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Experiments at the frontier of chemical and biological research increasingly re-
quire operation in very small fluid volumes for applications such as drug dis-
covery, in vivo sensing, and microfluidics. This shrinking of sample volumes
requires the development of a new toolkit for chemistry in environments in-
accessible to macroscopic techniques. In this thesis, we show that microscale
electronics is an invaluable tool for interacting with chemical environments at
the microscale.

We begin by presenting optically powered microscopic devices that drive
electrochemical synthesis under incident light. This innovation results in an
electrosynthesis technique that is compatible with existing infrastructure for
high-throughput drug discovery. We then discuss progress toward the develop-
ment of a wireless microscopic electrochemical sensor that is capable of onboard
computation and optical wireless data transmission. We show initial results of
this sensor and use it to detect a change in fluid salinity. Finally, we discuss
electrochemical propulsion methods, and demonstrate a device with onboard
silicon electronics that propels itself through solution by producing and eject-
ing bubbles electrochemically. Each of these devices demonstrates a different
aspect of the functionality of this platform for wireless chemistry. Most signifi-

cantly, these devices pave the way for more complex functionality in the future.
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CHAPTER 1
INTRODUCTION

Less than three years after the beginning of the COVID-19 pandemic, one
hardly needs to convince the reader of the significance of the microscopic world.
After all, what serves as a more effective demonstration than the disruption
of the global economy by a particle less than 100 nanometers in size? During
the pandemic, we all became intimately acquainted with the microscopic world
in another way as well — for many of us, the pandemic was the first time we
were exposed to a key topic presented in this thesis: the world of small-volume

chemistry.

After COVID tests were developed in late 2020, many of us recall regularly
swabbing our nasal passages and inserting the swab into a small fluid-filled
container. These vials, shown in Fig. 1.1a, contain a reagent to inactivate the
virus and release the viral antigen for detection. The volume of this biochemical

reaction, performed by many of us in our own homes, is about 1 mL.

As the world sought to reopen after lockdown, society required this sort of
testing but on a massive scale. Cornell alone required the processing of 7,000
PCR tests per day at the height of the pandemic. The Cornell COVID-19 Test-
ing Laboratory (CCTL) used automated fluid handling and measurement tech-
niques to perform high-throughput analysis to meet this demand. These fluid-
handling robots are optimized for high-throughput screening of significantly

smaller fluid volumes, often 1-100 pL. One of these robots is shown in Fig. 1.1b.

High-throughput testing and experimentation with extremely small fluid

volumes is ubiquitous in chemical and biological research. To continue the



COVID-19 example, this infrastructure for chemical screening allowed for the
testing of nearly 12,000 existing drug compounds to identify candidates for
COVID-19 therapies early on in the pandemic. This work, published in Na-
ture in July 2020, utilized fluid volumes of less than 100 pL[21]. To further con-
textualize the fluid volume scales discussed in this thesis, we note that 1 nL
corresponds to a typical volume for a microorganism like those shown in Fig.

1.1c.

a by

1000x
smaller

Figure 1.1: Examples of Fluid Volumes from Nanoliter to Milliliter
Scale. a) Nasal swab and a container with reagent for rapid
antigen testing. b) Automated fluid handling for COVID-
19 testing at the Cornell COVID-19 Testing Laboratory. Im-
age from news.cornell.edu. ¢) Microorganisms under a micro-
scope, each containing a fluid volume on the order of 1 nL.

This shrinking of sample volumes for high-throughput experimentation
demonstrates the need for a novel set of tools for interaction with these mi-
croscopic environments. Applications at the frontier of chemical and biological
science increasingly require operation in environments like these — those inac-

cessible to usual macroscopic methods and devices.

With the miniaturization of integrated circuits as predicted by Moore’s Law,
microelectronics-based systems are uniquely poised to solve many of these chal-

lenges. As standard experimentation volumes in chemistry and biology have



shrunk in the past few decades, electronics manufacturing has demonstrated
the same capability for miniaturization. These fabrication approaches are inno-
vative yet robust. The newest iPhone, for instance, has over 10 billion transistors
less than 10 nm in size. Clearly, the development of electronics for very small

volumes is not limited by their manufacturing.

In this thesis, we discuss microscopic electronics designed to operate in these
small fluid volumes. These devices consist of onboard silicon electronics and are
wirelessly powered using light. They occupy a volume in the nL range and can
perform chemical synthesis, sensing, or locomote in their environment. Specif-
ically, we demonstrate the use of these devices with the same infrastructure for

high-throughput experimentation previously described.

1.1 Applications for Microscopic Electronics

The use of microscopic electronics for operation in previously inaccessible en-
vironments is not a novel concept. Here, we discuss existing research in these

areas and some potential applications.

One of the most tantalizing applications for microscale electronics is implan-
tation into the body for in vivo monitoring. For example, “Neuralink”[22] and
“Neural Dust”[23] are millimeter-scale brain implants for neural sensing and
stimulation that are powered by induction and ultrasound respectively. Other
externally powered devices include inductively coupled sensors to measure
blood pressure[24] and pulse rate[25] by integration with a stent in blood ves-

sels.



Implantable sensors can also be powered by internal biological processes,
such as pacemaker battery chargers that are powered by heartbeats via
piezoelectricity[26] and biofuel-powered systems that use an onboard catalyst
to generate electricity via reactions with surrounding biomolecules[27]. Im-
plantable electronics have been developed to utilize nearly every method of
power and data transmission available for macroscale systems, but some are
particularly attractive for operation in vivo. In particular, ultrasound and in-
duction are common powering and data transmission techniques due to their
limited attenuation through tissue. Microscale circuits have also been integrated
with the body without implantation in the form of skin-integrated circuits[28],
smart contact lenses for tear-based glucose sensing[29], and photodiode-based

retinal prostheses[30].

Although implantable systems for in vivo operation are obvious applica-
tions for microscale devices, the use of such devices in non-living environ-
ments is also advantageous for the advancement of biomedical engineering. Mi-
crofluidic channels for instance are commonly used for applications such as cell
sorting[31], and low-cost diagnostics[32]. Standalone microscale sensors have
been developed and placed in microfluidic channels for measurements of fluid
conductivity[33], but generally for biological applications the electronics are in-

tegrated with the microchannels during fabrication, limiting their versatility.

Likewise, advancements in pharmaceutical drug discovery necessitate
chemical synthesis and sensing in very small fluid volumes. The complex-
ity and cost of organic chemical synthesis continues to increase — in fact, the
cost to develop new drugs doubles about every nine years, referred to as

Eroom’s Law[34], in contrast to Moore’s Law. As the complexity of synthesized



molecules outpaces the capabilities of computational chemistry, new drug de-
velopment increasingly takes advantage of combinatorial chemistry and high-
throughput experimentation. These synthesis reactions are often performed in
fluid volumes less than 1 pL with thousands performed simultaneously, and
are thus ideal candidates for integration with microscopic electronic devices. A

brief review of applications for small-volume chemistry is shown in Fig. 1.2.

1n Vivo

Figure 1.2: Examples of Applications Utilizing Small Fluid Volumes.
Small-volume chemical reactions are crucial in in vivo environ-
ments, synthetic biology, and drug discovery in the pharma-
ceutical industry.

As the size of these electronic systems approaches the microscale, these de-
vices benefit from advances in the field of microscopic robotics. The primary
distinction between microscopic robots and other microscopic electronics is the
ability for micro-robots to move in their environment. Much like microorgan-
isms at a similar size scale, these micro-robots can swim or walk with a variety
of mechanisms, and have demonstrated abilities such as cargo towing[35] and
in vivo drug delivery[17]. In fact, we recently demonstrated the first truly au-
tonomous micro-robot, which can walk on a solid-liquid interface with no input

of information[13].



1.2 Electrochemistry and Microelectronics

For an electronic system to be of use in a microscopic chemical environment, we
must consider how such a device would interact with its environment. Interest-
ingly, microelectronic systems with onboard electrodes can affect the chemical
composition of nearby fluid and vice versa, allowing for more in depth inter-
action between microscopic devices and their environment. This interplay be-
tween electronics and chemistry, called electrochemistry, is key to the operation

of systems discussed throughout this thesis.

Electrochemically active molecules are those that can either gain (reduction)
or lose (oxidation) an electron under an applied electric field, reducing the en-
ergy barrier for charge transfer between a nearby electrode and the surround-
ing fluid. In the most practical terms, the presence of a reduction/oxidation
(redox)-active molecule near the surface of an electrode changes the current-
voltage characteristics of that electrode, allowing the electrochemical behavior
of that molecule to be quantified by purely electronic means. Likewise, electro-
chemical reactions can be performed simply by applying a voltage between two
electrodes in a solution containing redox molecules. Redox molecules include
those that have a net charge or are polar — including water — and are found in
fluids across the natural world and synthetic chemistry, enabling the interaction

between electronic devices and a wide range of environments.



1.3 Overview & QOutline

The ultimate goal for this technology is the development of a wirelessly pow-
ered microscopic device that uses electrochemistry to perform a range of func-
tions such as synthesis, sensing, onboard computation, wireless data transmis-
sion, and locomotion. Specifically, we envision a system that utilizes onboard
photodiodes and LEDs for wireless power and data transmission and micro-
tubes for bubble propulsion, all encapsulated in a device occupying about 1 nL

of volume. A schematic of such a device is shown in Fig. 1.3.

In this thesis, we discuss progress towards the individual components of this
device. Specifically, we demonstrate electrochemically fueled bubble-propelled
microswimmers, electrolytic devices used in drug discovery, and initial steps

toward the development of an integrated electrochemical sensor.
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Figure 1.3: Diagram of a microscopic device that can perform a range of
functions. A depiction of a device that can sense its environ-
ment, perform onboard computation, wirelessly transmit data,
perform electrolysis, and locomote.



The chapters will be broken down as follows:

Chapter 2 - We will discuss the current status of high-throughput experi-
mentation for pharmaceutical drug discovery and demonstrate optically pow-

ered devices to drive electrochemical synthesis in this context.

Chapter 3 - We will discuss prior work in electrochemical sensors, with a

focus on wirelessly powered microscale systems.

Chapter 4 — We will demonstrate first steps toward the design of an optically
powered microscopic electrochemical sensor used to identify and measure the

concentration of nearby redox molecules.

Chapter 5 - We discuss prior work on microscopic robots that use electro-

chemistry as a method for propulsion, specifically electrochemical actuators.

Chapter 6 — We consider the use of bubbles for electrochemical propulsion

and discuss existing work in this area.

Chapter 7 - We will present optically powered microswimmers that propel
themselves through fluid by making and ejecting bubbles. These microswim-

mers operate in any aqueous solution by performing water electrolysis.

Chapter 8 — We will discuss the electrochemical dynamics of a bubble-
producing electrode. Specifically, we consider tube-like electrode geometries

such as those used in the microswimmers in Chapter 6.

Chapter 9 - We will summarize the results presented in this thesis, and

discuss the future of microscale electrolytic devices and electrochemical sensors.



CHAPTER 2
ELECTROCHEMICAL SYNTHESIS FOR DRUG DISCOVERY

2.1 High-Throughput Experimentation for Drug Discovery

As the field of pharmaceuticaul drug discovery advances, the organic synthe-
sis reactions required to develop new drugs have been increasing in complex-
ity. As a result, pharmaceutical companies now increasingly rely on high-
throughput experimentation (HTE) to synthesize new pharmacologically rel-

evant molecules.

HTE is simply a game of combinatorics — by performing hundreds or thou-
sands of chemical reactions simultaneously with slightly different parameters,
the reaction products can be rapidly screened for novel and useful organic
molecules. In combinatorial chemistry, chemical building blocks such as amino
acids and organic molecules are combined in a systematic way to create a library

of synthesizable compounds.

These experiments are performed in well plates. Examples of a 96-, 384-, and
1536-well plate are shown in Fig. 2.1a. One experiment is performed in each
well. HTE often utilizes automated fluid handling and analysis techniques, so
the overall plate size does not change significantly with the number of wells it
contains. As a result, the fluid volumes for e.g. a 1536-well plate are incredibly
small, often less than 1 pL. This significantly reduces the cost of synthesis with

expensive reactants.

After the experiments, the reaction products in the well plates are analyzed

using automated machines. In general, these analyses are spectroscopic in na-
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ture such as chromatography, mass spectrometry, nuclear magnetic resonance
or IR spectroscopy. This experimental process is extremely common in the phar-
maceuticaul industry, and most major pharmaceutical companies have devoted

resources to enhancing HTE processes[36].

Recently, HTE-compatible infrastructure has been developed to enable pho-
tochemical synthesis, further extending the library of molecules that can be syn-
thesized. Further, these reactions are often more selective, as specific molecules
can be targeted with particular wavelengths without unwanted byproducts. In
these reactors, shown in Fig. 2.1b, a standard well plate is integrated with an
LED array underneath. Like standard combinatorial chemistry, these reactions

can be performed simultaneously.

Similarly, by applying a potential between two electrodes in a well, electro-
chemical reactions that can occur that can further synthesize new molecules in-
accessible to standard chemical or photochemical techniques, again expanding
the library of synthesis reactions available to the pharmaceuticaul industry. The
adoption of combinatorial electrochemistry in this manner has not occurred on
a large scale in pharmaceutical drug discovery due to the difficulty of integrat-
ing HTE infrastructure with the wires and electrodes needed for electrochemical

synthesis.

