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Techniques for capturing 
electrical signals from the brain corre-
sponding to most of the activities (actual 
or imagined) generated by neuron fir-
ing have provided neurologists with a 
fascinating path to decoding and study-
ing this complex system. Technology to 
increase the spatiotemporal resolution of 
brain mapping tools has been advancing, 
aiming at highly dense electrode sites 
with the long-term stability of devices 
and negligible damage to brain tissue.

In this article, we discuss some of 
the recent advances in implantable soft 
silicon-based electronics devices that are 
devised for the long-term, minimally inva-
sive, high-resolution recording of neural 
signals. We briefly introduce the differ-
ent neural action-potential signals classi-
fied for different motor activities, and our 
review progresses through the advantages 
and acute requirements of developing 
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high-resolution neural interface devices to 
promote progress in brain–machine inter-
face (BMI) research. The requirements 
of high-density electrode coverage on the 
brain surface and the difficulty in achiev-
ing such density with the general design 
of neural interface devices that use passive 
electrodes are discussed. We also exam-
ine the recent advances in various neural 
devices with active electronic architectures, 
and the efficacy of silicon (Si) nanomem-
brane processing techniques in the con-
struction of soft neural mapping tools.

Types of Neural Signals  
AND USES OF BMIs 
The brain is the most complicated of 
all processing units known, comprising  
billions of neurons and quadrillions of 
synapse connections. Studying the brain, 
as the most complicated but most highly 
efficient system imaginable, has proven 
to be the greatest challenge for scien-
tists and engineers in all fields striving to 
develop novel products, improve existing 
technology, and create computer inter-
faces to decode biological logic. 

In the brain, neural signals called action 
potentials induce the flux of sodium and 
potassium ions through the neuronal mem-
branes, which changes the concentration 
of ions in the extracellular fluid (ECF). 
The resting membrane potential of −60 mV 
increases to approximately 30 mV in such 
a depolarization event. The ion movement 
modifies the electrical potential in the 
ECF, and electroencephalography (EEG), 
electrocorticography (ECoG), and other 
recording methods can detect the changes 
in potential with respect to reference elec-
trodes. The usual targets for neural record-
ing are pyramidal cells, neurons whose cell 
bodies are 10–30 μm in diameter [1].

ECoG signals have low amplitudes 
(in the 10–500-µV range) and fall in the 

wide frequency range of 1–500 Hz. Five 
frequency bands are particularly impor-
tant in research and clinical study. 

1)	 Delta waves (1–4 Hz) are observed 
in dreamless sleep.  

2)	 Theta waves (4–8 Hz) character-
ize dreaming or meditation states. 

3)	 Alpha waves (8–12 Hz) are seen in 
the awake, resting state.

4)	Beta waves (10–20 Hz) are appar-
ent in attention-directing tasks. 
Brain-activity frequency bands in  
the range of 8–12 Hz and 18–25 Hz 
are important for BMI systems, 
as they contain information about 
imagined movement [2], [3]. 

5)	Higher-frequency bands, such as 
those above 60 Hz (high gamma 
bands), show awake, sensorimo-
tor activity and processing of in
formation from multiple brain 
regions, and are of great interest 
to researchers [4].

Changes in the broadband gamma 
range indicate the firing rates of neu-
rons directly below the recording elec-
trodes and are unique to specific tasks 
[5]–[7]. The high gamma band is par-
ticularly important, because it correlates 
with neural f iring and contains a rich 
representation of biological signals, i.e., 
it reveals the motor kinematics of a living 
being [8]. It is difficult to obtain these 
signals from EEG [9]. Also, common-
ly observed frequencies in moderate 
anesthetic states are in the delta band 
(1–4 Hz) and theta band (4–8 Hz) [4]. 
Figure 1(a) shows the brain sections for 
action potentials corresponding to dif-
ferent neural activities.

Various neurological diseases can hin-
der a patient’s motor function, making it 
enormously difficult to lead a self-suffi-
cient life. But with BMIs, ECoG can be 
utilized to record action potentials from 

target areas of the brain and decode the 
signals by interfacing them with high-end 
computers to control various machines. 
The application of advanced BMI systems 
can be extended to the well-controlled 
movements of prosthetic limbs maneu-
vered by a person’s thoughts. Typically, 
the individual using such a system lives 
with a broken motor pathway that inter-
rupts communication between muscles 
and the nervous system [10]. BMIs pro-
vide a direct communication pathway 
between the brain and a machine. Some 
examples include the neural control of a 
robotic arm by using just thoughts or the 
manipulation of a computer cursor and 
its related communication program in 
the same way [11], [12]. BMIs have four 
primary functions: 

1)	 recording neural activity
2)	 interpreting neural activity as an 

intended action
3)	 controlling a device that performs 

the action
4)	 providing feedback to the subject. 

