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In this thesis, we present a new platform for remotely powered and monitored,

untethered, wireless electronic devices made at the size scale of single cells: optical

wireless integrated circuits (OWICs). This work details the first cell-scale platform

demonstrating parallel produced, stand-alone, untethered electronic devices that

are powered and communicate optically.

Using this platform, we produce OWIC sensors as small 8 µm x 65 µm x 100

µm (0.00005 mm3), representing more than a 10,000-fold reduction in volume from

the mm3 scale typical of current remotely-monitored wireless technologies. Meth-

ods are detailed in this thesis to produce devices in parallel, without requiring any

packaging or assembly steps on a per-device basis, yielding approximately 10,000

devices per square inch. To use these tiny devices in a variety of environments, new

methods are presented for precise manipulation and delivery OWICs. We demon-

strate the potential of OWICs by creating proof-of-concept sensors that remotely

measure voltage, temperature, pressure, and solution conductivity in a variety of

environments, including experiments conducted in microfluidics and the brain of

a living mouse. We further present more sophisticated CMOS-integrated OWICs

developed for monitoring neural signals. Finally, we demonstrate the potential

of the platform for mobile microrobotics by presenting an all optical, cell-sized

walking microbot with all dimensions less than 100 µm.
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Chapter 1

Introduction

Is it possible to build a remotely powered and monitored, untethered, wireless

electronic device at the size scale of a single cell?

At larger scales, standalone wireless electronic devices are ubiquitous. Across

the world, people are constantly interfacing with untethered wireless electronics

ranging from cell-phones, to laptops and smart-watches. Fundamental to all of

these wireless systems are 1) power, 2) sensing, 3) computation, and 4) commu-

nication. As a specific example, take a look at the exploded view of an Apple

iPhone’s components shown in Figure 1.1. The device is comprised of a myriad

of different materials and components, each performing an essential task for the

final, standalone, integrated system. Although the integrated wireless device is

about 100 mm x 50 mm x 10 mm, the sizes of its components span many orders of

magnitude to perform each individual task. The 100 mm-scale lithium ion battery

supplies power the internal electronic circuitry of the device. The 10 mm-scale

metal antenna couples to electromagnetic radio frequencies allowing for bidirec-

tional communication with other antennas. The 1 mm-scale plastic or capacitive

buttons allow for us to communicate with the device through touch, telling it when

to send a message or perform a specific task. The 100 µm-scale light-emitting liq-
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uid crystal display pixels allow for the device to communicate information to us

optically, showing an image or text. And even down to the nanoscale, there are

silicon-based transistors, memory elements, and circuitry taking input from the

various on-board sensors to process what task is to be performed or what informa-

tion needs to be communicated out of the device.

Figure 1.1: Exploded view of the Apple iPhone showing the various components that
span many orders of magnitude in size.
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As noted above, even though the complete wireless system is large, it contains

some ultra-small individual components that can made down to even the nanome-

ter scale. How are these tiny components made? To make such small components,

typically a process referred to as photolithography is used, as is outlined in Fig-

ure 1.2. Suppose you want to build something incredible small out of silicon, as is

the case for the small integrated circuits inside of a cell-phone or laptop. First you

start with a wafer of the material (typically a thin, 4- or 8-inch disk of silicon),

referred to as the substrate. The wafer is then coated in a thin film of liquid poly-

mer that hardens. This polymer, called photoresist, is sensitive to light. Passing

light through a mask (like a stencil for light) and a lens, an image of light can be

focused to small sizes onto the photoresist, as shown in Figure 1.2 (a). This process

of focusing a pattern of light onto the substrate alters the photoresist’s chemical

composition in the regions where the photoresist was exposed to light, allowing

for it to be selectively removed in the regions that were either exposed to light

(positive photoresist) or were not exposed to light (negative resist). This process

of exposing the photoresist to light is repeated many times across the substrate

resulting in an array of the pattern. After the photoresist is removed, material

can either be added to or removed from the regions were no photoresist remains

all at once, in parallel. These steps are outlined in Figure 1.2 (b-e). Repeating

this process many times allows for thousands or even millions of identical copies

of complex, small components to be built layer by layer in massive parallel. The

cross-section of such a completed electronic microprocessor circuit with nanometer

scale components is shown in Figure 1.2 (f).
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Figure 1.2: Outline of photolithography. (a) Light being patterned onto a substrate
with photoresist through a mask and lens. The process is repeated in an array
across the wafer. (b-e) The process of photolithography being used to add mate-
rial to or remove material from a substrate. (f) Cross-section image of an IBM mi-
croprocessor made with many photolithographic steps. Image from: https://www-
03.ibm.com/press/us/en/photo/19014.wss

Given that there are techniques to build ultra-small individual components,

how small can the complete, fully-integrated wireless electronic device become?

