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ABSTRACT

Silicon-based microfluidics enable the creation of highly complex, three-dimensional fluid networks. These comprise scalable channel sizes
and monolithically integrated functionalities available from complementary-metal-oxide-semiconductor technology. On this versatile,
solid-state platform, advanced manufacturing techniques exist that allow the channel walls to be directly electrified with one or multiple
pairs of electrodes along the fluid-carrying channel. The electrodes have ideal electrostatic geometries, yielding homogeneous electric field
distributions across the entire cross section of the microfluidic channel. As these are located directly at the channel, only low supply voltages
are needed to achieve suitable field strengths. Furthermore, a controlled supply of charge carriers to the microfluidic channel is feasible.
These configurations may serve numerous applications, including highly efficient mechanisms to manipulate droplets, cells, and molecular
compounds, perform pico-injection or poration, trigger and control chemical reactions, or realize electrochemical and capacitive sensing
modalities. In this perspective, we describe the generic design and fabrication of these electrodes and discuss their miniaturization and
scaling properties. Furthermore, we forecast novel use cases and discuss challenges in the context of the most interesting applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0244129

I. INTRODUCTION

Silicon has been the key enabling material for the development
of integrated circuits and other Complementary—Metal-Oxide-
Semiconductor (CMOS) components up to now. Over the last few
decades, the continuous development and process improvements
simultaneously enabled steady miniaturization and an increase of
functionalities from analog building blocks and circuits in the early
days of computing to native artificial intelligence hardware these
days. Silicon, however, is also a very favorable material to directly
create microfluidic devices as it is mechanically compliant, chemi-
cally resistant against most chemicals, has no fatigue, and can be
cleaned under harsh conditions to permit the reuse of the devices.
Furthermore, feature sizes are scalable from hundreds of microme-
ters down to just a few tens of nanometers on the same wafer using
lithographic techniques. Various surface functionalization and pas-
sivation techniques exist in advanced semiconductor manufactur-
ing that can directly be deployed, e.g., to tune surface wettability or

the chemical surface resistance. In addition to the fabricational
overhead, it does, however, neither allow diffusion of oxygen, as is
the case with polydimethylsiloxane (PDMS), for instance, nor is it
flexible at normal wafer thicknesses or transparent at visible or
near-infrared wavelengths. Instead, silicon chips can be stacked by
anodic or fusion bonding, to form complex three-dimensional fluid
networks, while various CMOS functionalities can be monolithi-
cally integrated. Also, hybrid PDMS-silicon chips have been real-
ized that combine the advantages of both materials.

Il. ELECTRODES AS ACTUATORS, TRIGGERS, AND
SENSORS IN MICROFLUIDICS

Microfluidic devices provide means to precisely handle minus-
cule amounts of fluids by operating in channels or similar flow-
confining structures with dimensions somewhere between some
hundreds down to a few micrometers or even nanometers. Within
these channels, the flow dynamic properties can be tailored to
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manipulate liquids, gases, or other objects contained therein and/or
to trigger various processes. This includes, e.g., the creation and
manipulation of emulsion droplets, a subfield referred to as droplet
microfluidics. In this approach, the droplets define a reaction com-
partment themselves, comprising cells, vesicles, exosomes, deoxyri-
bonucleic acid (DNA)/ribonucleic acid (RNA), proteins, or small
single molecules. Among a variety of mechanisms, electric fields
play an important role because they can induce electrophoretic
effects that lead to polarization and, thus, allow field-induced
manipulation of polarized objects, including droplets. The most
prominent applications, among many, are injection of one droplet
into another droplet as well as droplet deflection, the latter of
which also allows droplet sorting. All of these electrophoretic
effects depend directly on the field amplitudes that can be gener-
ated across the channel’s cross section. The time ramp to achieve a
given field strength (E) directly determines the speed of operation
as the voltage patterns mostly oscillate at fixed frequencies or con-
trolled by a triggering event. For example, high-throughput sorting
based on fluorescence-based closed-loop feedback can be achieved
at 1kHz droplet sorting frequency or more. Based on the afore-
mentioned considerations, it becomes obvious that the lower the
supply voltage, Vi, to achieve a given field strength, the faster
the system can be operated since the temporal voltage rise or
descent is physically limited in voltage sources.

