to-device time is shortened significantly. The resulting 
probes are 4-mm-long, 60-μm-thick, and down to 150 μm-wide. Selected MEMS coil devices were validated in 
vivo using mice and compared to previous work.   

1. Introduction 

The success of Transcranial Magnetic Stimulation (TMS) in 
numerous reports and clinical studies as an invaluable method to pro-
vide therapeutic neurostimulation (Terao and Ugawa, 2002) has 
inspired a new generation of implantable magnetic stimulation devices 
and modalities (Christiansen and Anikeeva, 2021). In the seminal paper 
by Bonmassar et al. (2012), a miniaturized magnetic coil device in an 
implantable form factor (0.5× 1 mm) was shown to elicit responses from 
CNS neurons in vitro. While these first micro-coil stimulation studies 
used miniaturized solenoid inductors (Bonmassar et al., 2012; Lee and 
Fried, 2017, 2015a; Wilson et al., 2018), delicate fine gauge bent wire 
coils were also successfully used for intracortical magnetic stimulation 
(Ryu et al., 2020). These devices have been shown to activate neurons, 
but the activation mechanism is still poorly understood. On the other 
hand, MEMS micro-coils possess a distinct advantage in the level of 

spatial precision achievable at small scales, which allows the possibility 
of modifying a micro-coil design to optimize neural activation strength 
or the spatial focality of the activation within the tissue. While there 
have been several reports exploring various shapes and designs of MEMS 
micro-coils (Park et al., 2018; Rizou and Prodromakis, 2018, 2016), few 
have proposed micro-coil designs that could help elucidate the mecha-
nism of action and optimize the design for various stimulation goals such 
as the spatial spread of activation (Lee et al., 2018). 

From a MEMS neurotechnology perspective, while many advanced 
and innovative technologies for electrical neurostimulation have been 
reported (Hong and Lieber, 2019; Seymour et al., 2017), micromagnetic 
simulation is still in its infancy. Hoa et al. reviewed MEMS inductor 
fabrication technology and suggested that MEMS coil neurotechnology 
applications are an emerging field (Le et al., 2021). Three studies from 
two different research groups reported using MEMS micro-coil devices 
for intracortical (Lee et al., 2019, 2016) and mouse brain magnetic 
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stimulation (Sugai et al., 2020). Unfortunately, the MEMS fabrication 
process has not been reported in detail. In this report, for the first time, 
we present details and special challenges of MEMS micro-coil device 
fabrication. Examples of innovative solutions to micro-coil stimulations 
device fabrication are; (i) to use multilayer-lift-off technology for 
patterning thick metal wires for ultra-low device resistance; (ii) device 
encapsulation using alumina and parylene to achieve low leak current 
which is needed for superior neuromodulation; (iii) sharpened pointy tip 
for efficient brain insertion. 

2. Methods and materials 

2.1. MEMS fabrication process 

The fabrication process includes three stages, 16 steps, and four 
lithography masks (Fig. 1). We used 100-mm-diameter, 350-μm-thick, 
double-side polished Si wafers. In stage 1, we deposit an aluminum oxide 
layer (100-nm-thick) on both sides of the wafer by atomic layer depo-
sition (ALD) (step a). Al2O3 was deposited at 300 ◦C using a thermal ALD 
reactor (Picosun R200, Finland). The trimethylaluminum (TMA) pre-
cursor was from Strem Chemicals, USA. For Al micro-coil patterning, we 
used a lift-off process (steps b-d). For good resist adhesion, we primed 
the silicon wafer with HMDS. A LOR 5 A (Microresist Tech., Germany) 
and AZ MiR 701 (Microchemicals, Germany) resist stack was prepared 
by spin coating and soft baking. The resist stack was exposed by a 
maskless aligner (MLA150 Heidelberg Instruments, Germany) and 
developed using AZ 726 MIF developer, which contained TMAH. Then, 
Al thin-film was deposited by physical vapor deposition (PVD), and the 
lift-off was done in an ultrasonic bath with N-Methyl-2-pyrrolidone. The 
lift-off process steps utilize the undercut in the LOR 5 A layer. For a clean 
lift-off processing, the LOR film should be 1.2 to 1.3 times thicker than 
the metal film. Therefore, lift-off 800-nm-thick Al requires 1200-nm- 
thick LOR 5 A. The process details of the metal deposition are pre-
sented and discussed in the results section. 