In other words, BMIs can take imagined 
movements and turn them into actual 
ones by recording action potentials from 
the cortical surface and decoding them. 
Hence, BMIs have significant potential 
to improve the quality of life for those 
with neurological disorders. These devic-
es’ higher spatial resolution and specific-
ity allow for greater accuracy in BMI 
research [13]. Figure 1(b) represents a 
typical flowchart for a BMI system.

In addition to the application to 
action-potential recordings, neural stim-
ulation is a promising technology for 
the treatment of severe neurological dys-
function. Deep-penetrating optoelec-
tronics have been used for triggering or 
stimulating light-sensitive components 
in the brain. Moreover, optogenetic in
tervention has been used to illuminate 
the brain’s neural connectivity and cir-
cuitry. By transfecting specif ic types 
of neurons with deoxyribonucleic acid 
that encodes for opsins, or proteins that 
change their conformation in response 
to light, spatiotemporal control of the 
activation and inhibition of neural activ-
ity has been achieved [14], [15]. This sort 
of cell-type specificity in neuromodula-
tion cannot be realized with simple elec-
trical stimulation, as the latter causes a 
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membrane depolarization of not only the 
target neurons but the nearby neurons in 
a brain region [16]. 

Fiber-optic light is the traditional 
light-delivery method, but there have 
been developments in inorganic light-
emitting diodes (LEDs) and µLEDs 
[17], [18]. LEDs replace the need for 
inserting the often-used silica waveguide. 
At the same time, soft, biocompatible, 
and mechanically compliant materials 
are required to investigate deeper brain 
structures to circumvent various issues, 
e.g., glial scar formation, that occur with 
inserting conventional recording tech-
nologies and fiber-optic devices.

EXISTING NEURAL INTERFACE 
TECHNOLOGIES 
EEG is the simplest and most commonly 
used method for capturing neural signals. 
Although it is safe, it requires the subject 

to wear a nonergonomic helmet on top 
of the head that requires regular reposi-
tioning and recalibration. Relatively softer 
and flexible ECoG devices provide safe 
interface during operation, designed with 
purpose of minimum damage to subdural 
meninges and cortical tissue [19]. This 
technique is less sensitive to artifacts, offers 
higher frequency and spatial resolution, 
can better obtain continuously accurate 
localizations [20], and has a more robust 
signal-to-noise ratio (SNR) than EEG. 

Microelectrodes, which are also referred 
to as neural probes or tissue-penetrating 
electrodes, are a more specific option than 
ECoG in terms of frequency and spatial 
resolution. However, long-term robustness 
is still an issue, and potential side effects 
hinder the practicality of this recording 
modality [21]. Tissue-penetrating electrode 
arrays (with an electrode diameter of 40 µm 
and 0.4–1-mm spacing) have shown that 

epileptiform activity can be localized to the 
submillimeter scale. Penetrating microelec-
trodes have been shown to achieve micron-
scale spatial resolution. However, these 
electrodes can damage surrounding tissue 
and are commonly used in a resection area. 
They fail to define the boundaries of the 
epileptic activity, and this also holds true 
for mapping the motor or language cortex 
[22]. EEG signal quality is not sufficient 
for a wide range of BMI applications [23]. 
ECoG has the potential to produce stable, 
long-term recordings compared to action-
potential recordings, since ECoG implants 
do not pierce the cortex.

There are other neural recording or 
imaging modalities that are frequently 
compared to ECoG. Functional mag-
netic resonance imaging (fMRI) is a 
mapping technique known for its non-
invasive application and high spatial 
resolution [24]. It is used to measure 
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FIGURE 1 (a) The parts of the brain that correspond to various neural activities. (b) A BMI system flowchart. 
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neural activity through observing the 
changes in blood-oxygen-level-depen-
dent (BOLD) signals [25]. The main 
drawback of this method is that it offers 
an indirect evaluation of neuronal activ-
ity by just imaging the contrast of blood 

oxygen levels of active areas of the brain 
during a task [24]. 

However, ECoG recordings have been 
found to correlate with fMRI BOLD 
signals. ECoG’s spatial resolution, which 
ranges from the millimeter scale to a few 

centimeters, is relatively similar compared 
to that of other neural recording and 
neuroimaging methods, such as fMRI, 
positron emission tomography (PET), 
and MRI [26], as shown in Figure 2. 
But ECoG has a much higher temporal 
resolution than fMRI, PET, and MRI, 
as ECoG ranges from 5 ms to approxi-
mately 0.1 s [27], while the others are 
from a few seconds (fMRI) to minutes 
(PET) or even hours (MRI). ECoG is 
commonly compared to EEG and magne-
toencephalography (MEG), both of which 
overlap in spatial and temporal resolution 
(10 mm–10 cm and 10 ms–1 s, respectively) 
but, clearly, intervention of electronic de
sign and fabrication technology is pushing 
the ECoGs toward much higher spatial 
resolution, as shown in Figure 2.