Apart from functioning as actuators for manipulation, electric
fields can also be used for injection or poration, both applications
depending again on the amplitude achievable at the desired loca-
tion within the channel. To achieve electric fields, various methods
are feasible; in addition to the physical implementation of elec-
trodes in the microfluidic device body, also, optical fields can be
used for all the functions described above, acting as optoelectronic
tweezers. Similarly, surface acoustic waves' can also be used for
manipulation while being implemented in the microfluidic device.
While this perspective focuses on the physical implementation of
electrodes and their scaling properties, the opportunities of opto-
electronic tweezers are described elsewhere.” Compared to these
electro-optical triggers, physical electrodes are also attractive com-
ponents beyond inducing electric fields because they can supply
electrons (and holes) to the channel, thereby acting as electrochem-
ical reaction triggers. Conversely, electrodes allow for electrical
measurements between a ground element and one or multiple
counterelectrodes. This provides the means to directly or indirectly
sense objects passing the electrodes in the channels. Here, the
closer the electrodes are to the analytes, the higher the sensitivity
and/or the temporal and spatiotemporal resolution.

I1l. DIRECT ELECTRIFICATION OF CHANNEL WALLS

Achieving suitably high field strengths and/or sensitive electri-
cal measurements across the channel is key to the above operations.
In turn, optimal electrostatic conditions reduce the supply voltage
for highly efficient operation, thereby enabling the highest switch-
ing frequencies and high throughput. From an electrostatic and
fluid-dynamic point of view, the optimal position of electrodes is
directly in the microfluidic channel walls. However, the placement
of electrodes along microfluidic channels has been a major chal-
lenge in the field as there always seemed to be a compromise
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between field homogeneity across the channel and the remote
alignment of the electrodes, which defines the field strengths and
operating voltages. For example, thin-film electrodes have been pat-
terned on a glass’ or a silicon chip that was subsequently bonded
to a PDMS chip containing the channels. This allowed for closely
spaced electrodes but resulted in highly inhomogeneous field distri-
butions, large gradients, and channel-internal field hot-spots. More
symmetrical geometries were created by placing electrodes in auxil-
iary channels in the PDMS corpus, filled with conductive materials,
such as low-melting point solders,™ silver paste,(’ or ionic liquids,
including salt water.” Other geometries resulted in electrodes at a
height similar to the channel.”” For all these approaches, the elec-
trodes cannot be placed arbitrarily close to the microfluidic
channel due to fabrication tolerances, sealing and insulation
requirements, a hurdle that has been overcome in metal-PDMS
composites.m’12 The conductivity of these elements, however, is
difficult to control. Recently, we developed an approach to directly
electrify the channel walls of silicon microfluidic devices.'”'* It
overcomes all of the above drawbacks and bears great potential for
scaling and applications, including pico-injection, droplet deflec-
tion, or sorting. Here, we describe the fabrication, scaling, and
operation principles.