For the complexity and large range of tasks needed for a laptop or cell-phone, it’s

impossible to shrink the exact same functionality into, say, a 1 mm3 volume. I

don’t think many laptop users would be happy trying to type on a 1 mm x 1 mm

keyboard or read text from a 1 mm x 1 mm screen. But what if you had a more
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specific task in mind? What if you wanted to measure the temperature of a very

small object, like a specific hot spot on a computer’s microprocessor? Or what if

you wanted to know whether a specific neuron in the brain was firing? Could you

build an ultra-small electronic device capable of sensing those characteristics and

communicating the information to you remotely? Would it be possible to leverage

the shrinking sizes and parallel production enabled through photolithography to

build standalone systems that are much, much smaller than the electronic devices

we interact with on a daily basis?

At the millimeter scale, there has already been a great interest and progress at-

tempting to address this question. From about 1992 to 2002, a project that went by

the name Smart Dust [Warneke et al., 2001a], marked the first attempts to address

if it was possible to build such standalone wireless electronic devices with a volume

of only 1 mm3. By the end of the project in 2002, they made immense progress and

came close to their goal, producing a 16 mm3 electronic device complete with a

light sensor that could remotely communicate out its signal [Warneke et al., 2002].

The device operated by harvesting energy from light, processing information with

silicon electronics from its on-board photosensor, and then communicating infor-

mation back out through light with a small on-board laser diode. Since the initial

work on Smart Dust almost two decades ago, smaller and more sophisticated plat-

forms at the millimeter scale containing silicon-based integrated circuits have been

developed that are powered by and communicate through various combinations

of radio-frequency (RF) ( [Biederman et al., 2013] [Chen et al., 2011] [Harrison

et al., 2006] [Ho et al., 2014] [Jeong et al., 2014] [Lee et al., 2013b] [Yeon et al.,

2016] [Yeon et al., 2016]), batteries ( [Chen et al., 2011] [Jeong et al., 2014] [Lee

et al., 2013b]), ultrasound ( [Seo et al., 2016b] [Charthad et al., 2015]), and light
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( [Ayazian et al., 2012] [Lee et al., 2018a] [Warneke et al., 2002]). Intended ap-

plications range widely from sensing electrogenic cellular activity ( [Biederman

et al., 2013] [Harrison et al., 2006] [Yeon et al., 2016] [Seo et al., 2016b] [Lee et al.,

2018a]), to monitoring temperature ( [Jeong et al., 2014] [Lee et al., 2013c]), pres-

sure ( [Chen et al., 2011]), and acceleration ( [Warneke et al., 2002]). Although

these devices again include small individual components made with photolithog-

raphy, the final millimeter-scale devices are made one at a time requiring manual

assembly and packaging, bulky electrical interconnect techniques physically wiring

together components serially, or wafer dicing which uses a saw to remove each in-

dividual component from its bulk substrate. In Chapter 2, we detail the previous

work described above. Some example mm-scale wireless devices are show below in

Figure 1.3.

Figure 1.3: Previous work on mm3-scale wireless electronic devices. (a) An illustration
comparing the relative sizes of previous work with a penny for scale. Optical images of
the devices from (b) Smart Dust, (c) Micro Motes, and (d) Neural Dust. References for
the corresponding projects are available in Chapter 2.
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An untethered, remotely powered and monitored electronic device platform an

order of magnitude smaller in every dimension ∼(100 µm)3 would be potentially

revolutionary. Furthermore, if such devices could be manufactured fully in parallel

using lithography, with no manual assembly required, it would dramatically lower

the cost and extend the range of possible applications. Such a cell-sized sensor

platform would be: (i) nearly invisible, (ii) more than 100 times cheaper due

to the increased number of devices produced in parallel on a single substrate, (iii)

deployable in ultra-small environments, and (iv) much less invasive as an implanted

device to the host biological tissue for implantable medical device applications.

Before the work presented in this thesis, no such platform had been developed.

What challenges does building such a small ∼(100 µm)3 remotely monitored

platform pose? At these micron scales, there are challenges that are fundamentally

limiting. For such a platform:

• RF communication has fundamental, physical limitations at these scales, de-

tailed in Chapter 2, that make remote use from an RF-based micron-scale

device infeasible. Since RF does not couple well to micron-scale devices, we

will have to use alternative sources to power and communication with devices

from further than 1 mm away.

• Moving away from RF to alternative power and communication sources such as

light, ultrasound, and batteries requires microscale integration of different

materials. Whereas at the millimeter and larger scales, manual assembly of

different components is feasible, using such techniques is no longer possible

at the micron-scale.

• Power consumption of devices has to be kept low enough to not heat the small
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device enough to cause damage to it or its environment. Unlike larger sys-

tems, pumping large enough amounts of power into a small micron-scale

volume can cause dramatic increases in temperature.