Stage 2 consists of five Al2O3 patterning steps. In step (e), 100-nm- 
thick ALD Al2O3 is deposited on the Si wafer for Al wire encapsula-
tion. Steps (f-k) are photolithography and plasma etching steps to 
pattern the Al2O3 layer on the front side of the wafer. We used a BCl3 and 
argon plasma to etch the ALD alumina (Han et al., 2018). Plasma etching 
of Al2O3 exposes Al wire bonding pads and Si on the wafer backside (step 
k). 

In stage 3, we use the final lithography step to pattern the micro-coil 
probe that supports the Al wires (step l). Then, we etch the surrounding 
silicon by DRIE (Pegasus or ASE, SPTS, UK) to fabricate a height dif-
ference of 50 μm between the probe and the substrate (step m). After the 
photoresist removal (step o), the exposed Si is thinned down by DRIE, 
and a 60-μm-thick silicon cantilever is formed after the DRIE etch stops 
at the Al2O3 layer (step p). DRIE processes are optimized based on our 
previous studies (Chang et al., 2018). An Al2O3 membrane frame now 
supports the cantilever. In step q we use a photoresist to protect the 
wafer front side from BHF release etching. Spray coating technology was 
used to coat the now fragile wafer with a uniform layer of photoresist (Le 
et al., 2018). Excess Al2O3 is etched away from the backside to release 
the micro-coil probe from the Al2O3 membrane frame (step r). Finally, 
the photoresist is removed to obtain the finished chip fixed in a sup-
porting silicon frame (step s). Like AFM probes fixed to a silicon frame, 
the micro-coils are mechanically removed from the frame for packaging. 

The packaging contains four steps. First, the probes are glued onto a 
custom PCB with gold plated contact required for wire-bonding. Second, 
probes are ball wire-bonded using gold wire. Third, the wires are 
encapsulated in epoxy glue. Finally, the entire packaged device is coated 
with 6-μm-thick parylene C provided by a commercial coating service. 

2.2. MicroCT experiments 

The 3D volume of the micro-coil was scanned using a commercial X- 
ray micro-CT system, Zeiss Xradia 520 Versa. The scans were conducted 
on two different scales: a coarse-scale image of the MEMS coil device and 
a fine-scale image of the device tip. For both scans, the X-ray source was 
operated at an acceleration voltage of 40 kV with a power of 3 W. The 
different scales were achieved by inserting different objective lenses 
between the scintillators and the CCD, 0.4x and 20x for the coarse- and 
fine-scale, respectively. The source-to-sample and sample-to-detector 
distances for each case were optimized to reduce the scan time while 
keeping a good effective voxel size of the scanned volume. The 3D 
volumetric data were then processed and visualized using the com-
mercial software, Avizo®. 

2.3. In vivo experiments 

2.3.1. Animal preparation 
Experiments were performed on adult (age 2–6 months) male 

Fig. 1. Three-stage process flow illustration. Stage 1 patterns the Al coil wires. Stage 2 patterns the insulating Al2O3 layers. Stage 3 releases the cantilever supporting 
the coil wires. 
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C57BL/6 mice. This study was carried out in accordance with the rec-
ommendations of all US Federal and institutional guidelines. The pro-
tocol was approved by the Institutional Animal Care and Use Committee 
of the Massachusetts General Hospital (MGH). The mice were housed in 
the animal facility of MGH under a 12-h light/dark cycle. The mice were 
anesthetized by an intraperitoneal injection of a mixture of Ketamine 
(100 mg/kg, Henry Schein Animal Health, United States) and Xylazine 
(10 mg/kg, Akorn Inc., United States). Body temperature was main-
tained at 37.5 ◦C by a heating pad. The depth of anesthesia was evalu-
ated every 30–60 min by testing the paw withdrawal reflex, the eyelid 
reflex, and whisker movements; Ketamine (100 mg/kg, ~50% of the 
initial Ketamine-Xylazine dose) was re-dosed as needed. After 
completing all subsequent testing, the mouse was removed from the 
stereotaxic frame and euthanized via cervical dislocation. The insertion 
experiments were performed twice as inserting the coil was very easy. In 
fact, inserting the coil into the cortex did not require any specific tools, 