A. Fabrication

The approach to electrify the walls of a silicon microfluidic
channel to form electrodes is based on local oxidation of the top
(device) layer of silicon-on-insulator (SOI) wafers [Fig. 1(a)], com-
posed of silicon, into silicon dioxide (SiO,). The initial height of
the silicon layer (“device layer”) later defines the microfluidic
channel height [Fig. 1(b)], and its conductivity can be chosen to
vary from pristine/undoped to highly doped silicon depending on
the application, as will be discussed later. To define the segments
where the device layer should become electrically insulating to sep-
arate the electrified areas from the bulk or neighboring ones, verti-
cal access through the entire device layer must be established for
the ions to oxidize the surrounding silicon surfaces. This is realized
by deep reactive ion etching (DRIE) of a perforation pattern (e.g.,
holes or rectangles, perforation size d with a pitch p in separation)
using a resist or a hard mask to protect the remaining area
[Figs. 2(a) and 2(b)]. Thermal oxidation is a self-limiting process as
the silicon converted to silicon oxide becomes less and less perme-
able to oxygen at thicknesses beyond ~1um. The process is rather
slow [(30-80) nm/h] and hence highly controllable. As a result of
the oxidation, all the segments between the perforation openings
become oxidized [Fig. 2(c)] and thus electrically insulating.
Figure 2(d) shows the top view of the resulting electrode patterning
process with the design parameter for the insulating width, w = d
+ 2 x I'where d is the transversal dimension of the perforation and
1 is the extent of the surrounding oxidation layer, respectively. As a
last step, the top oxide is removed to guarantee proper anodic
bonding to a glass cover. Alternatively, the DRIE step used to
define the microfluidic channels (and openings for oxidation) can
also be used to directly open trenches between the electrode seg-
ments, which can then be filled conventionally with so-called
“high-k” dielectric materials [dielectric constant higher than 3.9
(thermally grown SiO,)], such as SisNy, Al,Os, HfO,, TiO,, etc.,
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FIG. 1. Schematic representation of the direct electrification of silicon microfluidics: (a) Oxidized perforation patterns enable sections of the silicon layer to become electri-
cally insulated from the rest of the channel walls, including the bottom and top ones, resulting in an electrically addressable wall segment transversal to the flow direction
(light blue arrow). (b) Cross-sectional view through one channel depicting the homogeneous electric fields with two opposite electrodes. (c) Scanning-electron microscopy
image of a device with two electrode pairs. An additional channel protrudes from the right (dotted light blue arrow) as this specific device is used for pico-injection. Scale
bar: 100 zm. Adapted from Fig. 2 of Monserrat Lopez et al., Microsyst. Nanoeng. 9, 81 (2023); licensed under a Creative Commons Attribution (CC BY) license. Copyright

2023 Author(s), licensed under a Creative Commons Attribution (CC BY) License.

by using, for instance, atomic layer deposition, chemical vapor dep-
osition, etc. Compared to SiO,, such high-k dielectrics would
provide means to increase the break-down voltage for high-tension
operation or to lower the electrode spacing. Therefore, the elec-
trodes can be positioned even closer, which is highly beneficial for
some of the applications envisioned in Sec. IV. Irrespective of the
deposition or growth technique used, the wafer structure must last
be planarized, e.g, by chemical-mechanical polishing or ion-
milling, to again enable proper anodic bonding of the cover glass.
Optionally, the handle wafer can be partially removed underneath

provides an optical view port for transmission experiments, e.g.,
needed for fluorescence-based droplet sorting or other widely used
spectroscopic techniques. Depending on the application, the thick-
ness of the buried oxide in the SOI stack can be chosen between a
few tens of nanometers and some micrometers. Hence, an optimal
trade-off between mechanical stability and optical performance can
be found. Still, the lateral dimensions of the windows should be
kept minimal to avoid cracking thereof, especially when operating
at higher pressures or low-viscosity media. For conventional
microscopy, the field of view enabled by these viewports, however,

the channels by etching from the backside, a process that requires
only one additional lithographic step followed by DRIE. This then