A preliminary electrochemical HTE-compatible reactor was developed re-
cently by a group at Cornell[3]. This reactor, called HTe"Chem, was developed
for a 24-well plate and utilizes four current sources, each powering a row of
six electrode pairs, wired in series. The reactor is shown in 2.1c. These elec-
trodes are commercially available electrodes of varying materials that are sev-

eral inches long and inserted into the well for electrosynthesis.
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Although successful high-throughput electrochemical synthesis was per-
formed with this device, we note several significant limitations to the scalability
of this approach. For one, as the authors note, the power scheme is precarious.
Because each cell is wired in series, if one electrochemical cell has insufficient
conductivity to support the demanded current and voltage the synthesis effi-

ciency of the entire row is changed.

In addition, the scability of this reactor toward smaller fluid volumes has
several limitations. First, commercially available electrodes for electrochemical
synthesis are too large to be inserted into smaller reaction volumes. In addi-
tion, there is no process available for the mass manufacturing of these electrode-

plate-PCB designs.

Separately, high-throughput electrochemical reactors have been produced
that utilize electrode arrays connected to CMOS electronics and multiplexers for
drug discovery[37]. These electrode arrays require either multiplexers to control
current flow with series/parallel wiring or independent power sources. These
electrical components can be fabricated on the electrode array itself, but this
drives up the cost of the well plate-sized arrays, rendering them prohibitively
expensive for many applications. Alternatively, these components can be lo-
cated off-chip, which requires making thousands of electrical connections, a
notoriously challenging endeavor in electronics. In addition, these electrode
arrays are non-trivial to customize and mass produce, limiting their versaility

and cost effectiveness.
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Figure 2.1: Combinatorial Methods of Drug Discovery. a) A 96-, 384-
, and 1536-well plate used for combinatorial chemistry dur-
ing HTE. Image adapted from [1]. b) A well plate integrated
with an LED array for combinatorial photochemistry. Image
adapted from [2]. ¢) A printed circuit board integrated with
electrodes and a 24-well plate for combinatorial electrochem-
istry. Image adapted and modified from [3].
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2.2 Optically Powered Devices for Electrochemical Synthesis

We have developed miniature devices capable of electrochemical synthesis that
are compatible with existing infrastructure for high-throughput experimenta-
tion in drug discovery. These devices are referred to as SPECS - Small devices

for Photo-induced ElectroChemical Synthesis.

SPECS are millimeter-scale devices that are mass produced at low cost and
can be inserted into individual wells of a well plate to drive electrochemical
synthesis while powered by incident light. They are designed to drive a cur-
rent density similar to a standard electrochemical synthesis reaction while being
powered by an LED array of a standard photochemistry reactor like that shown

in Fig. 2.1b.

2.2.1 SPECS Operation and Characterization

A diagram of a SPECS device is shown in Fig. 2.2a, with a cross-section shown
in Fig. 2.2b. Each SPECS is powered by 6-10 onboard silicon photodiodes wired
in series. The open-circuit voltage of one photodiode is about 650 mV and the
responsivity is about 0.3 A/W under 455 nm illumination. The maximum volt-
age applied by the SPECS is proportional to the number of photodiodes, and
the current is proportional to the optical power incident on each diode. The
diodes are wired in series with two external electrodes; the rest of the device is
insulated so that the diodes and interconnects are not shorted to solution during

experimentation.

The current-voltage characteristics of a SPECS device are shown in Fig. 2.2c.
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For this measurement, microprobes were connected to the external electrodes
with a DC triangle wave applied to the electrodes. The resulting current was
measured with a transimpedance amplifier and PC oscilloscope. The result is
a simple diode curve. The data shown in Fig. 2.2c is consistent with several

photodiodes wired in series.

The exact current and voltage the SPECS produces under incident light is
dependent on the impedance between the electrodes, which includes the elec-
trode/electrolyte interface and the impedance of the fluid itself. Specifically, the
operating point is the intersection of the I-V curves of the SPECS device and
the other impedances in series with the electrodes. Examples of low- and high-

impedance operating points are shown in Fig. 2.2c.

A constant current is desired for electrochemical synthesis so that the exact
charge transferred to the molecules can be quantified during analysis, although
the relevant impedance may change as the synthesis reaction proceeds. The
SPECS shown in Fig. 2.2¢ apply a constant current up to 2V, and therefore are
suitable for electrochemical synthesis when the total system impedance is less

than 250 kQ.

A scanning electron micrograph (SEM) of a SPECS is shown in Fig. 2.2d.
Here, the bright spiral pattern corresponds to the two electrodes, which are the
only conductive portions exposed to solution. The rest of the device is covered
in insulating material and shows up as a darker material on the SEM. The SPECS
drive electrochemistry at these electrodes, whose geometry and design can be

trivially changed in the design stage of these devices.

An optical micrograph of a SPECS, like that shown in 2.2e, reveals that the
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device is optically opaque. This is intentional to prevent light from entering the
chemical solution when there is a SPECS at the bottom of a well. This allows
electrochemical synthesis to be performed without the risk of other undesired

photochemical reaction byproducts.
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Figure 2.2: SPECS diagrams and characterization. a) 3D render of SPECS
device showing photodiodes, light-blocking layer, and elec-
trodes. b) Diagram of a SPECS cross-section showing the ver-
tical Si P-N junction. ¢) Current-voltage characteristics of a
SPECS device. d) Scanning electron micrograph of a SPECS
showing the spiral electrodes on its surface. e) Optical micro-
graph of a SPECS.
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2.2.2 Experimentation with SPECS

These devices are easily fabricated in massive parallel and then diced into sepa-
rate devices for experimentation. A photo of a single SPECS on a human finger-
tip for scale is shown in Fig. 2.3a, with a pile of mass-produced SPECS shown

in Fig. 2.3b.

These devices can be manipulated with a small suction tool or with tweezers
— in the future, they are also fully capable of being manipulated with a com-
mercial pick-and-place tool, allowing for more automatic integration with HTE
reactors. These devices are mechanically rigid enough to be sonicated, allowing
for the removal of fabrication-caused residue before experimentation. Before
placement into the well plates, we test each device individually to confirm that

the electrical connections are functioning properly.

In Fig. 2.3c. we see a SPECS device inside a micro-cuvette which is then in-
serted into a well plate for experimentation - this setup is the same as for com-
binatorial chemistry. This particular device is used to drive Shono oxidation, an

electrochemical synthesis reaction shown in Fig. 2.3d, upper.

After placing SPECS in their respective wells using tweezers, the well plate
is placed on a photochemical reactor like that shown in Fig. 2.1b. The photo-
chemical reactor used in this experiment provides a light intensity of about 2
kW /um? at 455 nm. Given the responsivity of the SPECS at this wavelength,
we’d expect them to provide a current of about 10 pA. The reaction proceeds
for a similar timescale as a standard combinatorial chemistry experiment, which

can take several hours to react with all the molecules in the solution.

After the experiment, the reaction products are analyzed using automated
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spectroscopy tools. For this reaction, nuclear magnetic resonance spectroscopy
was performed for each well on the plate. One sample data set from this run is

shown in Fig. 2.3d.

The reaction byproducts of this particular oxidation reaction are identified
by a pair of peaks in the NMR spectrograph shown in Fig. 2.3d for the reaction
performed by the SPECS. In contrast, a well with the same reaction mixture but
no SPECS did not produce the desired results. We have demonstrated the use of
SPECS for a variety of electrosynthesis reactions using photochemical reactors

in a standard well plate.

18



Me NBF, (o ™), TFE (150 mL) &
d é
1 SPECS, 6 PV

285 mW, 455 nm LED

d
SPECS

-—

control
(no SPECS)

Figure 2.3: SPECS Images and Experimental Results. a) A SPECS on
a human fingertip. b) Multiple SPECS after fabrication. ¢)
SPECS in a micro-cuvette used in a standard HTE reactor. d)
Nuclear magnetic resonance spectrograph of reaction products
with and without a SPECS showing successful electrochemical
synthesis during a Shono oxidation.
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2.2.3 Fabrication

The primary difficulty of the SPECS fabrication is that these devices remain at
the bottom of the wells during experimentation. To be integrated with a stan-
dard photochemical reactor, they require bottom-side illumination and top-side
electrodes so that they can perform electrochemical synthesis on the fluid on top
of them. Because the photodiodes are fabricated on an opaque wafer, the inte-

gration of SPECS onto a transparent substrate requires special consideration.

A detailed process flow is shown in Fig. 2.4. The silicon photodiodes are
fabricated in massive parallel using traditional planar lithography. The doping
for the P-N junctions is done via diffusion doping of a silicon-on-insulator (SOI)
wafer with phosphosilicate spin-on glass and followed by etching to produce a
vertical junction. Ti-Pt is then deposited for both the contacts to the diodes and

to wire up the individual photodiodes.

After production of the photodiodes and patterning of an Al light-blocking
layer, the sample containing the diodes is thermally bonded to an SiO, substrate
with SU-8 to increase the mechanical stability of the SPECS. The handle Si of the
SOl is then dry etched, and further lithography performed to create electrodes

and wire them to the diodes. The SPECS can then be separated via dicing.

One clear advantage of using traditional lithography to produce the SPECS
is their customizability. The possible synthesis reactions that can be performed
with a SPECS depends on its electrode material. With this fabrication approach,
SPECS can be fabricated with almost any thin film material as its electrode ma-
terial, and SPECS with different geometries and electrode materials can even be

fabricated on the same wafer. We also note that before the SU-8 thermal bond,

20



the SPECS entirely consist of CMOS-compatible components, and can therefore

be integrated with more complex circuitry.

In addition, the mass production of these devices results in a very low cost
per device. For 1 mm SPECS on a 100 mm wafer, the fabrication cost per device
can be less than 10 cents. Especially compared with the other costs associated
with a single high-throughput experiment for drug discovery, this cost is small

enough to render the SPECS effectively disposable.
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Figure 2.4: SPECS Fabrication. Step-by-step process flow for manufac-
turing SPECS.
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2.2.4 SPECS Device Yield

We now turn to a more detailed discussion of electrochemical synthesis reac-
tions and how to quantify the success of a reaction. Specifically, we want to
determine the efficiency of these reactions performed by the SPECS and com-

pare this efficiency to that of standard electrosynthesis techniques.

In the most generic electrosynthesis reaction, an electrode in a solution con-
taining molecules A and B drives a reaction A + B — AB. The exact mechanism
depends on the particular reaction, but in general the charge transfer induced at
an electrode with an applied potential can be thought of as a catalyst for these
reactions. We have used SPECS to perform two types of simple electrochem-
ical synthesis reactions called oxidation and bromination. In these reactions,
oxygen- or bromine-containing compounds are added to organic molecules via

electrolysis.

The amount of product synthesized during a reaction can be quantified spec-
troscopically by comparing the spectrographs of the reaction product (AB) to a
solution of known concentration. The product yield is the fraction of reactant
(A or B) that is converted into product (AB). Once we know the total amount
of synthesized product produced in a given time, we can estimate the average

current produced during the reaction.

The product yield and estimated average current for six SPECS performing
an electrosynthesis reaction are shown in Table 2.1. Three of the SPECS, denoted
in green, produced an average current of about 10 pA. This is consistent with
the current expected for this light intensity and wavelength. These results are

typical for electrosynthesis results with the SPECS — some devices produce the

23



expected current, while others produce an average current significantly lower.

The experimental yield for the SPECS in these experiments tends to be 30-50%.

After inspection, we find that the primary failure mechanism during exper-
imentation is fluid penetration through the SU-8 bonding layer due to insuffi-
cient encapsulation. Fluid reaching the device can cause failure as some elec-
trosynthesis reactions utilize volatile chemicals that can etch the photodiodes
on the SPECS. More generically, bonding polymers tend to be quite reactive,

causing unwanted reaction byproducts.

Moreover, the use of a polymer causes a drop in yield during their man-
ufacturing as well. During fabrication, we find that some SPECS delaminate
from the bonding polymer during exposure to fluid after thermal cycling such
as metal deposition, photoresist baking, or etching. This was independent of
bonding polymer material (SU-8, spin-on glass, photoresist) and thickness (from
500 nm to 20 pm). We now turn to a discussion of polymer-free fabrication ap-

proaches for the SPECS.
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Sample Number | Product Yield (%) | Average Current (nA)
1 3 0.5
2 4 0.7
3 68 12
4 59 9.7
5 59 9.7
6 2 0.3

Table 2.1: Experimental Performance of SPECS. Product yield and aver-
age current from six SPECS during the bromination of organic
compounds.

2.2.5 Polymer-Free Fabrication Approaches

We here consider two other nanofabrication techniques for the manufacturing
of the SPECS. As a reminder, the main challenge to overcome here is the use of

bottomside illumination with topside electrodes.

In Fig. 2.5a, we depict a fabrication approach that utilizes “windows” etched
through the backside of the chip to allow incident light to interact with the pho-
todiodes without being blocked by the handle silicon. Here, the photodiodes
are manufactured on-chip with topside electrodes using standard planar lithog-
raphy. After the photodiode fabrication and connection to electrodes, we use
contact lithography with backside alignment to pattern and etch holes in the
back side of the Si handle wafer through to the bottom oxide beneath the pho-

todiodes.

This ”"backside windows” method yielded very promising preliminary re-

sults. To test the mechanical stability of this thin photodiode-containing mem-
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brane, we produced devices on chip as shown in Fig. 2.5a. These devices were
able to perform successful electrochemical synthesis. The device yield for this
fabrication approach was about 50%. The yield increased with bottom oxide
thickness and with decreasing window dimension. The next step in the inves-
tigation of this fabrication approach is fabrication on a thicker wafer to increase

the stiffness of this windowed section.