and we only used a standard micromanipulator for commercial 
recording and stimulating electrodes. We performed magnetic stimula-
tion trials on one mouse as the result from the multiple trial experiment 
(n = 30) was consistent with our extensive previous study (Ryu et al., 
2020), which showed that magnetic stimulation elicited more spatially 
confined cortical responses compared to the delivery of electric 
stimulation. 

2.3.2. Surgical procedures and data recording 
After the mouse was anesthetized, the animal was moved to the 

recording setup in a darkened room and placed on a stereotaxic frame 
(SR-9M-HT, Narishige, Japan). Ear bars were positioned into the audi-
tory canals; a midline incision was made to the scalp; and the skin flaps 
were retracted to expose the skull. The craniotomy was performed to the 
area of 4.5 mm × 4.5 mm overlying the primary visual cortex (V1) of the 
left hemisphere. The exposed cortex was rinsed with phosphate-buffered 

Fig. 2. Micro-coil design and results. (a) Illustration of needle-shaped MEMS micro-coil. The base material is silicon. Current carrying Al wires are connected to the 
bonding pads. (b) The Al wire extends to the device tip. ALD alumina and parylene C encapsulate and electrically insulate the Al wire. (c) Optical microscopy images 
of the finished probe tip with different designs. (d) Micro CT imaging of micro-coil. The left is the device image from the top, and the right is from the bottom. The 
gray images are high-resolution CT images of the device tip. Note that the tip is sharpened for minimal invasiveness in vivo experiments. (e) The probe and PCB after 
wire bonding. 
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saline to clear any residual debris on the surface of the dura before the 
recording electrode array was positioned. 

Recordings were made with a 16-channel ECoG recording array 
(E16-500-5-200, NeuroNexus Technologies, United States); individual 
electrodes on the recording array were 200 μm in diameter with 500 μm 
center-to-center spacing. Electrode signals were recorded using an 
amplifier (Model 3500, A-M Systems, United States) and a data acqui-
sition system (Micro 1401–3, CED, United Kingdom) with commercial 
software (Spike2, CED, United Kingdom). The extracellular signal was 
filtered from 100 to 10 kHz and sampled at 25 kHz. All signals were 
stored on a hard drive and analyzed offline with custom software written 
in MATLAB (MathWorks, United States). 

Prior to magnetic stimulations, visual stimulations were presented to 
measure visually-evoked potentials (VEPs) with the recording array. The 
visual stimulation was presented from a monitor (HP ZR22w, Hewlett- 
Packard, Palo Alto, CA, USA) placed at a distance of 25 cm from the 
mouse; and the screen was oriented at 45◦ to the axis of the body so that 
it was positioned perpendicular to the right eye of the mouse. The visual 
stimuli consisted of full-field flashes (100 ms) that were generated and 
controlled by custom software written in LabView (National In-
struments, Austin, TX, USA) and MATLAB (MathWorks, Natick, MA, 
USA). Each stimulus was repeated at least 30 times. 