is sufficiently large, also to achieve proper conditions for illumina-
tion and light harvesting.* All the details of the fabrication
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FIG. 2. Rational design and fabrication steps for realizing wall-embedded electrodes in silicon microfluidics: Top view (upper row) and cross-sectional view (bottom row) of
the three main fabrication steps. (a) Starting with masking (green) the silicon-on-insulator (SOI) stack to expose the channel and perforation segments of diameter d and
pitch p to reactive ion etching across the entire silicon layer of height h while protecting the masked area. (b) Channels and perforations are etched simultaneously in this
self-aligned process that is automatically stopped at the buried oxide layer. (c) The self-limited thermal oxidation of silicon penetrates for a certain length / into the silicon
bulk, therefore, creates insulating segments, located in between the perforations elements (c). The sum of the initial perforation size, d, and twice the oxidation length, /,
defines the width of the insulating segment, w = d + 2 x /. (d) Generic layout depicting the total area occupied for one electrode pair as defined by the insulation widths
and the area in between them. Adapted from Fig. 2 of Monserrat Lopez et al., Microsyst. Nanoeng. 9, 81 (2023); licensed under a Creative Commons Attribution (CC BY)
license. Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC BY) License.
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process, including electrical characterization of the insulating barri-
ers, can be found in the corresponding publication."*

B. Scaling properties

Both from a fabrication and performance point of view, the
electrification concept bears great potential for different scaling.
For the initial proof-of-concept, typical microfluidic dimensions
were chosen, specifically h = 27.5um, w = (20-100) um, d = (10-
15) um, and p = 2 um. An etching time corresponding to an oxida-
tion width [ = 1.5 um fully isolated the segments, yielding an elec-
trical resistance of 0.1-1 TQ."* With these dimensions, the supply
voltage for pico-injection, droplet deflection, and sorting could be
reduced by 2-3 orders of magnitude compared to state-of-the-art
approaches. Despite this low-voltage operation, operating at sorting
frequencies of 0.7 kHz was achieved, which is between the high-
throughput (0.5kHz) and ultrahigh-throughput (2kHz) regimes
(most likely limited by the speed of the optical signal processing
logic of the field-programmable gate-array'* rather than the elec-
trode driving conditions.) Given the rather moderate spatial dimen-
sions for nanofabrication, it shall be discussed in this perspective
how the electrification concept can be further scaled in different
directions:

i Downscaling and miniaturization of dimensions: Reducing
the device layer height or channel height and/or the width of
the channels.

ii.  Increasing the electric field strengths: As silicon does not
diffuse under high-field conditions, much larger supply volt-
ages than previously used are feasible, resulting in electric
field strengths of 10°-10% V/m.

ili.  Increasing the number of electrodes: Multiple electrodes can
be placed along the channel, separated only by the insulating
barrier of width w.

iv.  Increasing the electric-field gradients: In addition to the
homogeneous electric field distributions, created, for
instance, between two opposite electrodes as depicted in
Fig. 1(b), more complex field distributions can also be

a) Electrophoretic and Direct-field Manipulation

- Deflection or sorting

- lonization

- Separation

- Surface functionalization

- Reaction compartmentalization
- Chemical reaction triggers

- Electrogenetics

- Cascaded reactions

direction

Electrode Arrays along Microfluidic Channels
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realized. By stacking two layers on top of each other (Fig. 3
central illustration), a quadrupolar field arrangement can be
established. Non-symmetric electrode arrangements across
the channels lead to field gradients highly suitable for deflec-
tion [see Fig. 1(c)].