Yet another approach, shown in Fig. 2.5b, is the use of through-silicon vias
(TSVs) to electrically connect the top and bottom of the device. In this technique,
silicon photodiodes are manufactured as usual, and then a via is etched all the
way through the chip before electrodes are patterned on the other side. This is
a common approach in the literature, but has some challenges. Specifically, a
deep silicon etch results in fluoropolymer deposition on the sidewalls, making

it difficult to insulated the deposited metal vias from the handle silicon.

During experimentation with the TSV approach, we found that the via was
difficult to insulate electrically, such that the anode and cathode of the SPECS
were shorted through the handle silicon, reducing the current flow through the
solution. As a result, the device yield during electrochemical synthesis for this
approach was near zero, with no obvious path forward for increased yield. The
TSV approach also presents scalability challenges, as we found the optimal TSV

size to be 100 nm, adding significant size to the SPECS.

SPECS have demonstrated functionality using the bonding polymer ap-
proach as mentioned earlier, and there are additional polymer-free fabrication
approaches that show promise, especially the backside window method. In
general, since the key components of the SPECS are CMOS-compatible, their

fabrication is quite versatile and we anticipate further refinement in the future.
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Figure 2.5: Non-polymer Methods for SPECS Fabrication. a) Diagram
showing holes through the backside of an SOI wafer to allow
light to hit the onboard diodes. b) Diagram showing through-
silicon vias used to electrically connect the top side of the chip
to the bottom side.

2.3 Outlook for SPECS

We have successfully demonstrated electrochemical synthesis with SPECS, op-
tically powered microscopic devices that are easily integrated with existing in-
frastructure for high-throughput experimentation. We show that these SPECS
are capable of providing a voltage and current typical for electrosynthesis reac-

tions but without wires or power supplies.

In the future, we look forward to using these SPECS to perform thousands
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of small-volume experiments simultaneously, rivaling standard combinatorial
chemistry as a method for drug discovery. Specifically, we aim to use these
SPECS to drive novel electrosynthesis reactions made possible by the broad
range of electrode materials that are easily integrable onto the SPECS. The
promising future of the SPECS is enabled by our collaboration with the Lin
group at Cornell, who will continue the fabrication and experimentation with

the SPECS.
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CHAPTER 3
A REVIEW OF ELECTROCHEMICAL SENSORS

In the last chapter, we demonstrated novel microscopic devices that drive
electrochemical synthesis for drug discovery. The integration of electronics with
electrochemistry for miniature devices, however, is not new. We now turn to
discuss the most prevalent application for miniature devices that perform elec-

trochemistry — electrochemical sensors.

Here, we briefly describe the general principles behind electrochemical sens-
ing and then discuss some miniaturized sensors. The literature on electrochem-
ical sensors is vast, so we will limit our discussion to electrochemical sensors
smaller than 1 cm in size. Specifically, we consider those can wirelessly receive
power and transmit data. Most of the sensors to be discussed here are optimized
for in vivo applications, but many of the approaches used are generic to sensing

in any small fluid volume.

3.1 Operating Principles for Electrochemical Sensing

The most common mode of operation for microscopic electrochemical sensors
is utilizing the same methods of electrochemical analysis that are available in
macroscale experiments. In these experiments, redox reactions are performed
at electrodes, and the effect of these reactions on the charge-transfer charac-
teristics of the electrodes is measured, revealing details about the surrounding

electrochemical environment.

One common technique, called voltammetry, consists of applying a known

electric potential waveform to a working electrode with respect to a reference
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electrode in the solution of interest, and measuring the current between the
working electrode and a separate counter electrode. A typical electrode setup
for this experiment at the macroscale is shown in Fig. 3.1a. A current can also

be applied and the potential measured, called potentiometry.

As a simple example of voltammetric electrochemical sensing, we consider
a triangle wave potential applied to a working electrode while the resulting
current is recorded, called a cyclic voltammogram, as shown in Fig. 3.1b. For
solutions containing redox molecules, there is a current peak in both the for-
ward and reverse sweeps; the potential at which this peak occurs is the redox
potential of the molecule of interest, allowing identification of the molecules in

the solution.

The peak current amplitude is directly proportional to the concentration of
analyte in the solution[38], allowing one to quantify the amount of analyte in
a solution just by performing a simple electrical measurement. For example,
cyclic voltammograms are shown in Fig. 3.1c for different concentrations of
paracetamol along with the peak current for each concentration. This method of
electrochemical analysis is very common at the macroscale. In the next section,

we turn to the miniaturization of these electrochemical analysis techniques.
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Figure 3.1: Standard Methods for Electrochemical Analysis. a) Standard

setup for voltammetry experiments. Figure adapted from [4].
b) Voltage sweep (top) and resulting current (bottom) for cyclic
voltammetry in a solution containing a redox molecule. Figure
adapted from [5]. ¢ Cyclic voltammograms for varying parac-
etamol concentrations, and the relationship between the peak
current and concentration. Figure adapted from [6].
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3.2 Scalability of Electrochemical Sensing Techniques

The principles of electrochemistry discussed above apply to electrochemical de-
vices at any size scale. In fact, we note that the sizes of electrodes used for
sensing and synthesis span 10 orders of magnitude - from nanotubes[39] to
macroscale water electrolysis units[40]. The subtleties of these electrochemical
dynamics, however, depend on electrode size and geometry. Here we consider
the advantages and challenges of performing electrochemical sensing at very

small size scales.

First, the miniaturization of sensing electrodes allows for higher temporal
resolution. The time constant 7 for a sensing electrode — the time that the system
takes to respond to an electrochemical change — is proportional to its double
layer capacitance Cp,, and the fluid resistance Rr by v = Cp Rr. The electrode
capacitance is related to the electrode area A by Cp,, o A. The fluid resistance can
be approximated by the resistance of the cube of fluid on top of the electrode;
the resistance of this cube of fluid is inversely proportional its linear dimension,
so Ry o« 1/VA. The total time constant, then, scales as 7 « VA. It is therefore

advantageous to use small electrodes for rapid electrochemical sensing.

On the other hand, larger electrodes can pass more current, resulting in a
higher sensitivity[38]. As a result, many miniaturized sensors have electrodes
integrated with functional nanomaterials such as enzymes in order to increase

sensitivity and specificity for the desired reaction[41].

One additional consideration is the integration of these sensors with a ref-
erence electrode. By definition, a reference electrode serves as the “ground”

electrode in an electrochemical experiment, and the electrode is chosen to mini-
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mize the voltage drop between the electrode and electrolyte. This is easiest with
a large electrode (i.e., low impedance); as a result, designing a sensor to be used

with small electrodes requires careful consideration.

The most significant advantage of electrochemical sensor miniaturization is
simply the physical footprint of the device. Especially for in vivo applications,
shrinking down the overall sensing devices to minimize invasiveness is crucial.
Keeping in mind the scalability considerations above, we note that microscopic
devices can use the same forms of electrochemical analysis described previ-
ously, and we now turn to the fascinating world of miniature electrochemical

sensors that have been developed recently.

3.3 Sub-Centimeter Electrochemical Sensors

First, let us carefully define the limits for our discussion of electrochemical sen-
sors. More than their size, we are interested in the miniaturization of these
sensing technologies, so will not discuss the enormous space of handheld or
point-of-care sensors. Specifically, we will consider electrochemical sensors that
are 1 cm in size or smaller. We also only discuss sensors that can transmit data

and receive power wirelessly through onboard circuitry.

Miniaturized electrochemical sensors can be divided into two categories:
those with small sensing components that are integrated with larger devices for
wireless data transmission, and those that are integrated with small onboard

wireless receivers/transmitters.

Microscopic sensors that are integrated with larger devices for power/data

33



transfer have successfully transcended into commercially available products,
especially for glucose sensors which comprise 85% of the biosensor market[42].
As an example, we show in Fig. 3.2a the FreeStyle Libre 2, a commercially avail-
able glucose sensor. This sensor consists of a macroscale component that re-
mains on the outside of the skin for Bluetooth connectivity, and an attached
needle used to take electrochemical measurements of glucose levels inside the
body. Although the exact measurement protocols for commercially available
sensors are often proprietary, similar sensors have been developed that utilize
microneedle arrays and amperometric techniques to measure glucose concen-
trations in human blood while transmitting via Bluetooth[43]. Many of these
sensors are coated with an enzyme to increase reaction sensitivity; for glucose,

this is often glucose oxidase.

Even without integration with invasive microneedles, microscopic sensors
can still perform biological measurements with sweat[44, 45, 46, 47], saliva[48,
49], tears[8], or gas in joint cavities[50]. As one example, Fig. 3.2b shows a
glucose sensor integrated with a contact lens. Like other sensors discussed thus

far, there is a several-cm onboard structure for wireless data transfer and power.
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Figure 3.2: Examples of Electrochemical Sensors with Macroscopic
Components for Data Transfer. a) The FreeStyle Libre glucose
sensor, with a needle for insertion into the skin and a macro-
scopic portion that sits outside the skin for wireless data trans-
mission and powering with Bluetooth. Image adapted from [7].
b) Electrochemical electrodes integrated onto a contact lens for
glucose sensing. The data transmission occurs via induction by
the onboard coils. Image adapted from [8].

Although not yet commercially available, sensors have also been developed
that combine a sensing unit and a wireless power/data transfer unit into a sub-
cm package. For instance, Fig. 3.3a shows an implantable amperometric sensor
for the measurement of local lactate concentrations and pH. This sensor has
been tested in an anatomical phantom of human breast tissue and uses on-
board piezoelectric transducers and external ultrasound to power the device
and transmit data[9]. Sensors of a similar device size have been used to mea-
sure neurotransmitters in the brain (Fig. 3.3b)[10], glucose concentrations in

blood[51],, and gastric activity in the GI tract[52].

Very recently, electrochemical sensors have been developed that utilize
CMOS electronics from a commercial foundry for truly miniature sensors. One
example, shown in Fig. 3.3¢c, is an RF-powered mm-scale glucose sensor that

operates via amperometry and is manufactured with standard lithography. The
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same group also published on a similar sensor operating in blood[53].

Figure 3.3: Examples of Sub-cm Electrochemical Sensors. a) Implantable
pH and lactate sensor powered by onboard piezoelectric tran-
ducers with a human finger for scale. Image adapted and mod-
ified from [9]. b) Implantable neurotransmitter measurement
scheme powered by an onboard antenna. Image adapted from
[10]. ¢) Implantable RF-powered glucose sensor manufactured
using CMOS from a commercial foundry and planar lithogra-
phy. Image adapted from [11].
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With the invention of electrochemical sensors that can be manufactured in
massive parallel as shown in 3.3¢, it is apparent that the limitation to further
miniaturization is not device fabrication. Instead, the challenge becomes the

miniaturization of power receivers.

The small sensors demonstrated here use ultrasound or RF signals to receive
power, both of which face additional challenges for further miniaturization.
As piezoelectric transducers (for ultrasound) and antennae (for RF) decrease
in size, the wavelength of the incoming signal must also decrease to maintain
the same transduction efficiency. However, attenuation of these signals is more
pronounced at lower wavelengths, so the efficiency of power transfer decreases
with miniaturization of the device. In contrast, by using light for wireless power
transmission, microscopic sensors can be designed to operate in ambient light,

like a well-lit room or the outdoors on a sunny day.

3.4 Microscopic Sensors Developed at Cornell

Optical power is easily scalable to microscopic sensors, as incoming light beams
can be easily collimated and focused to power small devices from a significant
distance. To this end, our collaborators at Cornell have developed a platform
for optically powered sensors. These sensors have onboard CMOS circuits and
have been developed for biological applications such as neural sensing. These

devices are referred to as MOTEs: Microscale Optically Transduced Electrodes.

A diagram of these devices is shown in Fig. 3.4a. The MOTES are pas-
sive voltage sensors consisting of two onboard electrodes (denoted as V;y+ and

Viy—), an onboard PV-LED, and CMOS circuitry from a commercial foundry
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(X-FAB, TSMC). The potential difference between the two external electrodes is
encoded into light pulses of the PV-LED, allowing the voltage data to be wire-
lessly transmitted. The PV-LED is also used to optically power the MOTE.

After receiving the circuits from the foundry, these devices undergo post-
processing in the Cornell Nanoscale Facility (CNF). The AlGaAs PV-LEDs are
transferred to the MOTEs, which are then released in parallel from the substrate.

An SEM of a MOTE released from the substrate is shown in Fig. 3.4b.

This optically powered voltage sensor is a crucial launch point for the de-
velopment of other similar microscopic sensors. Specifically, we build off this

technology to take the first strides toward a microscopic electrochemical sensor.
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Figure 3.4: Optically powered microscopic sensors at Cornell. a) Dia-
gram of MOTE showing electrodes for input, and an onboard
PV-LED for power and data transmission. Image adapted
and modified from [12]. b) Scanning electron micrograph of
a MOTE released from the substrate. Image adapted from [12].
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CHAPTER 4
THE REMOTE: A MICROSCOPIC ELECTROCHEMICAL SENSOR

Here, we demonstrate the first steps toward a wireless microscopic sensor
for performing electrochemical measurements in small fluid volumes. We call
these devices ReMOTES: Redox Microscale Optically Transduced Electrode Sen-
sors. ReMOTES use light for power and data transmission and utilize onboard
CMOS electronics for advanced computation. We describe the measurement
scheme for these sensors and report on the design and characterization of the
first generation ReMOTES used to measure salinity. We then discuss future

plans for ReMOTES that can be used for redox molecule sensing.