2.3.3. Magnetic stimulation 
A MEMS micro-coil with a 200 μm width spacing between the ver-

tical traces (Fig. 2c, far right) was inserted beside the recording array. 
The length of the coil was 4 mm, and the direct current (DC) resistance 
was 4.9 Ω. The coil had two terminals connected with a 1000-W audio 
amplifier (PB717X, Pyramid Inc. Brooklyn, NY, USA) via lead wires. The 
lead wires had a DC resistance of 0.4 Ω, and therefore the DC resistance 
of the entire structure was 5.3 Ω. Stimulus waveforms were controlled 
by a function generator (AFG3021B, Tektronix Inc. Beaverton, OR, USA) 
and amplified by the audio amplifier with a gain of 10 V/V and a 
bandwidth of 70 kHz. The audio amplifier was powered by a battery (LC- 
R1233P, Panasonic Corp., Newark, NJ, USA). Stimulation pulses con-
sisted of a single full-period 1-kHz sinusoid waveform with a − 90◦ phase 
shift. The amplitude of sinusoids from the function generator ranged 
from 0 mV to 159 mV. The output of the amplifier for sinusoids was 0 
mV–1.59 V. One trial of stimulation consisted of 80 pulses at the repe-
tition rate of 400 Hz, and a total of 20 trials were repeated with an inter- 
trial-interval of 10 s. The tip of the coil was located at a depth of 250 μm 
to target the neurons in layer 2/3. 

2.3.4. Data analysis 
Data were acquired at 25 kHz and filtered by amplifier setting with 

cutoffs 0.3 Hz to 10 kHz and processed using MATLAB (Mathworks, 
Natick, MA). The evoked ECoG potential responding to stimulation was 
analyzed by extracting epochs from 1 s before stimulation onset to 2 s 
after offset. The extracted epochs for all channels were averaged as 
shown in Fig. 5b and c. 

The magnetic stimulation produced an artifact consisting of negative 
deflections in the ECoG signals (Fig. 5d). Therefore, to extract the 
cortical response from the recorded signal, we used the same method as 
in (Ryu et al., 2020). Briefly, artifact-only trials of magnetic stimulation 
were collected at the end of a recording session from euthanized animals 
and then subtracted from the recorded signals during the experiment. 

3. Results and discussions 

3.1. MEMS fabrication 

The MEMS micro-coil design and results are shown in Fig. 2. 
Aluminum deposited by PVD was used as the wire material. The Al thin- 
film-thickness is between 800 and 1800-nm-thick, and the smallest wire- 
width is 5 μm. Examples of selected micro-coil geometries are rectan-
gular and V-shaped (Fig. 2c). For electrical insulation, the Al wire is 

encapsulated in 100-nm-thick ALD alumina. The metal wire is supported 
by a silicon cantilever that is 4-mm-long, 60-μm-thick, and 80-μm-wide. 
The thicknesses of the cantilevers were measured by μCT and 3D 
confocal optical profilometers, and the width and length were measured 
using optical methods. The cantilever’s spring constant is calculated to 
be 57–135 N/m. The wafer-level yield of functional devices is 70%. The 
primary failure mechanism is caused by loading effects during the DRIE 
process such that the probes are over-etched. The MEMS micro-coils 
were wire-bonded to custom PCBs that can be easily connected to 
neuron-stimulating amplifiers and electronics. The entire device was 
further electrically insulated with a conformal coating of 6-μm-thick 
parylene C. MEMS micro-coil fabrication contained three main chal-
lenges, which we report below. 

First, device power efficiency is significant for micro-coil brain tissue 
stimulation. Ideally, the device has no electrical resistance; realistically, 
devices must have less than 10 Ω resistance. The total resistance is the 
sum of the wire material resistance and the contact resistance. From the 
device resistance perspective, Au would be the material of choice 
because of the low materials resistance and no contact resistance. 
However, because of cross-contamination concerns in our common ac-
cess cleanroom laboratory, we selected Al which had minor cross- 
contamination issues, excellent electrical conductivity, and small con-
tact resistance. The thin-film resistance of a material depends on the 
deposition process and conditions. For high conductivity, it is important 
to deposit at the best possible vacuum conditions to avoid vacuum 
contaminants that chemically react with Al and deteriorate electrical 
conductance (Mattox, 2010). The thin-film resistivity obtained using 
three different deposition machines are listed in Table 1. We observed 
that e-beam evaporation combined with cryopump resulted in conduc-
tivities that are 4 times higher than for thermal evaporation systems 
with a turbopump. 

The contact resistance originates from the current that must pass 
interface surface oxides. For Al, the surface oxide is alumina. The 
magnitude of the contact resistance depends on the Al deposition 
method and the wire bonding technology. We used Au ball wire bonding 
to connect the silicon chip to the PCB. Before wire bonding, the silicon 
chip resistance is measured to 6 ± 1 Ω. The final wire-bonded device 
resistance was measured to 4 ± 1 Ω. 