For the miniaturization of all relevant dimensions as well as for the
spatial separation of the electrodes along the channel, the scaling
properties of the insulating barriers and the underlying fabrication
mechanisms must be taken into account. For the patterning of the
masks that allow the perforations to be created, the transition from
ultraviolet (UV) photolithography to electron-beam or even
ion-beam lithography will allow for sub-100nm feature sizes.
Direct opening of a hard mask by focused ion-milling will even
allow sub-10 nm holes to be created, at least for thin mask layers.
For etching perforations into the silicon device layer, the aspect
ratio of channel height and perforation size, r = h/d, must be
further considered; regardless of the approach, highest values range
somewhere between 50 and 100. Hence, nanometric insulating bar-
riers can be envisioned for micrometer-sized channel dimensions
using the thermal oxidation approach described above.
Alternatively, high-k dielectrics as insulating materials may lead to
even smaller separation between the electrode segments along the
channels, enabling various novel applications as described in
Sec. IV. Furthermore, nanochannels are also interesting for func-
tionalization with arrays of nanoelectrodes, as they offer attractive
opportunities for sensing, despite the generally limited flow rates in
nanochannels. Here, even smaller perforations and widths are pos-
sible as the device layer is correspondingly thinner. For all of the
above highly generic device concepts and the scaling properties
thereof, it shall be noted that silicon does not become diffusive
even under high-field conditions and that the electrical break-down
voltage around 10 MV/cm for thermally grown silicon oxide is
among the highest values reported for oxides. Furthermore, as long
as only electric fields are desired, pristine silicon is perfectly suited
and can be used directly. However, if charge carriers shall be sup-
plied to the channels, e.g., as reagents for electrochemical reactions,

c) Electrochemical Synthesis

- Electrochemical reduction reactions

- Oriented electric fields as reagents

- Heterogeneous catalysis

- Electrochemical surface modifications

d) Impedimetric Sensing and Analytics

- Analytical detection of analytes
- Spatiotemporal characterization
- Impedance spectroscopy

- Sequencing

FIG. 3. Ultimately scaled, complex electrode arrays across and along microfluidic channels with some of the most prominent applications enabled by them:
(a) Electrophoretic or direct, electric field-based manipulation. (b) Reaction control in micro- and nanoscale compartments. (c) Electrochemical synthesis. (d) Impedimetric

sensing and analytics.
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surface metallizations can be added toward the channel side and
highly doped Si used as an electrode body. For many biochemical
applications, however, such free charge carriers are usually unde-
sired because they form radicals. For electrochemical applications,
in contrast, electrons and holes are key to operation, acting both as
reaction-initiating triggers and as probing species.

IV. ENVISIONED APPLICATIONS

The pivotal role of electric fields as triggers and modulators of
chemical and biological processes is ubiquitous in nature, where
local electric fields (LEFs) are key to controlling chemical reactions
at the cellular, molecular, or even atomic level. For example, LEFs
can guide the catalytic efficiency of enzymes whose catalytic pro-
cesses are driven by electrostatic principles. Also, cellular processes
are often regulated by constant or time-dependent LEFs induced
through ion flow processes across cellular channel walls. With the
scaling potentials discussed above, microfluidic devices will reach
dimensions where the externally applied electric fields can be con-
sidered sufficiently “local” in the sense that spatially small cavities
can be addressed. Another option is that channel dimensions are
only one or two orders of magnitude larger than the dimensions of
the objects present therein, which can be technically realized for
droplets, cells, enzymes, or large molecules. This scenario may lead
to a range of novel or drastically improved applications in the field
of micro- and nanofluidics, for instance, the control of the regula-
tory capacity of cell-internal electric fields by cell-external electric
fields.

Another example are electric field strengths that can reach
amplitudes that can directly ionize objects, porate one object into
another one, or interact with electrochemically modified surfaces.
When LEFs are oriented and aligned with the chemical reaction
axis, as is the case for heterogeneous catalysis with surface-bound,
oriented molecular layers, they can become “smart reagents” in
chemical synthesis. Here, LEFs not only trigger reactions by
tunable and high electrochemical potentials, they allow also to
govern control over stereoselectivity, chirality, etc. In turn, local
micro- and nanoscale electrodes can be leveraged for sensing
modalities to probe small objects or even object-internal dielectric
or capacitive features. Here, we sketch out some of the most attrac-
tive near-term opportunities that are enabler by ultimately scaled,
complex electrode arrays offered by the device fabrication approach
presented and illustrated in Fig. 3.