4.1 Electrochemical Analysis Scheme for the ReMOTES

The ReMOTE utilizes constant-current chronopotentiometry to measure the
electrochemical properties of its surroundings. In this electrochemical analysis
technique, a constant current is applied between two electrodes, driving elec-
trolysis in the solution near the electrodes. This change in the electrochemical
properties of the solution affects the voltage on the electrode, which is simulta-

neously measured.

The effect of a constant current on the electrode potential in this measure-
ment scheme is depicted in Fig. 4.1a. There are three regions in the voltage

trace that give information about the chemical environment near the sensor.

I. The current i applied to an electrode at zero potential causes the electrode

potential to rise. This current is comprised of a Faradaic component iy and
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II.

III.

a capacitive current i, such that i = iy +i.. The former is used to drive redox
reactions in the solution at a constant rate proportional to i/, and the latter
charges the double-layer capacitance of the electrode. When the concentra-
tion of redox molecules is very low such that i ~ i, the electrode potential
V increases linearly as dV/dt = i/C, where C is the electrode double-layer

capacitance.

If redox molecules are present in the solution, the electrode potential rate
of change decreases as it approaches the formal potential of these redox

molecules, allowing them to be identified by their unique redox potential.

When the redox molecules near the electrode have been reacted with,
charge transfer is limited by the diffusion of unreacted molecules to the
electrode, and the electrode potential again begins to rise toward the next-
lowest formal potential for redox molecules in the solution. The time be-
fore the potential rises is related to the concentration of redox molecules
near the electrode and their diffusion coefficients, allowing the chemical

components of the solution to be quantified.

A diagram of a ReMOTE is shown in Fig. 4.1b. Each device consists of sev-

eral onboard silicon photodiodes for power, a micro-LED for optical data trans-

mission, and two external electrodes for potentiometry. During fabrication, the

entire device is encapsulated in oxide to ensure that the exposed electrodes are

the only pathway for the contained electronics to interact with their chemical

environment.

The ReMOTE performs constant current potentiometry by applying 10 nA

to one electrode. The other electrode is held at ground for the device, such that

current flows from one electrode to the other. The potential at the electrode with
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the applied current is encoded into pulses of the onboard LED. We designed the
circuitry for the ReMOTE to be produced in a commercial foundry; its internal

components and circuit layout are shown in Fig. 4.1c.

d A A

I, I I

electrode|

P
1

«—100 um—

Figure 4.1: ReMOTES Measurement Scheme and Device Overview.
a) The applied current trace and voltage response typical of
constant-current chronopotentiometry in a solution containing
redox molecules. b) Basic diagram of a ReMOTE showing pho-
todiodes, micro-LED, and the two exposed electrodes. ¢) Phys-
ical circuit layout of the ReMOTE.
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4.2 System Overview of the ReMOTES Circuit

The development of a potentiometric sensor that can wirelessly transmit data to
the outside world requires advanced onboard computation that is only possible
through CMOS circuitry. To this end, we have designed the circuit for the Re-
MOTE in Cadence Virtuoso to be manufactured in a commercial foundry, X-FAB.
Like the MOTE, these devices will be integrated with an LED and released from

the substrate in post-processing after receiving the circuits from the foundry.

A block diagram of a ReMOTE device is shown in Fig. 4.2a. The silicon pho-
todiodes power a proportional-to-absolute-temperature (PTAT) current source
to ensure a stable current supply over a range of light intensities. This PTAT
powers all other circuit components. We use a relaxation oscillator to generate
the clock frequency, and a series of D flip-flops to divide the clock frequency

down from 20 kHz to about 1 kHz, the measurement frequency.

The 10 nA current is applied to electrodes with a timing controlled by a three-
bit current multiplexer. This multiplexer consists of three switches as depicted
in Fig. 4.2b. The current from the PTAT can either be diverted to one of the
two electrodes, an on-chip reference capacitor, or a small 10 fF capacitor. Each
component is shorted to the ground of the circuit when it is not the active com-

ponent (i.e., the component to which the current is applied).

A timing diagram is shown in Fig. 4.2c. The multiplexer switches under
two conditions: one, when the voltage on the active component reaches some
threshold value, or two, when 100 ms has elapsed since the most recent switch.
We utilize the 15 pF reference capacitor to ensure constant calibration of the

ReMOTES. The electrode potential on the reference capacitor reaches the mul-
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tiplexer switch condition after about 10 ms. The purpose of the 10 fF capacitor
is to allow the other components to be shorted for a brief time in between mea-
surements; the electrode potential on this capacitor reaches the switch condition

after only 10 ps.

The potential on the active component is fed into a pulse generator to encode
the voltage into timed pulses using pulse-position modulation (PPM). The PPM
encoding scheme is depicted in Fig. 4.2d. The LED pulses in pairs; one of each
pair occurs at a regular frequency given by the clock frequency. The second of
each pair, the secondary peak, is time-shifted by a time related to the measured
voltage. In between LED pulses, charge builds up on a 50 pF capacitor which
is suddenly discharged on demand to pulse the LED. Under 2 kW/m? incident
light intensity, the LED is driven with about 1 mA with a FWHM of about 80 ns.

The ReMOTES can measure voltage with a bandwidth of about 1 kHz and a
noise floor of 50 pV RMS. They are optimized to operate under about 1 kW /m?

incident light intensity or about 10 tW of power.
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Figure 4.2: ReMOTE Circuit and Timing Diagrams. a) Circuit block dia-
gram of ReMOTE. b) Depiction of the current multiplexer used
to divert current toward the electrodes or the onboard refer-
ence capacitor. ¢) Timing diagram for current flow through the
external electrodes and onboard reference capacitor. d) Scheme
for encoding measured voltage into pulses of a micro-LED us-
ing pulse-position modulation.
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4.3 On-Chip Characterization

To demonstrate initial functionality of the ReMOTES, we performed electrical
measurements without releasing the devices from the substrate. After receiving
the 200 mm diameter wafer from X-FAB as shown in Fig. 4.3a, the wafer is diced
into 20 mm chips, each containing every circuit designed by various Cornell
collaborations. One chip is shown in Fig. 4.3b. The ReMOTES, seen in Fig. 4.3c,

are arranged in a grid.

For testing of the ReMOTE, wires were lithographically patterned connect-
ing the four input/output terminals (two for the LED, two for the external elec-
trodes) to macroscopic pads on the perimeter of this 20 mm chip. The wires
were then insulated except for the pads for connection and the exposed elec-
trodes on the device used for electrochemical measurements. This measurement
scheme was designed to allow measurements in fluid without interference from

the wires.

a b

Figure 4.3: Wafer received from X-FAB, a commercial foundry, contain-
ing ReMOTES. a) SOI wafer as received from X-FAB. b) One
20mm chip diced from the wafer in a). ¢) ReMOTE devices ar-
ranged in a grid on-chip as received from the foundry.

The ReMOTES were optically powered during this on-chip characterization.
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In lieu of placing LEDs on the prototype devices, the output current was mea-

sured using a transimpedance amplifier.

To test the ReMOTES, we first connected the electrodes to physical capaci-
tors. When a constant current is applied to a capacitor, the potential increases
linearly at a rate inversely proportional to its capacitance, allowing the capaci-
tance to be measured by the ReMOTE. Red (650 nm) light is shone on the sam-
ple with an intensity of about 2 kW /m? to power the ReMOTES, and the current

was measured between the terminals designed to power a micro-LED.

Raw current data showing the pulse timing is shown in Fig. 4.4a. As ex-
pected, we see primary and secondary peaks in the current trace. The ampli-
tude of the secondary peak is slightly diminished as the capacitors used to store
charge for the LED do not have time to charge fully. These current spikes have
smaller amplitudes and are longer than designed for a micro-LED due to the

time constants inherent in using long wires to measure the ReMOTE on chip.

For this first generation of the ReMOTES, the time between peaks scales ex-
ponentially with the transmitted voltage, such that taking the logarithm of the
peak spacing allows the voltage to be decoded. This decoded voltage is shown
in Fig. 4.4b.

As shown, the measured voltage increases linearly with time, which is char-
acteristic of a steady current being applied to a capacitor. A linear fit to these
voltage data is shown in yellow in Fig. 4.4b. The slope dV/dt is inversely pro-
portional to the measured capacitance and proportional to the applied current.
In between the regions with a linear fit is the voltage measured across the refer-

ence capacitor, used to calibrate the voltage measured on the external capacitor.
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On average, this potential rises 600 mV in about 1 ms. As a sanity check, given
the reference capacitance this shows that the ReMOTE is producing about 10 nA

as expected.

The ReMOTE-measured capacitance is compared to the physical capacitance
in Fig. 4.4c. We note a fairly good agreement between the measured and ex-
pected values, especially at capacitances above 1 nF. The disagreement at low
capacitance may be due to stray capacitances from the wires, which we expect

to have a capacitance of roughly 500 pF based on their length.

Next, we tested the ability of the ReMOTES to perform salinity measure-
ments. Varying concentrations of the salt NBuyPFs were dissolved in acetoni-
trile and pipetted onto the device, and the device was measured using the same
technique as for the dry measurement. The voltage again linearly increases with
time, consistent with successful constant-current potentiometry in a salt solu-

tion without redox-active molecules.

Given the known current, the capacitance derived from dV/dt is plotted as a
function of salt concentration in Fig. 4.4d. The measured capacitances increases
with solution salinity. A 100x increase in salinity results in about a 50% increase

in capacitance.

The capacitance-salinity relationship can be theoretically predicted by relat-
ing an electrode in fluid to a macroscopic capacitor. A standard capacitor with
area A and thickness d has two oppositely charged plates and a total capacitance
of C « A/d. Instead of two metal plates, an electrode in solution has charged par-
ticles on the metal surface, and oppositely charged particles in the solution near

the electrode. The thickness d of this capacitor is called the Debye length, and is
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the thickness of the ionic layer that is needed to compensate for the charge on

the electrode.

As the ionic concentration of the fluid increases, the ion layer thickness d
needed to screen the charge of the electrode decreases, increasing the capaci-
tance C of this double layer. From this model, we would expect the capacitance
to scale with the square root of salinity; we do not see the expected factor of 10
increase in capacitance for a 100x increase in salinity. However, this is a very
simplified model, and other literature sees a diminished scaling of capacitance
with salinity as well[54]. The salinity-capacitance relationship measured by the
ReMOTES, then, is consistent with the literature and we assert that these Re-

MOTES are truly measuring the electrochemical dynamics in fluid.
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Figure 4.4: Preliminary Results from the ReMOTE Circuit. a) A raw cur-
rent trace showing the PPM pulses. b) Voltage data after de-
coding raw PPM data. ¢) Comparison of ReMOTE-measured
capacitance to the capacitance of macroscopic, physical capaci-
tors. d) Electric double-layer capacitance of Pt electrode in fluid
as a function of salinity, as measured by the ReMOTE prototype
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4.4 OQOutlook

Here, we have demonstrated the first steps toward an optically powered mi-
croscopic electrochemical sensor. We discussed their measurement scheme and
the operation of the onboard CMOS circuitry. Further, we characterized the first
generation ReMOTES on chip and demonstrated their ability to detect changes

in salinity.

The next generation of ReMOTES has been designed, manufactured at X-
FAB, and awaits on-chip characterization and further processing. These Re-

MOTES contain many of the same components as the first generation.

Unlike the first generation of ReMOTES, these new devices are designed to
power a vertical-cavity surface-emitting laser (VCSEL), but can also power an
LED as previously described. The light from a VCSEL is emitted primarily in
one direction, compared to a micro-LED that emits in all directions; this allows

a much brighter signal from the ReMOTES and easier data transmission.

Generation two ReMOTES are also designed to measure redox molecule con-
centrations in addition to salinity. These devices will be able to measure volt-
ages of up to 2V, allowing measurement of a wide range of redox molecules,

including water.

To optimize the ReMOTES for electrochemical sensing, there are multiple
verions of generation two devices. These ReMOTES have differnt applied cur-
rents, reference capacitors, and PPM resolutions. In post-processing, these de-
vices can also utilize different electrode areas to study the effect of these param-

eters on measurement resolution.
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Here we have shown the first steps toward a microscopic optically powered
electrochemical sensor. We have shown the on-chip capability of these devices
to measure a change in solution salinity, and will use the same technology to
measure concentrations of redox molecules in the future. These devices, when

released from the substrate, will measure 400 x 100 x 15 um?, or about a volume

of 1 nL.

We envision a variety of non-invasive measurements enabled by this tech-
nology, but as a starting point we aim to monitor in real-time the concentration
of redox molecules during reactions in well plates, as described previously in
Chapter 2. Moreover, the development of a microscopic electrochemical sensor

is a crucial step toward nanoliter electronics for wireless chemistry.
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CHAPTER 5
ELECTROCHEMICAL LOCOMOTION FOR MICROSCOPIC ROBOTICS

So far, we have demonstrated electrochemistry as a mechanism by which
microscopic electronic devices can perform chemical synthesis and sensing in
small fluid volumes. For the remainder of this thesis, we discuss electrochem-
istry as a propulsion mechanism for microscopic robotics. Specifically, in this
chapter we consider previous work in our group to develop electrochemically

driven actuators that are fully integrable with silicon electronics.

Microscopic robots have been developed recently that are capable of
performing a variety of complex tasks such as drug delivery[55], cargo
towing[35], and environmental remediation[56]. These "microbots” have used a
range of propulsion mechanisms including ultrasound[57], electrophoresis[58],
bubbles[35], magnets[59], artificial legs[13], and biohybrid propulsion[60]. De-
spite the versatility of propulsion mechanisms, very few are electronic in nature.
Most methods of propulsion, then, are not integrable with onboard electronics

for control, so there is very little existing work in this microscopic realm.