Hence, electrophysiological techniques 
are of great significance for advancing BMI 
technology, where ECoG represents the 
optimum technique over EEG and neural 
probes. ECoG is superior to EEG because 
direct recordings from the brain are less 
susceptible to signal distortion and user 
movements; as with EEG, the signals must 
travel through the different muscle layers 
and the passive skull. Furthermore, ECoG 
surpasses neural probes because the ECoG 
patch that rests on the surface of the brain 
allows for long-term operation, with higher 
area coverage and safer recordings, engen-
dering fewer health issues than the neural 
probe electrodes that penetrate into the 
brain tissue. The devices generally used for 
neural recordings (through neural probes) 
are mostly Si-based mechanisms—sharp 
microneedles—that penetrate deep into 
the brain tissue [28], [29]. A typical elec-
trode array is shown in Figure 3(a) and (b). 
Another famous and commonly used device 
is the cone electrode in Figure 3(c) [30].

SOFT ELECTRONICS  
FOR NEURAL MAPPING

DEVICE STRUCTURE  
FOR NEURAL MAPPING
Because of the acceptably low invasive-
ness of the technique, ECoG is one of 
the most promising tools for neurosci-
entists and neural engineers to observe 
brain activity. The ECoG device utilizes 
the separation between two conductors 
to sense a differential potential between 
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FIGURE 2 The various neural recording and imaging techniques, comparing their temporal and 
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(c)

(b)

(a)

(e)

(d)

FIGURE 3 (a) and (b) A typical neural probe electrode array [28], [29], (c) a cone electrode 
[30], (d) an ECoG array with bulky connectors, and (e) the same array shown implanted on the 
surface of the brain [47]. 
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two sites, with each site consisting of a 
batch of neurons beneath. The action 
potential generated at a specific site is 
measured as a differential with the other 
site. The clinical ECoG device that devel-
oped over time comprises multiple elec-
trodes on a substrate to form a patch 
directly implanted on a cortical site.

Direct contact of the electrodes with 
the brain surface creates a critical need 
to understand the interaction of the two 
surfaces. Brain tissues are extremely soft, 
with a stiffness to the order of 100 Pa [31]. 
In interfacing with such soft materials, a 
profound insight into the mechanical mis-
match of the interacting tools is necessary. 
Elastic mismatch and material density mis-
match [32], [33] can cause severe damage 
to brain tissues, including glial scarring or 
infarction [34] and vascular damage, even 
with micromovements. Similarly, exceed-
ingly stiff Si neural probes (the Michigan 
probe and Utah array) that are routinely 
used cause the neuroimmune system to 
resist the poking or insertion of external 
abiotic bodies, activating a foreign-body 
response and causing neural inflammation. 
Therefore, this section reviews some of the 
crucial requirements for the mechanical 
properties of a cortical implant.

For both short- and long-term mea-
surements, the device should possess cer-
tain physical properties. The materials of 
which it is made demand high biocom-
patibility to avoid toxicity in the biologi-
cal system, and they must be nonreactive 
with biofluids. The brain anatomy is intri-
cate and comprises a curvilinear surface 
characterized by wrinkles (surface rough-
ness), grooves (sulci), and bumps (blood 
vessels). The conformal contact with the 
brain surface is another crucial factor to 
consider. To precisely capture brain sig-
nals, there needs to be proper electrical 
contact between the electrode and the 
cortical surface. The irregularities on the 
brain surface tend to loosen the contact 
with the electrodes, which engenders a 
significant increase in electrode imped-
ance. Improper connections can lead 
to an increase in impedance because of 
the increase in capacitance between the 
device and the cortical surface. To meet 
the necessary requirements, the device 
should be capable of making conformal 
contact with the irregular curvilinear 

profile of the brain. Yet even after exten-
sive development, ECoG devices are 
bulky patches that can cause significant 
elastic mismatch with the brain surface 
and, hence, lack the important require-
ments just described. The effective solu-
tion to the mechanical compatibility of 
these devices lies in thin-film engineering.

The mechanical bending stiffness 
or the bending moment of inertia of a 
structure is directly proportional to the 
cubic power of the thickness of a struc-
ture. Therefore, reducing the thickness 
of a film can significantly minimize the 
bending stiffness and make the struc-
ture highly compliant. S. Wang et al. [35] 
found that, for conformal contact with 
a microintricate surface, the thickness 
of the structure needs to decrease to a 
few microns to reduce the total energy, 
known as the conformal energy, which 
is the sum of the bending energy, the 
elastic energy of the rough surface (skin), 

and the interfacial adhesion energy. Fur-
thermore, mechanical imperceptibility 
is as critical as conformal contact, so an 
ultrathin device structure is, again, at 
an advantage over its bulky counterpart. 
Figure 4 demonstrates the conformal 
contact of a thin film on a typical curvi-
linear model of the skin surface.