A. Manipulation based on electrophoresis or direct
particle-field interactions

Electrophoresis and dielectrophoresis are essential processes
for manipulating and sorting micro-sized objects in microfluidic
systems, as discussed above and demonstrated in the aforemen-
tioned proof-of-concept architecture.'* The movement of mostly
negatively charged objects toward a positively biased electrode can
occur in either a direct current (DC) or alternating current (AC)
field. DC deflection usually takes advantage of surface charges,
while dielectrophoresis applies a non-uniform AC field to actuate
particles based on their different polarizabilities. The resulting tra-
jectories depend on the charge, polarizability, and the size of the
objects. In down-scaled or high-field gradient geometries, droplets

PERSPECTIVE pubs.aip.org/aip/bmf

may be directly generated, more effectively polarized or even
ionized. Also, a faster or larger deflection amplitude can be
achieved in a microelectrode array. This translates into higher
throughput rates and better control over the objects to be sorted.
The handling of even smaller objects, such as single cells or mole-
cules, will work, and injection or poration-like formation processes
become realistic under high-field amplitudes and the long-term
stable operation of silicon devices. In such cases, the delivery of
DNA, RNA, and drug molecules into artificial or naturally occur-
ring cells can be achieved by temporarily opening and closing the
cell membrane through very short, high-intensity electrical pulses
that create temporary pores in their membranes. Such electro-
poration can be leveraged to facilitate the delivery of genetic mate-
rial into cells for gene editing or protein expression studies.
Furthermore, encapsulation of cells into emulsion droplets can be
utilized for various sorting applications'”~' with higher speed and
precision. The realization of quadrupolar field distributions within
the channel cross section may lead to very effective filters for sepa-
ration or filtering of smallest objects, also in gas-phase applications.
For all these applications and miniaturizations, only silicon provides
the required structural compliance and long-term stability. In addi-
tion to the electrical manipulation of objects in the channel, high
fields and narrowly spaced electrodes may also be used to modify the
microfluidic channel walls when coated with electrosensitive materi-
als. This may lead, for instance, to tunable or switchable surface
properties, such as wetting, referred to as electrowetting, at macro-
scopic dimensions.'® Here, linearly arranged electrode arrays allow
the precise manipulation of individual liquid droplets, which them-
selves function as solution-phase reaction chambers, as will be dis-
cussed below. Control over site-selective potentials allows
microfluidic devices to be locally functionalized based on electro-
chemical multiplexing, a chemical engineering task that provides
powerful means to expose different molecular functionalities to the
channels. Examples of functional coatings include compound-
selective receptors that enable sensing by capturing specific analytes.
The electrical functionalization mechanisms combined with electrical
addressing of individual channels provide effective means to func-
tionalize entire chips by the flow-assembly. Figure 3(a) depicts, con-
ceptually and highly simplified, some of the envisioned operations.

B. Reaction control in micro- and nanoscale
compartments

Another nature-inspired concept used in microfluidics is the
compartmentalization of reactions, realized in droplet microfluidics
through oil-water droplets, double vesicles, or similar confine-
ments. Flow-focusing devices enable the generation of such com-
partments in complex junctions where two or more phases merge
and self-organize. The control over the compositions allows the
assembly of compartments with well-defined content of multiple
reagents. Enzymatic assays,'” bioreaction pathway screening, paral-
lel analysis, DNA sequencing,”’ and directed evolution are just a
few of the many processes that have been demonstrated. This well-
controlled environment provides optimized conditions for bio-
chemical processes, such as, e.g., protein crystallization. Recently,
double-membrane vesicles have reached an increased level of com-
plexity, as they can be assembled from polymeric membranes,
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making them more and more similar to a natural cell in terms of
the designed functionalities. DNA-origami like ports have been
embedded in the membrane,”' and it is conceivable that electro-
sensitive channels will soon be available in electrogenetics. For all
these types of artificial reaction compartments, the interaction with
external electric fields is highly interesting as it allows the trigger-
ing, modulation, and readout of reactions and processes occurring
within the compartments or between several communicating com-
partments. Furthermore, droplets can be clustered, mass-flow
exchange included, and the compartments can be separated again,
all based solely on interactions with external or local electric fields.