The second challenge is the lift-off step; this is because the Al thin 
film (1800 nm) is relatively thick, and the smallest critical features are 
just 5-μm-wide. A reliable lift-off process required a consistent undercut 
in the photoresist. We compared two different methods. The first 
method was based on a negative tone resist (nLOF). The second method 
was based on a two-layer positive tone resist (MiR) stacked onto a 
sacrificial resist layer (LOR). The nLOF resist is a semi-chemically 
amplified resist (SCAR), which requires a relatively small pre-exposure 
dose (198 mJ/cm2), and post-exposure bake for the amplification pro-
cess (60 s at 110 ◦C). The SCAR resist was extremely sensitive to process 
variations, and a consistent profile for lift-off was impossible to obtain in 
our cleanroom laboratory, which had both temperature and humidity 
control. Despite using automated resist handling robots which gave 
precisely repeatable resist spinning and baking processes, we could not 
get a reliable resist profile for consistent lift-off. Fig. 3b shows SEM 
image of the resist profile. While the resist profile and under-cut on the 
left side were well-suited for lift-off, the right-hand side resist profile did 
not provide a good lift-off. Indeed, the lift-off results varied (Fig. 3c). 
Fortunately, the LOR method worked extremely reliably despite the 
added complexity of a stacked resist system. After the development step, 
the resist undercut is visible under the optical microscope (Fig. 3d), 
which could be used as a non-destructive quality control step. This direct 
quality control step was very valuable for our device fabrication process 
that combines many different nanofabrication processes. For the nLOF 
approach, we could only evaluate the process after the final lift-off. SEM 
images show that the resist undercut is well-defined after metal depo-
sition by PVD (Fig. 3e). Fig. 3f shows excellent and reproducible lift-off 
results. 
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The third challenge is stage 3, which is the device release by a multi- 
step Bosch process from the wafer backside. Stage 3 includes one 
lithography step and three Bosch process steps. This stage defines the 
silicon probe geometry and releases the micro-coil probe from the sili-
con wafer. The lithography step defines the probe geometry in the wafer 
plane. The first Bosch process removes material around the silicon probe 
(Fig. 4a) and defines the silicon probe’s thickness. Maintaining the 
probe-thickness, the second Bosch step removes the bulk of the silicon 
under the metal wires (Fig. 4b). We stop the etch just before reaching the 
ALD alumina layer. The remaining silicon is 10 μm. For the final Bosch 
process that sharpens the probe tip, the now fragile wafer is held in a 
specially designed wafer carrier that protects the wafer and the ICP 
machine. Because the sharpening process involves three planes, the tip 
can be extremely sharp and robust. Fig. 4c shows the wafer backside 
after the final Bosch process. To etch-out all probes from the silicon 
frame, a controlled over-etch is performed. 

To verify the integrity of the parylene C coating, the finished micro- 
coil was immersed in saline solution (PBS) and the resistance was 
measured from the coil conductor trace across the parylene C coating to 
a silver-silver chloride (Ag/AgCl) reference ground electrode placed in 
the saline bath. The parylene C coating resistance was measured to be 
over the 210 GΩ capability of our Keithley 6514 electrometer, which 
indicated complete encapsulation of the micro-coil in parylene C. A good 
parylene coating was essential for in vivo experiments. Without the 
parylene coating, tiny visible bubbles were formed when probes were 
electrically tested in PBS solution, which indicates that the ALD alumina 
coating alone was not sufficient to prevent electrolysis of water and the 
creation of bubbles. After parylene coating and testing in PBS, MEMs 
micro-coil probes were ready for in vivo experiments. 