A study of the surface conformabil-
ity of thin-film ECoG by D.-H. Kim et al. 
[36] further revealed the accuracy of  
Wang et al.’s computations by comput-
ing a device thickness of less than 4.9 μm 
for conformal contact with the brain sur-
face model. The results showed that not 
only thinness but an open mesh struc-
ture (rather than a thin continuous film) 
was an advantage for conformal contact 
because of the comparatively lower adhe-
sion energy required by the mesh struc-
ture design than the corresponding sheet 
design. As shown in Figure 5, the device 
2.5-µm thick has better contact with the 

Nonconformal Contact

Conformal Contact

Eskin
Skin

hrough

λrough

Initial Device Position

Initial Skin Surface

FIGURE 4 The conformal contact of a thin film on a curvilinear skin surface [35]. 

The materials of which a brain implant is  
made demand high biocompatibility to avoid 

toxicity in the biological system.
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brain surface than the one with a thick-
ness of 76 µm, which is further improved 
by a mesh structure 2.5-µm thick. More-
over, the authors claimed that in addition 
to the relatively higher adhesion energy 
required by the sheet structure, relative-
ly higher membrane strains in the sheet 
design of similar thickness than the mesh 
design caused comparatively high wrinkles 
in the sheet that reduced conformability. 
In contrast, the mesh structure, having 
significantly high stability over wrinkling, 
allocates any possible wrinkles in the open 
spaces (holes) of the mesh and, hence, 
avoids nonconformability due to wrinkles. 
The data map also revealed a direct corre-
lation between the effectiveness of ECoG 
devices and their conformability, where 
signals are more effectively received with 
the 2.5-µm mesh structure than with the 
2.5-µm sheet device, and much better 
than with the thick film. 

The substrate material also plays a sig-
nificant role in surface adhesion. As the 

brain contains biofluid, the hydrophilic 
nature of the substrate material is impor-
tant for a film’s adhesion to the brain 
surface during any relative movements in 
the brain or pulsations due to blood flow. 
Besides the mechanics of reducing bend-
ing stiffness, there have been alternative 
methods proposed to achieve a signifi-
cant conformability of electronic devices. 
Other approaches to increasing device 
conformability are creating strain-allo-
cated designs through strain engineering 
[37]–[39] and utilizing adhesive gels [40].

HIGH-DENSITY MAPPING
The electrodes mesh is the sole work-
ing member in ECoG in the terms of 
collecting signals or stimulating neural 
activities in the brain. The location of 
the electrodes thus directly influences 
the signals that are received from the 
brain and interfaced with the computer. 
Clinical ECoG devices generally have an 
array of electrodes ranging from 3 × 3 to  

16 × 16 arrangements, with an electrode 
diameter of 2–3 mm and an interelectrode 
pitch of 2–4 cm. These clinical electrodes 
can realize action-potential signals from 
the brain for a general understanding of 
well-being, but they are not sufficient 
for the detailed analysis of various neural 
problems, for the study of root causes of 
severe neural diseases, and to interface 
with machines for advanced neurally con-
trolled prostheses. Such coarsely dense 
electrodes are not adequate for the pre-
cise mapping of the wide range of motor 
activities, which is a critical requirement 
for advanced BMIs. What is needed is 
the ability to decode neural signals for 
accurately specifying and differentiating 
the wide range of control activities in 
novel BMI applications. Also required is 
the capacity to precisely map highly spa-
tiotemporally resolved neurons covering 
a broad area of the brain to capture more 
localized variations in action potentials. 

A study by X. Wang et al. [41] found 
the response peaks to be fewer than 1 cm 
apart, which is a more localized region 
than that found with the typical interelec-
trode pitch in an ECoG device. Therefore, 
to accomplish a precise, localized mapping 
of action potentials, the ECoG implant 
requires much higher spatial resolution. 
In other words, progress in BMI applica-
tions requires the development of a high-
ly dense array of electrodes to precisely 
process action potentials. The advent of 
microfabrication techniques provides hope 
for realizing such dense-electrode devices.

Recent studies show the efficacy of 
this approach of utilizing high-density 
ECoG electrode arrays in advancing 
BMI performance. P.T. Wang et al. [42] 
demonstrated the precision of high-
density ECoG electrodes in controlling 
the movement of a prosthetic arm with 
six degrees of freedom. The researchers 
proved the efficacy of dense ECoG elec-
trodes versus the clinically available low-
spatial-resolution electrodes.  

Several reports have investigated the 
size and interelectrode distance of ECoG 
electrodes [43], [44]. For a fixed brain 
area to be covered, increasing the elec-
trode density by decreasing the interelec-
trode pitch (from a few centimeters to a 
scale of millimeters or micrometers) and 
reducing the size of the electrodes (from 

(a) (b) (c)
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FIGURE 5 The cortical conformability of ECoG devices that are (a) a 76-μm-thick continuous 
film, (b) a 2.5-μm-thick continuous film, and (c) a 2.5-μm-thick mesh film [36]. 
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millimeters to micrometers) enabled the 
capture of brain activities at a higher spa-
tial resolution, which resulted in a larger 
and more comprehensive data set. Neu-
ral and electrical engineers have already 
achieved a microsize electrode diameter 
and have termed the devices as µECoG. 