5.1 Surface Electrochemical Actuators

To this end, our group has recently spearheaded the development of electro-
chemically driven actuators that are fully integrable with silicon electronics.
These surface electrochemical actuators (SEAs) are controlled by applying a po-
tential to the actuator with respect to the surrounding fluid. A schematic of a
typical SEAs experiment is shown in Fig. 5.1a. A microprobe is used to apply a

potential to the actuators with respect to an Ag/AgCl reference electrode in the
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electrolyte solution.

The SEAs are bimorph structures as shown in the cross-section in Fig. 5.1b.
The electrochemically active material, a 7 nm thick layer of platinum, is capped
by an electrochemically inert material, titanium in this case. We note that the
entire stack is only about 10 nm thick. The ultrathin nature of the SEAs is crucial
to decreasing their bending stiffness in order to maximize the response of their

curvature to an applied potential.

A depiction of the mechanism for the SEAs is shown in Fig. 5.1c. Ions in
an electrolyte solution adsorb/desorb from a platinum surface in response to
an applied potential between the platinum and the electrolyte. This ion adsorp-
tion changes the surface stress of the platinum. If one side of the platinum is
capped with a nonreactive layer (e.g., titanium), the bimorph stack will bend in

response to the unequal stress.

A demonstration of a SEA bending in response to an applied potential is
shown in Fig. 5.1d. The adsorbed ion species depends on the applied poten-
tial; the SEA shown here is demonstrating the adsorption of an oxygen species.
These actuators curl more with higher positive potentials. Fig. 5.1e shows a plot
of measured actuator curvature as a function of applied potential, demonstrat-

ing successful actuation at voltages less than 500 mV.
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Figure 5.1: Mechanism and Demonstration of Surface Electrochemi-
cal Actuators (SEAs). a) Diagram of measurement setup for
SEA characterization. Image by Michael Reynolds. b) Cross-
sectional TEM image of a titanium-platinum bimorph stack.
Image adapted from [13]. ¢) Schematic showing electrochemi-
cally driven adsorption resulting in curvature of a SEA. Image
adapted from [14]. d) Micrographs showing SEAs curvature
with different applied potentials. Image adapted from [14]. e)
Measured SEA curvature as a function of applied potential. Im-
age adapted from [14].
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These actuators are fabricated and released in parallel from the substrate
using planar lithography, entirely compatible with the manufacturing of elec-
tronics. In fact, Miskin et al. demonstrated the use of these SEAs with silicon
photovoltaics to make a rudimentary walking robot[14]. Liu et al. has also
demonstrated similar actuators utilizing film oxidation instead of surface ad-

sorption resulting in a shape-memory effect[61].

5.2 Microscopic Robots with Electrochemical Actuator Legs

The true potential of this technology was realized when our group successfully
integrated these electrochemically driven actuators with CMOS circuitry for ad-
vanced control. This team includes myself and was led by Michael Reynolds.
These microbots are optically powered and locomote autonomously under inci-
dent light. The circuits for these microscopic robots were designed in Cadence
Virtuoso and manufactured at a commercial foundry (X-FAB), and the SEA legs

were fabricated in post-processing at the Cornell Nanoscale Facility.

These robots measure about 100 pm in size, and are shown next to an ant
in Fig. 5.2a. An optical micrograph of a device in Fig. 5.2b shows the onboard
photodiodes, integrated circuit, and legs. The SEAs are seen in Fig. 5.2c with

rigid SiO, panels to define the leg hinge and support the device when walking.

The integrated circuit produces a series of phase-shifted square waves to
drive the legs of the device. The layout for the circuit is shown in Fig. 5.2d. Sim-
ilar to the ReMOTES, the circuit contains photodiodes for power, an onboard
relaxation oscillator, a PTAT current source, and frequency dividers. Fig. 5.2e

shows an optical micrograph of the circuit after production by X-FAB. The exact
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details of the circuit depend on the desired functionality and gait for each mi-
crobot. Because of the versatility of CMOS circuit design, robots with multiple

gaits were manufactured in parallel.

Perhaps the most significant innovation of this work is the post-processing
of these circuits to enable their release from the substrate. The robots must be
thin enough to be supported by their ultrathin SEA legs, and therefore must be
separated from the handle wafer on which they are fabricated. Thirteen layers
of lithography are required to pattern the SEA legs and release the devices from

the substrate. An optical micrograph of released devices are shown in Fig. 5.2f.

After release, these devices are simply powered by incident light at about an
intensity of 1 kW /m?, about that of a sunny day. The onboard circuit drives the
electrochemical actuator legs, enabling the robots to crawl across a solid-liquid
interface as shown in Fig. 5.2g. These robots are also capable of receiving optical

commands to control their speed and direction[13].

5.3 Outlook for Electrochemical Actuators

We have now shown the first autonomous microscopic robots. These microbots
use onboard CMOS circuitry to drive electrochemical actuators to locomote
across a solid-liquid interface. This technology demonstrates not only the util-
ity of electrochemical propulsion methods, but the feasibility of their integration
with electronics, paving the way for microbots that can interact with their en-
vironment and perform complex functions. In addition to microscopic robotics,
these actuators have been used in other applications as well, such as artificial

cilia for fluid pumping[62].
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In this chapter, we demonstrated the use of electrochemically driven actu-
ators to enable locomotion at the microscale. In the next chapters, we adapt
a known technique for electrochemical bubble propulsion to develop the first

electronically integrated bubble-propelled microswimmer.
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Figure 5.2: Microscopic Robots with Onboard Digital Control and
SEAs. Figure adapted from [13] a) Microscopic robot next to
an ant for scale. b) A micrograph of a robot showing onboard
photodiodes and integrated circuit. ¢) SEAs and SiO, panels
for rigidity in select locations. d) Physical layout for the mi-
croscopic robot circuit. e) Optical micrograph of the control
circuit for the robots. Scale bar 20 um. f) Multiple microscopic
robots released from their substrate. g) Time lapse of micro-
scopic robot locomoting on a solid-liquid interface.

59



CHAPTER 6
A REVIEW OF BUBBLE-PROPELLED MICROSWIMMERS

In the previous chapter, we discussed electrochemical actuators and demon-
strated their integration with silicon electronics to make the first autonomous
microscopic robots. There is yet another propulsion technique that utilizes
electrochemical reactions: bubble propulsion. Bubbles are the most common
electrochemical propulsion technique in the literature[63, 64, 65, 35, 15, 66, 67].
Bubble-propelled microswimmers have been developed at size scales ranging
from less than a micron[68] to over a millimeter[69], spanning the entire size

range of microscopic robotics.

The remainder of this thesis will be devoted to considering this type of mi-
croswimmer. Here, we discuss the physics behind bubble propulsion as well as
existing work on bubble-propelled microswimmers. In the next chapter, we will
use this propulsion technique to develop the first bubble-propelled microswim-

mer with onboard silicon electronics.

6.1 Working Principle for Bubble Rockets

Bubble rockets utilize electrochemical reactions that evolve gas as a reaction
product. Once the local concentration of gas in solution reaches a critical thresh-
old called supersaturation, a bubble is nucleated. These bubbles can grow,
move, and detach from the bubble-producing device. If bubbles detach from
a microswimmer in one direction, the swimmer will move in the opposite direc-

tion.
To demonstrate functionality of bubble-propelled microswimmers, we’ll dis-
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cuss a typical example from the literature, shown in Fig. 6.1a. This device is a
rolled, tapered metallic tube that operates in hydrogen peroxide. Here, the plat-

inum in the tube catalyzes the decomposition of hydrogen peroxide:

2H202 - 0, + 2H20 (61)

The produced oxygen gas nucleates into bubbles if produced at a fast enough
rate. These bubbles rapidly grow inside the tube and are subject to a capillary
force due to the different radii of curvature of the two bubble ends in the tapered

tube[66]. As a result, the bubble is ejected from the larger end of the tube.

It's important to note that the term “bubble rocket” here is misleading - in
fact, microswimmers do not utilize inertial forces from mass ejection for propul-
sion. The sum of forces on the microswimmer is }} F = ma, but at low Reynolds
number a force from mass ejection induces a viscous force that almost exactly

balances it such that ) F = 0.

Multiple models have been proposed for the exact mechanism of bubble
propulsion[70], and we here discuss the most commonly accepted mechanism
found by equating the Stokes forces of the ejected bubble and microswimmer
over a time 7 in which the swimmer and bubble are separated. In this time, the
bubble and swimmer of Stokes radii rz and rg respectively move distances dp
and ds. In this model, the microswimmer moves forward gradually while the
bubble separates from the tube. A diagram of this process is shown in Fig. 6.1b.

Equating the Stokes forces between the microswimmer and the bubble, we find

6rmnredp/T = 61nreds /T (6.2)
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Importantly, the only geometry-dependent term here is the Stokes radius.
By definition, during ejection the bubble moves its diameter with respect to the
swimmer, such that dz + ds = 2rg. The microswimmer velocity is simply v, = d,f
where f is the bubble ejection frequency. Thus, the theoretical velocity of a

bubble-propelled microswimmer is

2
g

vy =2 (6.3)

rg +rp .

This model is simplified and neglects other forces such bubble motion in the
tube, bubble growth forces, and the interaction of the microswimmer with other
objects or boundaries. However, this model allows us to roughly estimate the
velocity of a bubble-propelled microswimmer and predict its dependence on
geometric parameters. In Fig. 6.1c the velocity vs. tube length is shown for
a bubble rocket operating in peroxide. At some rocket length, bubbles begin
to be ejected out of both ends, causing the velocity to drop to zero. At lower
lengths, the actual microjet velocity is roughly consistent with the theoretical
velocity given by this model[16]. Although a tube-like geometry is shown here,
bubble-propelled microswimmers can be any geometry, as long as the bubbles

are ejected from the device non-isotropically.
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Figure 6.1: Introduction to Bubble Propelled Microjets. a) Micrograph
of Pt microtubes that produce and eject bubbles by reacting
with H,O,. Image adapted from [15]. b) Diagram show-
ing propulsion mechanism for bubble rockets. Image adapted
from [16]. ¢) Bubble rocket velocity vs. tube length. Figure
adapted from [16].
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6.2 Chemical Fuels for Bubble Generation

The vast majority of bubble-propelled microswimmers fall into at least one of
two categories: those that are fueled by a chemical in their environment, and

those that contain a consumable fuel onboard the device.

In the first category, we find bubble-propelled microswimmers that are fu-
eled by hydrogen peroxide[16, 15, 67] and strong acids[55, 71], specifically gas-
tric acid. In fact, the operation of Zn micromotors was shown in vivo recently
in a mouse’s stomach for drug delivery[17]. An image of these micromotors

operating in gastric acid is shown in Fig. 6.2a.

In the second category, we find microswimmers that operate in a wider range
of solutions by using an onboard fuel. These gas-evolving reactions often pro-
ceed spontaneously at metals in solution even without an applied voltage. As
a common example, alkali metals (lithium, potassium, magnesium, etc.), react
spontaneously with water to produce hydrogen gas. A magnesium micromotor
operating in phosphate buffered saline (PBS) is shown in Fig. 6.2b. Similar mi-
cromotors can operate in pure water[18]. These devices that utilize an onboard
tuel have very limited lifetimes (minutes) as the onboard metal fuel is consumed

during the reaction.
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Figure 6.2: Bubble-propelled Microswimmers Utilizing Chemical Fuels
for Locomotion. a) Micrograph of Zn bubble rockets operating
in gastric acid at physiological temperature. Scale bar 20 pm.
Image adapted from [17]. b) Time lapse of Mg bubble rockets
operating in phosphate-buffered saline. Image adapted from
[18].

6.3 Steering and Control

The bubble rockets discussed thus far have all utilized reactions that proceed
spontaneously, but by definition microscopic robots require some level of con-
trol. The most rudimentary form of control is on/off behavior. To this end,
Fig. 6.3a shows T'i0O, — CaCOs/PEGDA-based microswimmers that utilize pho-
tocatalytic hydrogen peroxide breakdown. This reaction only proceeds under
incident UV light, allowing the microswimmer velocity to be turned on and off

depending on the illuminating light intensity.

Many of the microswimmers discussed thus far are easily integrated with
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various mechanisms for steering. For instance, many bubble rockets are inte-
grated with ferromagnetic materials to enable steering in a magnetic field. One
example of this is shown in Fig. 6.3b, where a bubble-propelled micromotor
steered with a magnet is used to pick up cargo. The micromotor adheres to
the cargo due to surface forces, and releases the cargo when forced to rapidly
change directions due to a change in the magnetic field[20]. Non-ejected bub-
bles can also be controlled with an acoustic field, enabling more advanced steer-
ing as well[72]. The use of onboard CMOS to control bubble propulsion has also
been demonstrated, but these devices exceed 1 mm in size, and are therefore not

suited for this discussion of microscopic swimmers[69].
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Figure 6.3: Bubble-propelled Microswimmers Demonstrating Ad-
vanced Control. a) Image of photocatalytic micromotor in UV-
illuminated area (left) and velocity vs. time with light on and
off (right). Image adapted from [19]. b) Bubble-propelled mi-
cromotor manipulating cargo while being steered with a mag-
netic field. Image adapted from [20].
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6.4 Outlook for Bubble Propulsion

Compared to electrochemical actuator locomotion, bubble propulsion has some
specific advantages. The velocities of many of the bubble-propelled microswim-
mers discussed here are extraordinarily high — in some cases, more than 100
body lengths/second, on par with some of nature’s most efficient locomoting
microorganisms. Moreover, there is a vast range of chemical fuels, device ma-
terials, and microswimmer shapes for which bubble propulsion is achievable.
All of the silicon devices shown here sink in fluid due to silicon being denser
than water, but unlike the SEAs robots, bubble-propelled swimmers can lever-
age produced bubbles to control their buoyancy. In general, the motivation for
pursuing both the SEAs and the bubble rockets is simply that the preferred lo-
comotion mechanism for microscopic robots is application-dependent, and we
simply seek to expand our toolbox of locomotion mechanisms for microscopic

robotics.