3.2. MEMS micro-coils evoked spatially confined responses in vivo 

The results below are proof-of-concept validation of the micro-coil 
design and fabrication presented by acute in vivo testing experiments 
in mice. A 16-channel ECoG recording array was used to obtain epidural 
signals from the mouse visual cortex in response to light and magnetic 
stimuli. To confirm the location, spatial extent, and kinetics of V1 
cortical responses to light stimuli, we measured VEPs with the ECoG 
recording array. The ECoG array was positioned over a medial portion of 
mouse V1 using previously described stereotaxic coordinates (Franklin 
and Paxinos, 1997) (Fig. 5a). With the array in place, full-field light 
stimuli were presented; black traces are the individual electrode channel 
responses to a light stimulus presentation (yellow shaded area, Fig. 5b). 
ECoG signals typically exhibited positive or negative (red trace) peaks at 
latencies of 100 ms following stimulation onset in addition to more 
complex multiphasic responses. Consistent with the previous reports 
(Murakami et al., 2017; Polack and Contreras, 2012; Ryu et al., 2020), 
visually evoked responses were spatially broad, typically extending 1–2 
mm across the cortex. After measurements of VEPs were completed, a 
micro-coil was inserted into the lateral visual cortex next to the 
recording array (Fig. 5a); the depth of coil insertion was controlled by a 
micromanipulator, and the tip of the coil was positioned in layer 2/3 
(Materials and Methods). Because of the extremely sharp tip, the 
insertion was effortless. Stimulation consisted of 80 single-period sinu-
soid pulses; the resulting responses are referred to as 
magnetically-evoked cortical potentials (MECPs) obtained by artifact 
subtraction. Typical MECP responses for insertion of the coil tip to the 
approximate center of L2/3 (~250 μm) are shown in Fig. 5c. A large 
electrical artifact resulted from the stimulus but it was confined to the 
200 ms time period during which the stimulus was delivered (gray 
shaded area) and was subsequently subtracted (Fig. 5d) and neural 

Table 1 
Al thin-film deposition and its electrical properties.  

instrument vacuum (Torr) PVD technology vacuum technology Al thin-film resistivity (nΩ⋅m) standard deviation (nΩ⋅m) 

Nano 36, Kurt J. Lesker, USA 1.0 × 10− 5 thermal evaporation turbopump 197 24 
QLC 800, Wordentec, UK 1.8 × 10− 6 electron beam evaporation cryopump 53 5 
Temescal FC-2000, Ferrotec, USA 3.0 × 10− 7 electron beam evaporation cryopump 42 7 

The resistivity values are calculated from chip resistance measurements from one fully processed wafer. 

Fig. 3. Comparing lithography using nLOF and MiR/LOR resists and subsequent lift-off. Optical microscopy images of nLOF (a) and MiR/LOR (d) resists after 
exposure and development. Cross-section SEM images of (b) 200 nm of metal deposited onto nLOF, and (e) 800-nm-thick of metal deposited onto MiR/LOR. Optical 
images after lift-off using (c) nLOF and (f) MiR/LOR. 
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responses to stimuli were considered after this time period. After 
completion of the stimulus, channels near the micro coil exhibited a 
sustained negative deflection in the response that peaked ~100 ms after 
stimulus offset (blue arrows); the kinetics of the response were similar to 
the VEP responses from light stimulation (Fig. 5d), suggesting a neural 
response to magnetic stimulation delivered from our custom coil design. 
The MECPs were confined to 3 of the closest recording electrodes to the 
coil, suggesting that the response to magnetic stimulation was spatially 
confined to the cortical regions in close proximity to the coil, consistent 
with previous findings (Lee et al., 2019, 2016; Ryu et al., 2020). 