Techniques based on µECoG were 
academically accepted and studied by vari-
ous research groups, demonstrating an 
improvement in spatiotemporal resolu-
tion. For example, W. Wang et al. [45] 
demonstrated the improvement in a 
µECoG BMI in terms of the movement 
of a prosthetic arm and fingers. 

Although there have been multiple 
studies advancing BMI applications via 
improvements in spatiotemporal resolution 
using highly dense electrode arrays, there 
are also a number of disadvantages associ-
ated with high-density electrode meshing 
in terms of capturing action potentials. A 
reduction in the size of an electrode lim-
its its contact area with the brain surface, 
which increases its impedance in capturing 
the cortical signal and reduces the SNR. 
Most µECoG studies involved high-fre-
quency signal detection. But reducing the 
interelectrode gap (pitch) can sacrifice the 
spatiotemporal resolution of low-frequency 
signals by increasing their correlation and 
coherence [46], making them indistin-
guishable. Besides sacrificing this resolution, 
it is challenging to wire all of the electrodes 
to the output processing circuit. Birthe 
et al. [47] designed a device with 252 chan-
nels in a polyimide substrate to cover a wide 
area of the brain surface, but, as shown in 
Figure 3(d) and (e), it is challenging and 
not advisable to use such bulky connectors 
on a person’s skull, especially when the user 
is performing routine activities and is not 
under the influence of anesthetics.

Ultrathin Si-Based Soft 
Neural Probes
To utilize and advance novel BMI appli-
cations, it is crucial to solve all of the 
existing problems and aforementioned 
limitations. The engineering solution 
lies in designing and using soft devices 
that have significantly low bending stiff-
ness to reduce the mechanical mismatch 
and in utilizing active-circuit technol-
ogy to achieve high-density electrodes for 
increasing spatiotemporal resolution. This 

section will discuss the progress made in 
soft neural implants.

Most of the recent studies that have 
advanced the state of the art in neu-
ral device implants have approached 
their work on the basis of reducing the 
mechanical mismatch between the soft 
brain tissue and the stiff substrate of exist-
ing neural implants. Xiang and colleagues 
[48], inspired by the design and mea-
surement efficiency of the stiff Si needles 
of the Utah microelectrode array, devel-
oped a relatively softer array using an 
ultrathin polyimide substrate and SU-8 
microneedles, as shown in Figure 6(c). 
The ultrathin, mesh-structured polyimide 
functions as a highly conformal sub-
strate, while the SU-8 provides the soft-
ness required for the neural probes. The 
40–200-µm-diameter needles are coated 
with a thin gold film to act as electrodes 
that impinge into the brain tissue. 

Although the noted leading-edge de
vices are significantly improved in soft-
ness, thick probes can cause tissue damage 
through micromovements, dimples, and 
infarctions in the brain tissue during 
insertion or retraction. To address this, 
engineers have tried the novel approach 
of mechanically tuning the devices upon 
implantation. Shen et al. [49] utilized col-
lagen, a highly biocompatible material, to 
act as a mechanically strong support for 
the easy insertion of a device into intracra-
nial tissues. The authors utilized the colla-
gen’s mechanical property to become soft 
on hydrolysis during insertion. Utilizing 
the extracellular matrix (ECM) protein as 
a possible substrate for appreciable mate-
rial and mechanical compatibility with 
the brain intracellular environment could 
possibly reduce the issue of any foreign-
body immune response and mechanical 
infarction of the tissues during implanta-
tion, removal, or when under micromo-
tion. Figure 6(e) introduces the detailed 

schematic steps of the fabrication of an 
ECM-supported neural probe.

Along with neural probes, Rog-
ers and coworkers [17] took ultrathin 
intracranial implants to the next level by 
aff ixing functional optoelectronic and 
electronic devices on an ultrathin sub-
strate to create soft, mechanically compli-
ant devices for the study of brain signals. 
Figure 6(a) presents the multilayer, thin-
f ilm semiconductor, micromembrane 
material-based, multifunctional implant-
able device. These contrivances consist of 
µLEDs, microscale Si membrane-based 
photodetectors, milli-Kelvin precise 
temperature sensors/microheaters, and 
platinum (Pt) microelectrodes for neural 
recordings and electrical stimulation. 
They are 20 µm in thickness, which is a 
tenth as thin as the softer microneedles 
discussed earlier—exceptionally thin for 
such multidevice neural implants. The 
low bending stiffness and appreciable 
flexibility make the devices highly suit-
able for long-term semiinvasive use in 
deep-injectable neural devices, possibly 
entailing minimal mechanical damage 
to the brain tissue on surgical injec-
tion and retraction or with micromo-
tions. Hence, there is promise that they 
will become an exceptionally advanced 
future tool for optogenetics and other 
neural-interface applications.