Despite the enormous field of microscopic bubble rockets, none have yet
been integrated with silicon electronics or advanced nanofabrication strategies
to enable their advanced control. However, in Chapter 2 we already demon-
strated the ability of optically powered microscopic devices to drive electro-
chemical reactions at onboard electrodes. We now turn to a similar technology

to drive electrolytic bubble production for propulsion.
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CHAPTER 7
OPTICALLY POWERED MICROSCOPIC BUBBLE ROCKETS

In the previous chapter, we discussed the wide range of existing work on
bubble-propelled microswimmers. Here, we adapt these known techniques for
bubble propulsion with silicon electronics to develop an optically powered mi-

croswimmer that can operate in any aqueous solution.

We begin by discussing how these microswimmers are manufactured, and
then demonstrate swimming behavior in a saline solution. We then show
how the swimming trajectory of these microbots depends on their design and
demonstrate dynamic steering. We reveal a novel method for bubble propul-
sion on solid-liquid interfaces, and conclude with a discussion of integration of

these microswimmers with CMOS circuits for more advanced control.

7.1 Fabricating and Manipulating Bubble Rockets

We begin with a discussion of how these microswimmers are fabricated and
manipulated. Importantly, they are manufactured using planar lithography, al-

lowing them to be fabricated and released from the substrate in parallel.

We start fabrication with a p-type (B) silicon-on-insulator (SOI) wafer from
Ultrasil Corp. with a 2 um device thickness and a 500 nm bottom oxide (BOX)
layer thickness. We dope the top of the device layer by spinning 8% phosphosil-
icate glass (PSG) on the wafer before a high-temperature (1050 °C) rapid thermal
anneal and subsequent removal of the PSG in 6:1 BOE. Using contact lithogra-
phy, we pattern and etch the device Si to the p-type region using an HBr plasma,

and then repeat to etch to the bottom oxide to separate the diodes. At this stage,
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the rockets are also defined in silicon. We deposit a 50 nm conformal SiO2 us-
ing ALD which we then pattern and etch in 6:1 BOE before performing a lift-off
process to sputter 2/80 nm Ti-Pt contacts to the n- and p-type regions. We then
repeat this lift-off procedure to pattern the interconnects to wire up the diodes
and to define the electrodes on top of the silicon rocket shape, followed by a

CHEF3/02 etch to the Si handle around the device to define its shape.

At this point, if desired, we perform a lift-off process and deposit 50 nm Co
via e-beam evaporation for the thin-film magnets. We deposit 100 nm PECVD
SiO2 followed by 600 nm PECVD tetraethyl orthosilicate (TEOS) to encapsu-
late the device, again etching with CHF3/02. Al is sputtered onto the device,
patterned, and etched in MIF 726 to define strips of material to connect the de-
vices to the surrounding SiO2. The devices are then undercut with a XeF2 vapor
etch, which also etches the Si defining the rockets resulting in a hollow rocket
shape. The devices are then submerged in 0.2% tetramethylammonium hydrox-
ide (TMAH) to etch the aluminum and release the devices from the substrate.
After release from the substrate, the TMAH used to release the devices was di-

luted 1000x by the desired solution, often 1-10 mM PBS.
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Figure 7.1: Process Flow for Manufacturing Optically Powered Micro-
scopic Bubble Rockets. Top-down and cross-section views of

bubble rockets during fabrication.
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A microscope image showing multiple bubble rockets on chip during fabri-
cation is shown in Fig. 7.2a. After release from the substrate, these bubble rock-
ets are manipulated in bulk with micropipettes, or individually with a pulled
glass pipettes attached to a micromanipulator and syringe pump. A micrograph

showing the latter is shown in Fig. 7.2b.

Figure 7.2: Bubble Rocket Fabrication and Manipulation. a) On-chip
micrograph showing parallel fabrication of bubble rockets. b)
A bubble rocket being manipulated with a micropipette.
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7.2 Operation of Microswimmer

Although their fabrication is complex, the components of these bubble rockets
can be understood quite simply. A diagram of a microswimmer is shown in
Fig. 7.3a. Each device consists of multiple silicon photodiodes wired in series
with a hollow tapered electrode. The entire device is encapsulated in silicon
dioxide except for the interior of the hollow electrodes. Under incident light, the
onboard photodiodes apply a voltage between the two electrodes sufficiently

high to drive water electrolysis, splitting water into hydrogen and oxygen gas:
2H,0 — 2H, + O,. (7.1)
The water electrolysis reaction at the cathode produces hydrogen gas:
2H,0 + 2¢~ — H, + 20H™ (7.2)
At the anode, oxygen gas is produced:
2H,0 — O, + 4H" + 4e” (7.3)

Just as in our previous discussion of bubble-propelled swimmers, this evolved
gas rapidly nucleates into bubbles. The capillary force on these bubbles in the
tapered cylinder forces them to be ejected from the tube, propelling the mi-

croswimmer forward.

A time lapse for a microswimmer locomoting on an air-water interface is
shown in Fig. 7.3b. This device is illuminated by roughly 20 kW/m? Hg lamp
illumination in 10 mM PBS solution, and is swimming at the air-liquid interface
in a petri dish. As shown in the distance vs. time curve in Fig. 7.3c, the instanta-
neous velocity of this microswimmer is 30 + 5 pm/s throughout its swimming

trajectory.
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In the previous chapter, we discussed the most prevalent model for bubble
propulsion, resulting in a theoretical swimmer velocity dependent on swimmer
and bubble radius given in eq. 6.3. Now, we consider this microswimmer in that
same framework. In Fig. 7.3b, the bubbles ejected have a mean radius of about 2
pm and have an ejection frequency of roughly 120 Hz. The Stokes radius of this
flat-ish disk is 34 pm, and therefore this device has a theoretical velocity given
by eq. 6.3 of roughly 30 num/s. This theoretical velocity lines up well with the

experimental value.

Si0, Pt n-Si p-Si

Distance (pm)
85388

Figure 7.3: Microswimmer Locomoting via Water Electrolysis. a) Di-
agrams of optically powered microswimmer showing encap-
sulated photodiodes, hollow platinum electrodes, and bubble
production. Inset: microswimmer operating on glass-water in-
terface in 10 mM PBS solution under Hg lamp illumination.
b) Time lapse of a device swimming under mercury lamp illu-
mination at an air-water interface in 10 mM PBS solution. c)
Displacement vs. time for the swimming device shown in b.
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In Fig. 7.3b, we can see that this device does not swim in a straight line,
but has a curved trajectory. For this device, the hydrogen-producing cathode is
on the right, with the oxygen-producing anode on the left. The two electrodes
are equidistant from the microswimmer center of mass. The net torque on this

device, then, is due to the 2:1 ratio of produced H, to O, (see eq. 7.1).

7.3 More Microswimmer Examples and Designs

We have now demonstrated optically powered bubble-propelled microswim-
mers swimming on a liquid-air interface. Surface tension alone is enough to
hold them at liquid-air or liquid-liquid interfaces. However, these microswim-
mers are primarily made of silicon and glass, and therefore sink in the fluid
bulk. As a result, most of our bubble rocket data is taken on the solid-liquid

interface.

Shown in Fig. 7.4a are four bubble rockets operating on a solid-liquid inter-
face in 1 mM PBS solution. The surface under these swimmers is SiO,, and these
devices are all functioning under mercury lamp illumination. The measured ve-
locity of their centers of mass are shown in the table, as well as their theoretical

velocity predicted by eq. 6.3.

It is clear from Fig. 7.4a that the predicted velocities are about 2-3x higher
than what is measured. In contrast, the predicted velocity agreed well with ex-
perimental values for microswimmers on an air-liquid interface. We propose
that this disagreement at solid-liquid interfaces may be due to interactions be-
tween microswimmers and a nearby solid surface. Specifically, a fluid boundary

layer with a no-slip condition at both the solid surface and the microswimmer
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may cause a friction-like force on the swimmer. In other words, the fluid at the
surface of the microswimmer must move with the velocity of the microswim-
mer, and the fluid at the solid surface must be at rest. The shear force between
these two fluid layers is limited by the finite fluid viscosity, slowing down the

microswimmer.

Now that we’ve discussed the variety of interfaces at which these devices
can operate, we now turn to the versatility of their design. These microswim-
mers are all fabricated lithographically, allowing their geometry to be easily
changed. In Fig. 7.4b, we show a broad range of device designs that have been

manufactured and released from the substrate.
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Figure 7.4: More Bubble Rocket Swimming Behavior and Designs. a)
Table comparing measured device velocity to theoretical values
from eq. 6.3 for microswimmers on a solid-liquid interface. b)
A variety of bubble rocket designs fabricated using the same
approach. These devices are released from the substrate. Scale
bar 100 pm.
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7.4 Effect of Light Intensity on Microswimmer Behavior

We now turn to a discussion of how light intensity and salinity affect mi-
croswimmer behavior. To study these effects, we measured the bubble ejection
frequency of a stationary microswimmer on a solid-liquid interface under dif-
ferent Hg lamp intensities and in different PBS concentrations. The results are
shown in Fig. 7.5a. The bubble ejection frequency increased with salinity, and

with light intensity until saturating at around 6 kW /m?.

To understand these results, we consider separately the I-V characteristics
of the onboard silicon photodiodes and the rocket electrodes. These I-V mea-
surements are shown in Fig. 7.5b. For the photodiodes, a potential was applied
between anode and cathode of an 8-PV stack. For the electrodes, on-chip rockets
were fabricated using the same process flow as for the microswimmers, and po-
tentials were applied to the electrodes with respect to a Pt reference electrode in
the electrolyte. In both cases, the potential was swept and the resulting current
measured using a transimpedance amplifier. The photodiode current is pro-
portional to light intensity, so these I-V curves are extrapolated to higher light

intensities.

The operating point for the photodiode-electrode system is the intersection
of these I-V curves, denoted as circles in Fig. 7.5b. As light intensity increases,
the effect of illumination on the operating current is diminished as the photodi-
odes become voltage-limited. The frequency of bubble ejection is proportional
to the gas production rate and therefore current. This saturation of bubble fre-
quency with illumination intensity is then due to the voltage-limited behavior

of the photodiodes at high light intensities.
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Figure 7.5: Effect of Illumination Intensity on Microswimmer Behavior
and Electrical Characteristics of Photodiode/Rocket System.
a) Bubble ejection frequency as a function of incident light in-
tensity for a stationary microswimmer. b) I-V characteristics
for photodiodes and on-chip rocket electrodes, with the oper-
ating points shown as circles.

7.5 Dynamic Steering and Trajectory Control

Next, we demonstrate the dependence of swimming trajectory on device geom-
etry. Specifically, a microswimmer with a bubble propulsive force symmetric
about its center of mass will move in a straight line, where any other design
will result in a circular trajectory under a uniform light field. We can design
our microswimmers to have any electrode geometry and placement, allowing
the production of O, bubbles, H, bubbles, neither or both in order to achieve

different swimming trajectories.

One example of a bubble rocket geometry that results in a linear trajectory is
shown in Fig. 7.6a. This device has its cathode connected in parallel to two bub-
ble rockets that are symmetric about the axis along which the device locomotes.
The anode is connected to a planar electrode that does not produce bubbles. A

device that swims with a circular trajectory is shown in Fig. 7.6b. A circular
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swimming trajectory is shown in Fig. 7.6c, with a linear trajectory in Fig. 7.6d.
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Figure 7.6: Controlling the Trajectory of a Bubble Rocket. a) Micrograph
of a bubble rocket with a straight swimming trajectory. b) Mi-
crograph of a bubble rocket with a circular swimming trajec-
tory. ¢) Time lapse and corresponding circular trajectory of
a microswimmer with separate anodic and cathodic rockets
on a solid-liquid interface. d) Time lapse and corresponding
straight trajectory of a microswimmer with each rocket con-
taining both anode and cathode on a liquid-liquid interface. e)
Microswimmer on a solid-liquid interface with thin film mag-
nets rotating in three dimensions and locomoting with an at-
tack angle of 45 degrees.
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These devices can also be integrated with thin-film magnets and steered in a
magnetic field. A device being rotated in three axes by a uniform magnetic field
is shown in Fig. 7.6e. This microswimmer with a maximum device dimension
of 210 pm ejects bubbles with a radius of 3.3 ym at a frequency of roughly 30

Hz. For frames 4-6, the device is tilted at a 45-degree angle.

Bubble rockets that do not move along a solid-liquid interface despite bub-
bling, such as the device in Fig. 7.6e, are very common. For this microswimmer,
tilting the device enables it to move. We posit that devices that are immobile
despite bubbling are weakly adhered to the surface by surface forces but are
otherwise functional. After being angled upward, the device in Fig. 7.6e moves
forward at a velocity of roughly 3 pym/s, similar to the 3 nm/s predicted by eq.
6.3.