4. Discussions 

MEMS process choices depend on the application requirements and 
the technologies that are available to the authors. For compatibility with 
in vivo and acute in vitro brain slice experiments, we decided to work 
with silicon substrates, and polymer-based technologies and low 
Young’s modulus materials can also be applied where no tissue pene-
tration is necessary. Another reason to use silicon technology is that we 
could adapt the design and process to intracortical implants and in vivo 
experiments where the device must be inserted into the tissue. To 
minimize tissue damage, the implant must be as thin and small as 
possible. Silicon is often used for this application because it has suffi-
ciently high Young’s Modulus and stiffness to make very small and less 
tissue-damaging devices. We also used thin-film diamond to make 
minimally invasive probes, however, diamond is much more challenging 
to process (Han et al., 2019). Prior art for micromagnetic stimulation, 
and in this work, all used silicon as the base material (Table 2). To obtain 
cantilevers 50-μm-thick. Lee et al. used a very thin Si wafer that is very 
challenging to handle and requires adhesive bonding to a handling 
wafer (Lee et al., 2019; Lee and Fried, 2015b). For more robust wafer 
handling, Sugai et al. used silicon on insulator wafers (Sugai et al., 
2020). As a part of this work, we also worked with SOI devices. The 
advantages of SOI wafers are evident as pointed out by others (Sugai 
et al., 2020). However, it was impossible to purchase SOI wafers in 
2021, because of the global semiconductor shortage and Covid crisis. In 
2023, the delivery time of SOI wafers was still uncertain, which would 
add significant delay to device development. It was unclear when SOI 
supply would normalize, and hence we needed to find another solution. 
Another shortcoming of SOI wafers is the device layer thickness is fixed 
when ordering the SOI wafers, which severely limits micro-coil device 
geometry adaptability. Therefore, we developed a process that uses an 
inexpensive and readily available double-side polished Si wafers. In our 
process, we can control and design the cantilever thickness. Our process 
complexity is comparable to the three previous studies discussed and 
requires four photolithography masks. For maximal device design 
adaptability, we used maskless lithography so we could easily change 
our device design. Another advantage of maskless lithography is faster 
device development times because the delivery time of physical quartz 
masks is between 2 and 4 weeks. Thus, by avoiding SOI wafers and using 
maskless lithography we are able to fabricate new microcoil devices 
within 8 weeks. Regarding coil wire fabrication, the optimal material 
would be Au because it is inert and biocompatible. Lee et al. PVD 
deposited Cu or Au as the wire material, hard masks were plasma etched, 
and the wire materials were patterned by chemical etching (Lee et al., 
2016). To obtain a low device resistance, we developed a stacked resist 
lift-off process that is compatible with Pt and Al. Our process is also 
compatible with Au; however, we were limited to Al because our 
cleanroom laboratory does not allow the processing of Au-containing 
material due to cross-contamination concerns. To maintain a low de-
vice resistance and stimulate neuron somas about 20 μm in diameter, at 
the points of stimulation, the wire width was between 5 and 15 μm for all 
four designs. For power-efficient magnetic stimulation, the device 
resistance should ideally be as low as possible while maintaining form 
factor, therefore, we aimed to design devices with resistance lower than 
10 Ω. Another very important characteristic of micro-coil devices is 
minimal leak current during brain tissue stimulation. A high leak current 
would correspond to non-specific electrical stimulation. Therefore, the 
leak current must be much smaller than threshold currents that will 
trigger neuron activation. Ideally, the leak current should be less than 1 
nA, which corresponds to 1–10 GΩ leak resistance between the 
micro-coil device and the brain tissue. Lee et al. used 200 to 
500-nm-thick PECVD silicon oxide and oxynitrides (Lee et al., 2016), 
and Sugai used polyimide that is 4-μm-thick (Sugai et al., 2020). We 
used parylene C because it is an effective barrier material. Finally, while 
previous devices had a knife-edge sharp tip, our MEMS process yielded a 
pointy tip sharpened from 3 planes for effortless insertion into brain 

Fig. 4. DRIE process results for etching silicon cantilever. (a) SEM images after 
the first sub-process, the tip has a knife-edge for efficient insertion into brain 
tissue. (b) SEM images after the second sub-process. (c) SEM images of the 
MEMS cantilever after DRIE. Note the sharpened pointy tip and edges. 
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tissue. 
We tested the fabricated micro coils with acute in vivo experiments. 