Recently, our group developed soft 
penetrating probes based on ultrathin Si 
based optoelectronic devices for future 
implementation in BMI [59]. Utilizing an 
ultrathin polyimide substrate for mechani-
cally compliant and curvilinear conform-
ability, the team fabricated single-crystal 
p-Si and n-Si n–p diodes in n–p–p–n-con-
figured photodetector devices employing 
the typical transfer process after releasing 
the doped and patterned Si photodetec-
tors from atop a silicon dioxide (SiO2) 
layer using a buffered oxide etchant.  

The engineering solution lies in designing  
and using soft devices that have significantly 

low bending stiffness.
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Figure 6(b) represents the ultrathin, 
soft Si membrane-based microelectrode 
array for deep neural implants. Such soft 
Si-based microelectrode array contrivances 
demonstrate promising progress in neural 
implants toward achieving mechanisms 
for short- and long-term measurement in 
neural engineering. Several other signifi-
cant research works have been published 
in the related field of ultrathin soft neural 
electrodes [50], [51] that utilize the soft-
ness of the penetrating devices for neg-
ligible tissue damage in long-term use 
of the devices.

Ultrathin Si-Circuit-Based 
Soft ECoGs
Electrical circuit physics is comprised of 
two categories of components: passive and 
active. The active elements modulate the 
actual signals and make them easily pro-
cessable. Semiconductor device technol-
ogy has, to a great extent, been developed 
to be implemented in electronic circuits. 
Most of the conductive electrodes in an 
ECoG array are nothing but metal con-
nections that transfer the charge to exter-
nally generate the voltage peaks; i.e., the 
electrodes are passive. The signals can be 
processed by implementing active devic-
es to modulate the action potentials to 
amplify the signals [52] for higher SNR or 
by using matrix multiplexing circuit tech-
nology [53] to simplify the wiring con-
nections by using switches and reducing 
output lines. Hence, using active-device-
circuit architecture, most of the aforemen-
tioned problems can be solved. 

Rogers and coworkers also [54] 
combined active-circuit components 
comprising Si as the active component 
material and high-mobility Si transistors 
as switches and buffer components to 
design a matrix multiplexing architec-
ture to realize significantly dense ECoG 
electrodes on an extremely thin poly-
imide film substrate. The device was the 
first of its kind to utilize active-circuit 
architecture for thin-film µECoG tech-
nology. Besides the circuit architecture, 
the active material processing and the 
device fabrication itself proved to be 
beneficial in the development of a novel 
neural engineering technology. The arti-
cle discussed the development of a soft 
µECoG device with a high density of 

electrodes to achieve high spatiotemporal 
resolution—a neural interface that opens 
wider possibilities for next-generation 
BMI technology. Its soft nature prom-
ises safer tribology at the device–brain 
interface, and its microscale thickness 
provides high bending stability and sig-
nificantly small bending strain on all the 
active materials in the device, compared 
to their respective fracture limits. 

Figure 7(a) shows a typical architec-
ture for a single electrode in Rogers et al.’s 
device, where each Pt electrode for captur-
ing action potentials was integrated with a 
buffer Si-based transistor and the same Si 
transistor-based switch. The transistor was 
combined with the electrode to provide 
buffering of the action potential from the 
brain, and the second transistor was the 
multiplexing switch that combined all of 
the electrodes in a column to be oper-
ated with one connecting output wire. 
Figure 7(b) presents the performance of 
a typical Si membrane transistor that was 
integrated in the multiplexing system of 
the soft µECoG device. Figure 7(c) reveals 
the bending stiffness modulation by vary-
ing the thickness of the substrate and, 
hence, the overall device thickness. The 
high bending stability allows the device to 
fold and demonstrates the application of 
thin-film µECoG electrodes on the brain 
by conforming with even small intricacies 
and capturing signals from sulci regions as 
well. Figure 7(e) shows the implementa-
tion of a foldable, thin-film, high-density 
µECoG device.

Lieber and coworkers [51] fabricated Si 
nanowire-based ultrathin neural probes to 
detect single-unit action potentials from the 
deep brain. The device’s ultrathin design, 
macroporous mesh, and cylindrical curva-
ture made it the first of its unique type of 
neural probe. The external curved surface 
of the cylindrical mesh contains electronic 
sensors and/or Si nanowire-based tran-
sistors, as shown in Figure 6(d). Clearly 
mentioned in [51] is that, by reducing the 
thickness and providing a highly porous 
structure (80% porosity), the device’s bend-
ing stiffness became four-to-seven orders of 
magnitude less than existing Si-based stiff 
neural probes [shown in Figure 3(a) and 
(b)]. This provided the sensor arrays with 
the cellular-level compliancy that was con-
firmed by the calculated deflection force 

of 1 nN/μm. The device demonstrated 
an excellent utilization of macropores to 
reduce the accumulation of neurons around 
the probe, which is a typical problem in 
almost all neural probes, including cone-
shaped ones [shown in Figure 3(c)]. Multi-
plexing the electrodes or electronic sensors 
around the cylindrical body also widens 
the scope of the brilliant idea of using 
macroporous ultrathin-film neural probes 
with active-circuit components. Porosity, 
however, limits high-density measurement 
along the length of the probe.