C. Electrochemical synthesis

Similar to the operation within a compartment, chemical pro-
cesses and operations can also be realized directly in electrified and
functionalized micro- and nanochannels. Here, the field strengths
and the orientation of the LEFs and their gradients are determinis-
tically defined within the high-resolution electrode arrays. This sce-
nario provides means for controlled electro-synthesis. In general,
the high surface-to-volume ratio in microfluidic devices enhances
the efficiency of chemical reactions, and the rapid heat and mass
exchange allows for a stringent reaction control.”” The electric
fields and electrochemical potentials generated by the
wall-embedded electrodes provide the best control over redox-
reactions for chemical synthesis performed in a microflow reactor
configuration. For such tasks, the aforementioned site-selective
coating is again advantageous for creating the desired coating of
reagents. Excellent means for screening surface coatings, e.g., for
next-generation implants, regenerative medicine, and tissue engi-
neering devices, as well as biosensors and drug delivery devices for
disease diagnosis and treatment,”’ are provided by devices that
offer multiple characterization sites. These can be probed under
different conditions for an efficient screening on a scalable and reli-
able device platform. Novel possibilities are also expected for elec-
trosynthesis working on the single or self-assembled mono-layer
levels. Here, the availability of both high field strengths and ori-
ented LEFs as being present, e.g., in the case of two opposite elec-
trodes [Fig. 3(c)] where at least one is coated with the molecular
layers, opens interesting avenues for synthesis. This allows directed
electric fields to be used as smart reagents”* in a flow reactor and
not a scanning tunneling microscopy (STM) or atomic force
microscopy (AFM) based configuration that is not scalable and dif-
ficult to be implemented in devices. For electrosynthesis, the local
supply of electrons or holes is an interesting alternative to study
chemical processes very locally, perhaps even monitored by appro-
priate techniques. Narrow electrode spacing may cause large con-
centration gradients that are otherwise not achievable with
macroscopic or non-homogeneous fields.

D. Impedimetric sensing and analytics

The close placement of electrodes right at the solid-liquid (or
solid-gas) interface, in the immediate vicinity of the objects present
inside the micro- or nanofluidic channels, and the narrow spatial
distances between the electrodes render such device geometries
highly suitable for sensing applications. Since the channels can be
scaled down in diameter to nearly the same dimensions as the

PERSPECTIVE pubs.aip.org/aip/bmf

objects passing through them, the electrical, electrochemical, capac-
itive, or impedimetric signals are maximized relative to the back-
ground of the medium. Due to the low impedance of the
electrodes, such probes will be highly sensitive. What has not yet
been exploited in microfluidics, due to the limited spatial resolution
of current electrode implementations below 1um, is the high
spatial resolution to probe different channel segments through an
ultranarrow electrode array. Combined with the flow within the
channels, unprecedented spatiotemporal resolution for sensing can
be achieved, providing novel means for electrical tracking or feed-
back control of secondary tasks, e.g., deflection for sorting, rather
than optical ones, which would be an increase in both throughput
and efficiency. Such concepts would also not require labels, e.g., to
provide fluorescence signals, making the approach more broadly
applicable. Multiple electrodes arranged in close proximity give rise
to multiplexing and hyperspectral sensing where AC-LEFs enable
impedance changes caused by passing cells or biomolecules to be
measured. This allows their properties, e.g., size or speed of the cell,
DNA sequences, etc., to be inferred. Such biosensors”” have already
shown fast response times for larger electrode dimensions, minimal
reagent consumption, and ease of handling without the need for
any cellular pre-treatment or labeling, allowing even for mobile
applications.””” It is noteworthy that the electrode arrays are typi-
cally arranged in-plane, while optical transmission can additionally
be realized orthogonally out-of-plane through viewports as men-
tioned in Sec. II. This gives rise to combined electro-optical sensing
with various applications, e.g., an electrochemical DNA sensor
combining polymerase chain reaction (PCR) amplification and
electrochemical detection.”