After carefully inserting the micro coil into the visual cortex in wild-type 
mice, we delivered magnetic stimulation to the V1 area and recorded the 
evoked potentials via a 16-channel ECoG recording array positioned on 
the surface of the cortex as in previous experiments (Ryu et al., 2020). 
The neural responses to magnetic stimulation called magnetic evoked 
cortical potentials (MECPs) were then compared to the visual evoked 
potentials (VEPs) recorded when a light stimulus was presented to the 
contralateral eye. The MECPs recorded in response to magnetic stimu-
lation were almost identical in amplitude and duration to the 

light-induced VEPs, indicating a cortical response to micro-coil mag-
netic stimulation. VEPs activated large regions of the cortical surface in 
response to light stimulation, while activation from coils was much more 
confined. These preliminary test results demonstrate the ability of 
micro-coils to evoke MECPs and are consistent with previous results in 
vivo (Ryu et al., 2020) and in vitro studies (Lee et al., 2019, 2016), 
where narrow activation was also observed in response to micro-coil 
stimulation. This is thought to arise because the spatially asymmetric 
fields induced from coils are suprathreshold for vertically-oriented py-
ramidal neurons but not for horizontally-oriented passing axons 
(Golestanirad et al., 2018), thus limiting spread of activation. The ability 

Fig. 5. In vivo ECoG recording over the V1 area of mouse visual cortex during light and magnetic stimulation. (a) Left: schematic of the 16-channel recording array 
(diameter: 200 μm, spacing: 500 μm) placed over medial V1 and the micro-coil device inserted by the lateral edge of the recording array into the left hemisphere of 
V1. Right: photograph of the array and inserted coil into V1 (A: anterior; L: lateral; P: posterior; M: medial.). (b) Averaged ECoG field potentials for all 16 electrodes in 
response to light stimuli (n = 30). The yellow shaded area indicates the duration of the stimulus (100 ms); waveform traces are arranged according to the schematic 
in a. The VEP responses to light stimuli were observed broadly across many electrodes. (c). Averaged responses to a train of pulses from the micro-coil (n = 20). The 
gray shaded area indicates the stimulus duration (200 ms); coil location with respect to electrode channels is indicated by the blue oval on the left edge. MECP 
responses to magnetic stimulation were confined spatially to 3 channels close to the micro-coil (blue arrows). (d). Detail of artifact subtraction (Alive-Euthanized) to 
extract MECP response and expansion of the ECoG waveforms from VEP and MECP from single electrodes from b and c, respectively (red and blue waveforms). Their 
similar shape and duration suggest a neural response to magnetic stimulation. 

Table 2 
MEMS micro-coil fabrication technology comparison.   

Lee et al., (2016) Lee et al., (2019) Sugai et al., (2020) This work 

wafer substrate 50-μm-thin silicon wafer 50-μm-thin silicon wafer SOI wafer Double-side polished Si wafer 
no. lithography mask 3 3 4 4 
lithography Photomask Photomask Photomask Maskless 
coil wire 2-μm-thick Cu 2-μm-thick Au 200-nm-thick Pt 800-nm-thick Al 
coil wire width 10 μm 5 μm 10 μm 15 μm 
device DC resistance 15 Ω 50 Ω 1 kΩ 4 Ω 
insulation 200-nm-thick PECVD SiO2 500-nm-thick PECVD SiONx Thermal SiO2, 4-μm-thick polyimide 100 nm ALD alumina, 6 μm parylene C 
leak resistance 200 MΩ 200 MΩ 2 MΩ >210 GΩ 
tip sharpening knife-edge knife-edge knife-edge point  
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of the present micro-coil design to evoke spatially-confined activation 
raises the possibility that visual acuity could be enhanced using an 
appropriately designed coil-based cortical visual prosthesis. The coil 
fabrication methods presented here are readily adaptable to further 
development of coil design and architecture to fine-tune the spatial 
extent and location of the MECPs to micro-coil stimulation. 

5. Conclusions 

This work is an intercontinental collaborative effort between MEMS 
researchers in Europe, neuroscientists, and medical researchers in the 
USA and Europe. We presented the first detailed fabrication process of 
MEMS micro coils for neurostimulation. In vivo demonstrative device 
testing in the mouse visual cortex successfully compared magnetic and 
light visual cortex activation. Future studies include basic scientific 
studies to understand better the fundamentals of micro-magnetic stim-
ulation and applications focusing on, e.g. artificial vision and hearing. 
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