Similar technology integrating active-
circuit components with devices to cap-
ture high-resolution electronic imaging 
from cellular bionic sources is being devel-
oped by other research groups [55], [56] 
utilizing analogous approaches. However, 
we limit our review to soft neural devices 
based on Si nanomembranes.

Microfabrication technology has sig-
nificantly progressed toward reducing 
bulky electromechanical systems to the 
microscale. Numerous such technolo-
gies have been well developed to realize 
thin-film Si-based electronics, including 
solution-based thin-film processing 
[57], although it is limited by the rela-
tively lower mobility of amorphous or 
p-crystalline Si material. Manufacturing 
high-mobility, single-crystal Si-based soft 
devices utilizes a typical technique of 
transfer-printing the Si nanomembrane 
and multilayer processing. The commonly 
used Si nanomembrane transfer printing 
process—in which highly doped 250-nm-
thick Si nanoribbons are printed to a poly-
imide substrate—is sequentially described 
in Figure 8 from the aforementioned arti-
cle [54]. The electrodes were deposited, 
followed by polyimide encapsulation, and 
finally deposition of Pt electrodes. The 
encapsulation layer prevents leakage from 
the highly conductive biofluid.

Bioresorbability is the next impor-
tant advance in noninvasive implantable 
electronic devices. Particularly in the case 
of brain implants, two key surgical steps 
are involved in implanting and removing 
the device after its operation is no longer 
needed. Experiments for neural studies 
and possibly existing or novel applications 
for BMIs target the capture of neural sig-
nals over a longer duration. For instance, 
to provide a paralytic with prosthetics that 



30  |  IEEE nanotechnology magazine  |  march 2018	

5 mm 5 mm

5 mm

Folded Array
Before Insertion

Device in Sulci

5 mm 0 µV

155 µV

310 µV

0 µV

175 µV

350 µV

0 µV

160 µV

320 µV

0 µV

120 µV

240 µV

0 ms

5 ms

10 ms

0 ms

5 ms

10 ms

0 ms

5 ms

10 ms

0 ms

5 ms

10 ms

I

II

III

IV

2 mm

(e) (f)

1.6

1.2

0.8

0.4

0
0 1 2 3 4

5 V

3 V

1 V

10–4

10–5

10–6

10–7

60

40

0

20

I d
 (

A
)

–2 0 2 4 6Multiplexer

Electrode

Buffer

Row Select

Output+V

(a) (b)

I d
(m

A
)

Vg(V) Vd(V)

I d
 (
µA

)

0.1

0.2

0.3

0

S
tr

ai
n 

(%
)

400 600 1,000800

(d)

0.2

0.4

0.6

0
10 20 30

0.8

Previous

Current

(c)

Thickness of Epoxy (µm) Bending Radius (µm)

S
tif

fn
es

s 
(1

0–6
 N

m
2
) Pl 12.5 µm

Pl 25 µm
SiO2

Si

Metal

0µVµ

155µVµ

310µVµ

0µVµ

175µVµ

350µVµ

0µVµ

160µVµ

320µVµ

0µVµ

120µVµ

240µVµ

2 mm

Array on
Visual Cortex

FIGURE 7 (a) The typical architecture of a single electrode in the multiplexed device. (b) The performance of a typical Si membrane transistor that 
was integrated in the multiplexing system of the soft µECoG device. (c) The bending stiffness of the device as it varies with the thickness of the 
substrate. (d) An indication of the device’s high bending stability. (e) The implementation of the foldable, thin-film, high-density µECoG device. 
(f) Highly spatiotemporal resolved neural mapping corresponding to sleeping spindles from the brain using the active ECoG [54]. 



 		  march 2018  |  IEEE nanotechnology magazine  |  31

can be directly controlled by the individ-
ual’s thought through the BMI requires 
that the person keep the ECoG device for 
a longer period of time. To implant and 
remove the ECoG hardware, the person 
needs to be treated and monitored in an 
intensive-care unit while all of the physi-
ological conditions required to maintain 
critical human body operations are con-
trolled. This is especially true when intra-
cranial body parts are exposed; conditions 
need to be well maintained to prevent 
seizures. Operations, then, are always time 
consuming and costly, and there is always 
a need to find solutions that avoid surgery. 