7.6 Bubble Adhesion for Increased Propulsion

At this point, it may seem like interactions between microswimmers and nearby
solid surfaces is only detrimental to their functionality. However, these interac-
tions prove beneficial to microswimmers in one particular case, shown in Fig.
7.7. These microswimmers are fabricated slightly differently, with a comparison
of device geometries shown in Fig. 7.7a. For most microswimmers shown thus
far, the cross-section of the electrode-containing tube is a four-sided rectangle.
In contrast, the swimmer shown in Fig. 7.7 was fabricated without a bottom sec-
tion of the bubble tube, so the growing bubbles are bounded by the swimming

surface on one side.

As the bubble grows in the tube, it becomes adhered to the surface on which
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the microswimmer is locomoting. The bubble remains adhered to the surface
even as it is ejected from the tube. With each bubble ejection, the microswimmer
moves a distance dependent only on the bubble radius instead of the relative

Stokes forces.

The microswimmer shown in Fig. 7.7b is moving at about 60 um/s on a
solid-liquid interface, with its displacement vs. time plot shown in Fig. 7.7b.
Behind the device is a trail of bubbles that remain stationary on the surface as
the microswimmer moves forward, as seen in Fig. 7.7b. This microswimmer is
ejecting bubbles with a mean radius of 2.5 nm at about 150 Hz, so the theoret-
ical velocity for this device in bulk fluid (from eq. 6.3) is about 20 pm/s. For
our bubble rockets, this is the only case in which microswimmer velocity ex-
ceeds that given by eq. 6.3. This method for bubble propulsion on a solid-liquid

interface has not been seen before in the bubble rocket literature.
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Figure 7.7: Bubble Rocket Utilizing Bubble Surface Adhesion for In-
creased Swimming Velocity. a) Diagram showing device ge-
ometry where ejected bubbles float upward (top) and where
ejected bubbles remain adhered to the surface (bottom). b)
Micrograph of microswimmer locomoting on glass-water in-
terface with a trail of bubbles adhered to the surface behind
it. ¢) Displacement as a function of time for device shown in
(b) compared to maximum expected velocity using traditional
bubble-propelled motion. d) Time lapse of device in (a) show-
ing adhered bubbles outlined in blue.
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7.7 Outlook for Microscopic Bubble Rockets

These microswimmers are the first microscopic robots that use onboard silicon
electronics and optical power to drive bubble propulsion. These bubble rockets
operate by splitting water and can therefore locomote in any aqueous solution.
We demonstrate dynamic steering and pre-determined swimming trajectory, al-
lowing advanced control of these robots. In a new development to bubble rocket
research, we found that these devices can swim faster on a solid-liquid interface

by using bubble adhesion to the surface as a new propulsion mechanism.

Similar to the autonomous microbots that utilize SEAs in Chapter 5, the ul-
timate goal for these bubble rockets is integration with CMOS circuitry for ad-
vanced control. To this end, we have partnered with the Molnar group at Cor-
nell for the design of circuits that will enable advanced control of these devices.
These advanced bubble rockets have an additional set of onboard electrodes or
photodiodes to enable sensing of light and chemical gradients. The robots can
then move toward or away from a light source or an increased concentration of

redox molecules.

The circuits for these devices have been manufactured at a commercial
foundry and the microswimmers are currently undergoing post-processing and
characterization by Shahab Ghajari, a graduate student in the Molnar group.
Like other microscopic robots whose circuits have been fabricated at a commer-
cial foundry, such as those in Chapter 5, these microbots are fabricated in paral-
lel. A micrograph showing an array of smart bubble rockets during fabrication

is shown in Fig. 7.8a, with an SEM of an individual device in Fig. 7.8b.

In general, the circuits for these smart bubble rockets and those for the SEA
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Figure 7.8: Bubble Rockets with Onboard CMOS Circuits during Fab-
rication. a) Optical micrograph showing smart bubble rockets
arrayed during post-processing of samples from X-FAB. Image
by Shahab Ghajari. b) SEM of a single smart bubble rocket pre-
pared to be released from the substrate. Image by Shahab Gha-
jari.

microbots are very similar. Both circuits utilize an onboard clock, PTAT current
source, and frequency divider. In addition, their fabrication approaches are so

similar that they undergo simultaneous post-processing on the same wafer.

Much like the microbots previously discussed, we aim to use this platform
for electrochemical propulsion as a launch point for microbots that can per-
form more complex tasks, interact with their environment, and communicate
with the outside world. In addition to contributing to the field of microscopic
robotics, this work on electrolytic bubble propulsion is also uniquely poised to
contribute to the bubble rocket community. In the next chapter, we discuss how
characterization of these bubble rockets sheds light on the electrochemical dy-

namics of gas-evolving reactions in confined geometries, such as microtubes.
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CHAPTER 8
ELECTROCHEMISTRY OF A GAS-EVOLVING REACTION IN A
MICROTUBE

In our discussion of water electrolysis-enabled microswimmers, we have
glossed over two advantages of using voltage-driven electrolysis for bubble
propulsion. One, bubble dynamics depend on the applied voltage, enabling
advanced control over swimming behavior. Two, electrolytic bubble produc-
tion allows us to study the current-voltage behavior of electrodes during bub-
ble production, allowing insight into the electrochemical dynamics inside a tube

during gas-evolving reactions.

In this chapter, we study the current-voltage behavior of rocket electrodes
like those described in Chapter 7 and develop a model for the electrochemical

dynamics of a bubble-producing microtube.

8.1 Basic Current-Voltage Behavior due to Bubbles

In order to study the electrochemical properties of a bubble rocket, we fabri-
cate rocket electrodes on chip using the same process flow as described for the
bubble-propelled microswimmers in Chapter 7. These electrodes are fabricated
on a 20 mm square chip and are connected via lithographically patterned wires
to macroscopic pads on the perimeter of the chip. The wires are insulated with
SiO, and fluid is added to the center of the chip, such that the only metal ex-
posed to fluid is the interior of the electrodes. Potentials are applied to a single
electrode with respect to a Pt pseudo-reference in the electrolyte, and the current

is measured with a transimpedance amplifier. Unless otherwise noted, these ex-
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periments are performed in 1 mM PBS solutions.

An optical micrograph and diagram of a bubble rocket as well as a measure-
ment schematic are shown in Fig. 8.1a. These rockets, like those discussed in
Chapter 7, are tapered hollow tubes with a rectangular cross-section. The metal

electrodes are on the interior of the tube.

First, we sweep the potential on the rocket electrode at a constant rate of
100 mV/s and measure the resulting current. An I-V trace is shown in Fig.
8.1b. As the potential is increased to more positive values, the measured current
remains near zero until the applied potential reaches about 1 V. At this point,
the electrode potential is sufficient to drive water electrolysis, and the current
begins to increase. At about 1.8V, the current suddenly begins to fluctuate. This

corresponds to the onset of bubble production and ejection from the tube.

This current-voltage behavior has significant implications for microscopic
robots using bubbles for propulsion. Unlike other bubble rockets whose gas-
evolving reactions proceed spontaneously, the bubble production efficiency of
these microbots is zero unless they apply a voltage/current above the threshold

needed for bubble production.

Fig. 8.1b shows I-V characteristics for both positive and negative applied po-
tentials. For the rest of this chapter, we will focus primarily on positive applied
potentials (O, production) while noting that similar behavior occurs at negative

applied potentials (H, production).
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Figure 8.1: I-V Characteristics of a Gas-Evolving Microtube Electrode.
(a) Microscope images and diagrams of on-chip bubble rocket

and measurement scheme. (b) I-V curve of a bubble rocket
showing the onset of electrolysis and bubble formation.
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8.2 Current Fluctuations under DC Applied Potentials

The current measured on any rocket electrode producing and ejecting bubbles
fluctuates similar to the trace shown in Fig. 8.1b. To further study these current
fluctuations, we applied DC potentials to a bubble rocket and measured the
current. These data are shown in Fig. 8.2a. First, we note that the frequency
of these fluctuations increases with potential. The amplitude of these current

fluctuations decreases slowly with time.

A more detailed current trace showing one fluctuation is shown in Fig. 8.2b.
By performing simultaneous video and electrical measurements, we know that
the frequency of these current fluctuations is the same as the frequency for bub-
ble ejection. Further, from videos we know that the current during these fluctu-
ations is at a maximum after a bubble is ejected from the tube, before a new one
forms. We see what appears to be two different current states; a high-current
state corresponding to no bubble in the tube, and a low-current state when the
tube contains a bubble. Optical micrographs of a rocket electrode during bubble

production and ejection are shown in Fig. 8.2c.

The dynamics inside a bubble rocket are complex, but we here attempt to
relate these current fluctuations and other electrical characteristics of a bubble

rocket to generic principles of electrochemistry.
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Figure 8.2: Current Fluctuations on Bubble-Producing Electrode with
DC Applied Potentials. (a) Current fluctuations on a bubble
rocket electrode while its applied potential is stepped from 2
to 2.4 V in steps of 0.2 V. (b) Inset of a) showing shape of one
current fluctuation. (c) Optical micrographs showing the cycle
of bubble nucleation, growth, and ejection.
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8.3 Model of Resistances for Water Electrolysis

Here, we discuss the relative effects of both the fluid resistance Ry and the
electrode-electrolyte resistance (also called charge-transfer resistance), Rcr on
the I-V characteristics of a tube containing a metal electrode. These resistances
are in series with each other. The applied voltage V,pp is the sum of the voltages

across the electrode interface and the fluid,

Vapp = Ver + V. (8.1)

The fluid acts as an ohmic resistor, Vr = iRr. Because the fluid and electrode-
electrolyte interface are in series, the current i through these components is the

same.

The dependence of the current i through the electrode-electrolyte interface
with potential V¢r is more complex. This relationship is given by the Butler-

Volmer equation:

l‘ o eaf(nmnr"'VCT_VO). (8.2)

Here, Vj is the formal potential of the electrode, or the potential at which
current begins to flow, f = F/RT and a is the charge-transfer coefficient be-
tween 0 and 1 which describes the imbalance between the anodic and cathodic
redox reactions; this is often taken to be 0.5, so we use the same value. 1,,., the
concentration overpotential, represents the effect of nearby redox molecules on
the electrode behavior. To understand 7,,,. for the reactions we’ve discussed so

far, let’s consider electrodes in water with a positive applied potential. These
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electrodes evolve oxygen gas: 2H,O — O, + 4H* + 4e”. For this oxygen evolu-
tion reaction, the concentrations of H,0, O,, and H" result in 7., given by the

Nernst equation as

RT [H'1},[0:]4[H O RT  [H'I,

Teone = " piogimoR, ) = wF ") 8.3)

Here we have neglected the [H,0] and [0,] terms. The concentration of wa-
ter is constant. We neglect [0,] for simplicity — the effect of H* is much more
pronounced as [H*] is raised to the fourth power. We can already see from eq.
8.2 that a changing concentration overpotential has the same effect on the cur-

rent as changing the threshold voltage V. Eq. 8.2 can be inverted to give:

1
VCT =—Ini+ V() — Neone- (84)
af

The complete relationship between the applied potential V,pp and the mea-

sured current i, then, is given by eq. 8.1 as:

1
VAPP =—1Ini+ VO — Neone + lRF (85)
af

This implicit equation can be solved numerically, and the qualitative behav-
ior is shown in Fig. 8.3. However, just by looking at eq. 8.5 we can gain an
intuition for the effect of these impedances on the current. The logarithmic term
in eq. 8.5 only matters at applied potentials near the formal potential (V4pp = Vj).
However, the purpose of this chapter is to study bubble behavior, which occurs
at applied potentials a few hundred mV above the formal potential. Near and

above the bubble threshold, eq. 8.5 becomes
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j = VAPP - VO + Hcone

2 , (8.6)

At high potentials, 7., serves the same function as the formal potential,
shifting the I-V curve to the left or right. The slope of the I-V line is the fluid
conductance. We can see that even at extreme applied potentials where the

charge-transfer resistance is low, changing ion concentrations near the electrode

affects the current.

current

Figure 8.3: Dependence of Measured Current on Electrode and Fluid

Impedances. Eq. 8.5 plotted for the current ratio i/iy as a func-
tion of VAPP-
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8.4 Quantifying Ion Concentrations inside a Tube

So far, we have shown that the I-V characteristics of an electrode during water
electrolysis depends on the concentration of ions near the electrode, particularly
H* ions. Here, we develop a model for the H* concentration inside the micro-

tubes.

First, we assume that the H* concentration in the tube varies length-wise, but
not radially. We also assume that the H* concentration in the electrode section
of the tube is homogenous and increases at a rate proportional to the current,
and that ions diffuse a length L to leave the tube in some time 7. Here, L is the

distance between the outside of the tube and the electrode section.

We can estimate 7 by considering Fickian diffusion, where the flux J of ions
out of the tube (number per unit area per unit time) is related to the diffusion
coefficient Dy and the concentration gradient d[H*]/dx by J = —D, d[H*]/dx.
Assuming a very low ion concentration outside the tube and a uniform concen-
tration gradient across the length L between the electrode and the outside of the
tube, the diffusive time constant 7 is r = L?/D,. For this system, a typical value

for 7 is about 50 ms.

The rate of change of [H*] then consists of a source term related to the cur-

rent, and a sink term due to this diffusion. d[H*]/dt is

dlH"] _in [H']
dt ~ FV T

(8.7)

d[H"]
dt

(7], For any tube volume and current,

T

In the steady state, =0, so % —

we can then estimate the steady-state H* concentration. For instance, the device
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in Fig. 8.2b has a tube volume of about 1350 ym?® and a current of about 30
nA in the high-current state. The steady-state H* concentration in this fluid-
tilled tube is about 10 mM, or a pH of about 2.6. During water electrolysis, the
concentration of produced H* can approach or exceed the salt concentration in

the electrolyte, affecting the fluid impedance.