E. Co-integration of microfluidics and CMOS
technology on a silicon platform

The use of silicon as main microfluidic channel material
opens interesting opportunities and synergies for a co-integration
with CMOS technology; almost all electronic devices used today
are based on CMOS technology and provide a large range of com-
ponents and functionalities also suited for operating microfluidic
devices as described above. Such components include, for example,
passive and active voltage and current sources that can all be con-
trolled by microprocessors. They can supply voltage or current to
the electrodes (with the typical amplitudes of 0-10V now an
acceptable dynamic range for CMOS circuits thanks to the nearby
electrodes) and respond with very little delay due to the short com-
munication distances and the use of real-time logics running on
the microprocessors on the same board. Furthermore, sensing com-
ponents can be deployed from the silicon stack as well, including
photodetectors, photomultipliers, or amplifiers. They may provide
input signals for real-time signal processing, e.g., to drive the
deflection of the electrodes based on an optical input signal for
ultrahigh throughput operation beyond 2kHz. Meanwhile, even
light sources can directly and monolithically be integrated on a
silicon platform, such that they can act, e.g., as excitation triggers
for FACS or FADS. Therefore, the entire FACS or FADS instrument
can be realized in a small-form-factor device. Also micro-
electromechanical devices, typically made out of SOI wafers, can
act as valves to route liquids or simply mix media in addition to
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other applications. Last, also, communication modules are available
on the CMOS platform, using energy-efficient protocols and com-
munication standards, such as low-energy Bluetooth. This will
eventually enable such novel devices to be integrated as smart,
Internet-of-things instruments.

All the processes required for the microfluidic part are scal-
able, and no exotic processes are used. As this fabrication does not
need last-node requirements, the devices can be relatively cheaply
fabricated in a standard clean room. Still, the fabrication can be
scaled up to large wafer scales, which will reduce the cost of
mass-production. As the silicon chips have virtually no fatigue and
can be cleaned even under harsh conditions, they have a substan-
tially longer lifetime than other approaches.

The integration of silicon microfluidics with electronics and
optics fabricated also on a silicon platform can be realized in
various ways. The DRIE of the deep microfluidic channels as well
as the anodic bonding are not directly backend-of-line-compatible
processes in CMOS. Therefore, the simplest solution would be to
stack the chips on top of each other (e.g., by using conventional
solder joints to establish electrical and mechanical connection) or
to assemble individual chiplets side by side, which would be easier
if waveguides are involved for light transmission. Irrespective of
these technical solutions already available from other concepts, the
overall system will lead to drastic miniaturization of devices, which
can be deployed both in laboratory environments and mobile
applications.

V. CONCLUSIONS

The direct electrification of channel walls in silicon microflui-
dic devices provides stable and reliable means of electrically
addressing a microfluidic channel segment. The optimal electro-
static geometries allow low-voltage or high-field operation with
either highly homogeneous electric fields or high field gradients.
The fabrication approach allows dimensional and complexity
scaling. This provides the means for more efficient manipulation,
more stringent reaction control in compartments, field-based elec-
trochemistry or electrical sensing, all with increased speed and
control of smaller and smaller objects down to single cells, proteins,
or molecules. In particular, all of the above-mentioned building
blocks can be arranged in a highly complex 3D fluid network by
stacking silicon or glass layers on top of each other to create multi-
functional devices with various functionalities on the very same
chip. From a fabrication perspective, the compatibility with CMOS
allows monolithic integration and direct use of CMOS functionali-
ties. This in turn could provide new applications in point-of-care
healthcare, medicine, personalized medicine, and more.
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