Rogers and coworkers [54] developed 
and demonstrated an Si nanomembrane-
based, highly dense µECoG device capa-
ble of slowly dissolving over time. They 
achieved such a device by using resorbable 
materials [Figure 9(a)] in the electrodes 
for capturing the action potentials, in the 
material for the active-circuit devices [Fig-
ure 9(f) and (g)], and in the substrate. All 
of these materials should be capable of 
dissolving in the biofluids, and the final 
products should be biocompatible with 
and nontoxic to a subject’s body. The 
report discussed utilizing a highly p-doped 
300-nm-thick Si nanomembrane as the 
active component material, 100-nm-thick 
SiO2 as the dielectric layer and as the iso-
lation layer from the tissues and highly 
conductive biofluids, and 30-µm-thick 
poly(lactic-coglycolic acid) polymer as the 
biodegradable thin-film substrate, shown 
as a schematic in Figure 9(d). 

Instead of using Pt for their signal-
capturing electrodes as they did in their 
previous report, here, the team used 
highly doped p-type Si as the electrode 
material. With the 250- × 250-µm2 
dimensions of its exposed electrodes, the 
device was a µECoG device. Combining 
the passive and active components using 
biocompatible and nontoxic materials as 
shown in schematic Figure 9(d) opens 
the possibility of a bioresorbable device 
that can achieve high spatiotemporal reso-
lution. Hence, employing a nanoscale-
thick membrane of intrinsically stiff Si 
enormously reduces the bending stiffness, 
making it compatible with the soft nature 
of the implantable electronics. Utilization 
of the previously discussed active-device 
matrix multiplexing circuit architecture 

can help this approach to achieve high 
spatiotemporal resolution. Deploying the 
mechanism of bioresorbable nontoxic 
materials for long-term use of the µECoG 
device on an active person to capture 
action potentials from the user’s regular 
day activities creates the promise of signif-
icant advances in BMIs in the near future.

Furthermore, it is important to 
mention that the kinematics of the 

bioresorbable device is a vital param-
eter. The report showed that the device’s 
mechanism was a slow but continuous 
process that dissolved the Si and SiO2 
materials into neutral orthosilicic acid. 
The reaction rate strongly depended 
upon the pH level of the surrounding 
environment, the temperature, and even 
the impurity level of the Si material. As 
the device needs to operate for a long 
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period of time, it must be able to contin-
ue performing during the resorption pro-
cess. Matching this requirement, the Si 
nanomembrane-based device was even-
tually resorbed into the brain’s biof lu-
id, but before doing so captured action 
potentials for nearly 30 days. The resorp-
tion of Si material needs to be smooth, 
flake-free, and crack-free over the opera-
tional lifetime of the device.

CONCLUSION
In this review, we provided an overview 
of some of the technology for capturing 
action-potential signals from the brain. We 
discussed the recent progress in the area of 
soft Si membrane-based electrode arrays and 
their advantages over other existing technol-
ogy for highly promising advances in BMIs. 
Although the semi-invasive neural recording 
method has developed considerably, excel-
lent spatiotemporal resolution for the next 
generation of µECoG devices still must 
be engineered. These applications need to 
implement active-circuit electrode arrays to 
achieve a high density for precise electrical 
imaging using ultraconformal, intracranial, 
implantable devices. 

To realize a smooth BMI, the mar-
ket demands comfortable and mechani-
cally imperceptible brain implants where 
ultrathin-f ilm engineering and nano/
microfabrication techniques play a critical 
role in developing and processing materi-
als at nanoscale thickness. From a safety 
perspective, high-resolution electronic 
imaging using active-circuit architectures 
is characterized by electrical losses that 
generate heat, which can cause concern 
when the resolution improvement follows 
Moore’s law. The heat produced by the 
neural implants must be critically analyzed 
and targeted to be minimized, so as not 
to cause a temperature increase of more 
than 1 °C to preserve long-term brain tis-
sue health. Furthermore, most penetrat-
ing devices use injection needles or some 
sort of stiffer injection methods. These 
can cause dimples, scars, or tissue infarc-
tion during injection and retraction. Thus, 
engineered solutions need to develop safer 
modes of injection of penetrating devices. 

As reviewed in the previous section, 
bioresorbability possesses promising 
advantages for the long-term use of neural 
implants and for avoiding the critical and 

costly procedure of surgically removing 
the implant. The achieved and reported 
lifetime of Si-based resorbable devices is, 
so far, limited to nearly 30 days, with the 
start of performance degradation after 
two weeks. The decrease in performance 
obviously decreases the SNR, and, hence, 
there remain issues to be addressed. There-
fore, such bioresorbable devices require 
well-controlled triggering to initiate their 
mechanism so the biocompatible resorp-
tion process can be manipulated as needed. 

The signals that characterize the sulci 
and grooves are quite strong and could 
be very useful to study or harness with 
BMI technology. However, along with 
the narrow bending radius of these intri-
cate surfaces, the brain grooves also con-
tain blood vessels of various diameters. 
Thus, together with ultralow bending 
stiffness, implants require strong surface 
adhesion and superconformability to all 
curvilinear surfaces. In terms of perfor-
mance, neural engineers and scientists 
also seek high spatiotemporal resolution 
in mapping a broad range of signals, 
including low-frequency signals to study 
the root causes and effects of several neu-
ral disorders that generate low-frequency 
action potentials.
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