8.5 Effect of a Bubble on Ion Concentration

Up until now, we have considered a fluid-filled microtube containing an elec-
trode driving water electrolysis. We’ve discussed the effect of ion concentra-
tion on the electrode I-V characteristics and developed a model to estimate the
steady-state H* concentration in such a tube. This discussion is valid for tubes

in the high-current state as shown in Fig. 8.2 — that is, a tube with no bubble.

Now, we turn to discuss the other steady state of this system: the low-current
state, when the tube contains a bubble. A bubble reduces the fluid volume in
the tube, affecting the steady-state H* concentration as dictated by eq. 8.7. To
estimate the volume of a tube with a bubble, we now consider the geometry of

bubbles in tubes.

As a reminder, the cross section of these tubes is a rectangle; due to the finite
surface tension of the bubble, there is still a conductive pathway between the
electrode and the outside of the tube even when the bubble fills the tube. The
exact shape of a bubble in a rectangular tube is complicated, but we approximate
the cross section of a bubble in a tube of width w and height / as shown in Fig.
8.4a, an approximation used elsewhere in the literature[73]. The cross-sectional

area Apox is simply Agox = wh, and the bubble cross-sectional area Apup. =
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h(w—h)+n(h/2)*. The ratio A’ of the fluid cross-sections is A’ = (Appr —Apusiic) [Apox-
Fig. 8.4b shows a micrograph of a typical bubble rocket with the values of A" at

two different positions on the rocket. We estimate A’ to be about 0.1.

w=>5pum

=0.13

Abox - Abubble
a b Apox

w = 8 um

A —-A
box bubble = 0.08

Abox

Figure 8.4: Relevant Bubble Tube Dimensions. (a) Cross-section of a
bubble in a tube of width w and height 4. (b) Ratio between
fluid area with and without a bubble for two locations in the
same bubble tube.

This factor of 10 decrease in fluid volume for the bubble-in-tube state is
clearly a very rough estimate. This factor of 10 would increase if the bubble de-
forms to fill the tube corners, and decrease if the bubble is less than the length
of the tube. This rough estimation, however, will allow us to make some esti-
mations for expected ion concentration and I-V characteristics. From eq. 8.7, we
know that a 10x smaller fluid volume means a 10x lower current is needed to
support the same steady-state H* concentration. If we assume a similar current
in the high- and low-current steady states, then eq. 8.7 predicts a 10x higher H*

concentration for the bubble-in-tube state.

Now, we discuss the effect of this increased H* concentration on the fluid

impedance and the concentration overpotential. The resistivity for 1 mM PBS
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is about 5 x 10° Q um. For a bubble-free tube, the fluid resistance between the
electrode and the fluid bulk (outside of the tube) is about 4 x 10° €. If the fluid
cross-sectional area is reduced by a factor of 10 due to a bubble, this fluid resis-
tance increases to 4 x 107 ). As a reminder, the H* concentration the tube also
affects impedance. In the data shown in Fig. 8.2b, a 2 V applied potential re-
sulted in 50 nA of measured current, or about a measured resistance of 4 x 107 )
as well. Because this estimated resistance is about the same as what we measure,

the fluid impedance may play a role in the current fluctuations due to bubbles.

From eq. 8.3, a 10x higher H* concentration results in about a 60 mV increase
in 7.0nc, the concentration overpotential. From the linearized current-voltage re-
lationship in eq. 8.6 and given this range of values for R, we expect a change
in the measured current of about 1.5 - 15 nA due to the change in concentra-
tion overpotential, about the same order of magnitude as the measured current
fluctuation amplitude. Therefore, these current fluctuations may also be well-

described by the changing concentration overpotential.

The presence of a bubble in a tube-like electrode increases both the fluid
impedance and concentration overpotential of the electrode/tube system, and
both of these effects may be important to the I-V characteristics measured here.
Detangling the relative effects of these impedances requires additional exper-
iments, but at this point we can begin to develop a model for what happens

inside a tube during bubble ejection.
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8.6 Ion Concentrations during Bubble Ejection

Now, we begin to identify more subtle features in the current fluctuations
shown in Fig. 8.2b and relate these features to the impact a bubble has on the H*
concentration in the tube, and therefore the current. We consider five stages of

the bubble ejection/nucleation process, which are denoted by A-D in Fig. 8.5b.

A. Bubble ejection. When a bubble is ejected from a tube, more neutral pH
fluid from outside the tube replenishes the tube and H* ions begin diffusing

length-wise from the electrode area.

B. Ion production in an empty tube. The H* concentration, and therefore the

current, begins to approach the steady state of an empty tube.

C. Bubble nucleation. Eventually, another bubble nucleates in the tube and
grows rapidly, decreasing the fluid volume of the tube dramatically, there-
fore increasing H* concentration and narrowing the conduction pathway,

both decreasing the current.

D. Bubble has filled the tube. Bubble occupies nearly the entire of the volume

of the tube, suppressing the current, before being ejected.
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Figure 8.5: Proposed Model for Current Fluctuations during Bubble
Ejection. (a) Current fluctuations under 2V applied potential
in 1 mM PBS. (b) Graphical respresentation of tube (right) and
cross-section (left) showing the bubble and H* concentrations
denoted in a.

8.7 Current Density Required for Bubble Nucleation

The time for which a rocket is in the high-current state corresponds to the time
between bubble ejection and the nucleation of a new bubble. The gas concen-
tration inside the tube, then, should exceed the saturation concentration of O,
in water, or about 1 mM. Similar to [H*] in eq. 8.7, we can calculate the steady-
state O, concentration in the high-current state: [O]ss = % Compared to H*,
the stoichiometric ratio for the oxygen evolution reaction n and the diffusion
coefficient D, for O, both decrease by about a factor of four. Since nt o n/D,,
the steady-state O, concentration is the same as the steady-state H* concentra-
tion, about 10 mM. This estimate for steady-state gas concentration inside the
tube is in rough agreement with expected gas concentrations needed for nu-

cleation, which typically exceed the saturation concentration by 1-2 orders of
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magnitude[74].

Next, we note that the concentration of oxygen molecules produced in the
high-current state is proportional to the total charge passed Q divided by the
fluid volume V of the electrode region. This quantity should be independent of
electrode size. For simplicity, we disregard diffusion away from the electrode
section of the tube. The charge Q is measured by multiplying the current A/
and the time At in the high-current state as shown in Fig. 8.6. For this example,
the measured current is about 35 nA on average for 50 ms on an electrode with

width 30 pm. The total charge passed per unit volume, then, is 2 x 102 C/um®.

50, At

< 40} | =
c
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Figure 8.6: Measuring the Charge Passed in the High-Current State. A/
and At for one period for a 30 um electrode in a 50 um tube.

We then performed the same analysis for a 5 pm wide electrode with an
average measured current of 8 nA for 15 ms between the current increase and
subsequent decrease, or 9 x 10" C/um?® charge density resulting in an O, con-
centration of 2 mM before bubble nucleation. Despite different applied poten-
tials and a 6x difference in electrode size, the concentration of oxygen molecules

produced in the electrode region in the high-current state only varies by a factor
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of 2.5x, and is consistent with the saturation concentration for O, in water.

Current traces at high bubble frequencies often contain other fluctuations
and features that make it difficult to pinpoint bubble nucleation and ejection just
by examining the current. For some traces, however, we can see by eye that the
current and time are anticorrelated in the high-current state. In Fig. 8.2, espe-
cially under 2.2 V applied potential, we can see that the electrode spends more
time in the high-current state as the total current decreases with time. Similarly,
the time in the high-current state decreases with increased applied potential, as
more current is passed. These findings are consistent with our understanding

of bubble nucleation.

8.8 Outlook

Here, we’ve discussed some behavior of bubble-producing tube-shaped elec-
trodes like those used for the microswimmers in Chapter 7. Specifically, we've
discussed how the electrical characteristics of these electrodes depends on the
presence or absence of a bubble in the tube. We’ve developed a basic model for
bubble-induced ion depletion and replenishment to explain this behavior and

discussed implications of this model.

This work benefits the development of future microscopic robots in a couple
of ways. First, as a reminder, the current fluctuations discussed in this chapter
occur with a DC applied signal. As such, these bubble rockets act like an oscil-
lator reminiscent of those fabricated with more complicated circuitry earlier in
this thesis. These oscillations are achieved without the use of a single transistor,

and operate at low frequencies without a series of frequency dividers, paving
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the way for devices that utilize physical processes to generate a clock signal,

which has been of interest recently[75].

In another envisioned application, microscopic robots could sense these cur-
rent fluctuations to detect successful bubble ejection, providing real time feed-
back to onboard circuitry. More generally, understanding the interplay between
bubble dynamics and the electrical characteristics of these electrodes is crucial

for advanced control of bubble-propelled microscopic robots.

In addition, this work allows insight into bubble dynamics that was not pos-
sible in existing work. Until now, there was no way to perform measurements
of chemical dynamics inside a tube during bubble propulsion. Here, we per-
form high-speed current measurements to illuminate bubble dynamics and ion
diffusion in a gas-evolving tube-shaped electrode. This work opens the door to
more advanced modeling and additional experiments to give unique insights

into the electrochemistry of the bubble process.

102



CHAPTER 9
SUMMARY & OUTLOOK

At the beginning of this thesis, we sought to develop a microscopic toolkit
for chemistry in very small fluid volumes. At the same time, we noted that the
devices we use in our everyday life — smartphones, computers, vehicles — all
consist of electronic components that are manufactured at the nanoscale. We
proposed that this technology for miniaturized electronics could serve as a plat-
form for performing chemistry in environments inaccessible to usual macro-

scopic techniques.

We began by discussing the tremendous world of applications for wirelessly
powered microscopic devices in small fluid volumes, from implantable sensors
to drug discovery to autonomous microscopic robots and beyond. We consider
the ubiquity of electrochemically active fluids in the world around us, both nat-
ural and synthetic, and proposed electrochemistry as a way for microscopic

electronics to interact with their chemical environments at the microscale.

Ultimately, we envisioned microscopic electronic devices that are powered
by light and occupy a volume on the nanoliter scale. These devices would
be capable of a wide range of functions — locomotion, chemical sensing, on-
board computation, chemical synthesis, and wireless data transmission. We en-
visioned a technology that is manufactured the same way as the circuits that
surround us in everyday life, enabling the advances made in microelectronics
miniaturization to intersect with the demands of cutting edge research in biol-

ogy and chemistry.

In Chapter 2, we developed optically powered microscale devices to drive
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electrochemical synthesis for drug discovery in the pharmaceutical industry.
These devices, called SPECS, utilize onboard silicon photodiodes to drive elec-
trochemical synthesis in high-throughput experimentation. This key innovation
allows electrochemical synthesis reactions to be performed in high-throughput
experiments. These devices are manufactured in massive parallel, resulting in
a low-cost solution that is compatible with existing infrastructure for drug dis-

covery.

In Chapter 3, we turned to discuss the emerging field of electrochemical sen-
sors, with a focus on their miniaturization. We discussed the impact of local
redox molecules on electrode behavior, enabling high-resolution chemical sens-
ing. Finally, we discussed progress towards the development of truly micro-
scopic electrochemical sensors, including a platform for wireless sensing devel-

oped at Cornell.

In Chapter 4, we showed the first steps toward a development of an optically
powered microscopic electrochemical sensor. This sensor is designed to perform
chemical measurements and communicate these data to the outside world by
pulsing an onboard micro-LED. We performed initial testing of this sensor to

demonstrate its ability to measure fluid salinity.

In Chapter 5, we turned to a discussion of electrochemical propulsion
techniques for microscopic robotics. Specifically, we demonstrated fully au-
tonomous microscopic robots that utilize electrochemical actuators to propel

through fluid on a solid-liquid interface.

In Chapter 6, we discussed the physics and existing literature for another

form of electrochemical propulsion: bubble ejection. These devices utilize gas-
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evolving reactions to produce and eject bubbles, propelling a microswimmer

forward.

In Chapter 7, we developed optically powered bubble-propelled mi-
croswimmers. These devices consist of onboard silicon photodiodes that drive
water-splitting under incident light. We demonstrated dynamic steering and
trajectory control of these swimmers, and discovered a new method for bubble
propulsion on solid-liquid interfaces. These are the first truly microscale bub-
ble rockets with onboard silicon electronics, paving the way for integration of

CMOS circuits with bubble propulsion.

In Chapter 8, we then measured the electrical characteristics of a gas-
evolving tube-shaped electrode like those used in the microswimmers from
Chapter 7. We were able to gain insight into the electrochemical dynamics of
gas-evolving electrodes, advancing the scientific understanding of electrolytic
bubbles and a crucial step toward advanced control of microscopic bubble-

propelled robots.

In this work, we have shown a wide range of functionality for nanoliter elec-
tronic devices performing wireless chemistry. For instance, we’ve demonstrated
chemical synthesis and sensing, onboard computation, and locomotion. All of
these devices are wirelessly powered using light, and interact with their envi-

ronment using electrochemistry.

All of the work described here is further compatible with standard ap-
proaches for the fabrication of microelectronics, allowing integration of more
complex circuit components limited only by the desired footprint of the device.

Ultimately, the types of advancements made here in the miniaturization of elec-
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tronic devices for wireless chemistry will drive further innovation toward a mi-

croscopic toolkit used for a range of applications.
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