• With such small devices, we will also need new tools and methods for removing

the device from the substrate on which it was built and placing it somewhere

else to be used. A complete integrated device at the ∼(100 µm)3 scales will

be even smaller than the individual components that were manipulated and

integrated using manual techniques for larger systems. So, techniques from

that previous work will not readily carry over to micron-scales.

In addition to the above challenges needing to be overcome, we want to impose

two further requirements to building such a (100 µm)3 platform to broaden its po-

tential scope. The first and foremost requirement is that everything . . . absolutely

everything is to be processed in parallel using lithographic techniques. No bulky

or serial processing techniques are allowed to produce the device: that means no

manual assembly on a per-device basis, no serial stacking, no wire-bonding, no flip-

chip, no solder bumps, and no wafer dicing. We impose this requirement for two

main reasons. We want this process to have the highest possible impact by being

1) scalable and 2) cheap. Millions of devices should be achievable on each wafer

making the volume of production possible enormous and the cost per device cheap

(∼ 1 cent or less per device for manufacturing cost). If we build a wireless device

that is sufficiently useful for each and every person on the face of the earth, we

want a feasible and affordable route to producing 7.5 billion of them. The second

requirement is that the (100 µm)3 scale platform developed should have a feasible

path forward for further miniaturization down to, e.g., (10 µm)3. We don’t want

a great idea needing a device at the (10 µm)3-scale to have to start from scratch.
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Hopefully, we can make a platform that naturally lends itself to further exploration

and innovation at smaller scales for applications and ideas we haven’t begun to

consider.

In this thesis, we overcome and address the above challenges, presenting the

first cell-scale platform for parallel production of stand-alone, untethered elec-

tronic sensors that are powered and communicate optically. These stand-alone,

all-photolithographic optical wireless integrated circuits (OWICs) are truly micro-

scopic in size, almost invisible to the naked eye. Figure 1.4 (a) shows an example

of a complete, standalone, 8 µm by 75 µm by 175 µm OWIC on the back of a

penny. To get a sense of scale, the diameter of a single blood cell is about 8 µm,

the thickness of a single strand of hair is about 75 µm, and the size of a single ridge

on a human fingerprint is about 175 µm. The volume of the complete untethered

device shown is only 0.0001 mm3, comparable to the volume of a single human

skin cell, representing more than a 10,000-fold reduction in volume from the mm3

scale typical of current remotely-monitored wireless technologies.

OWICs have 1) integrated GaAs/AlGaAs microscale light-emitting diodes (mi-

croLEDs), silicon photovoltaics, and silicon electronics on a single planar substrate,

2) photolithographically defined microscale interconnects to wire up the compo-

nents, and 3) a facile approach to release the entire cell-scale system from the

substrate on which it is built. Their mode of operation is schematically illustrated

in Figure 1.4 (b). When the device is illuminated: (i) Si photovoltaics provide

power to the circuit, (ii) NMOS electronics and/or input electrodes sense a signal

from the environment, and (iii) a microLED optically outputs the signal. The 2

µm thick photovoltaics occupy less than (50 µm)2, and the 900 nm thick microLED

mesa used for communication is only about (10 µm)2.
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Figure 1.4: Cell-Scale Optical Wireless Integrated Circuits (OWICs): (A) Photograph of
nearly invisible voltage OWIC the back of a penny for scale. (B) Schematic of OWICs and
their mode of operation as a completely optical, wireless sensor. Optical communication
and optical power are combined with electronics into a fully-integrated, cell-scale sensor.

Unlike prior work done at the millimeter scale for remotely monitored wireless

devices, OWICs are produced in massive parallel using only photolithographic

processing. In Chapter 3 we’ll detail the fabrication methods developed to produce

OWICs that do not require any packaging or assembly steps on a per-device basis,
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yielding approximately 10,000 devices per square inch as shown in Figure 1.5.

These methods heterogeneously integrate all microscale components into parallel-

produced, releasable packages.

Figure 1.5: Image of a 18 mm by 18 mm chip containing thousands integrated OWICs.

To illustrate the potential of this platform, in Chapter 5 we present proof-of-

concept OWIC sensors for applications ranging from recording voltage, temper-

ature, pressure, and conductivity in a variety of environments, including in vivo

temperature sensing in the brain of a living mouse. Chapter 4 will describe how

to get these tiny devices into different environments for use.

In Chapter 6, we’ll detail OWICs that integrate CMOS electronics produced

on conventional bulk silicon substrates with optical power and communication.

A bulk CMOS-based OWIC for neural recordings is presented, called a MOTE,
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along with fabrication methods to remove CMOS-based OWICs in parallel from

the substrate on which they are build.

In Chapter 7, we’ll discuss ongoing work related to the work presented in this

thesis ranging from scaling up and expanding the platform, to making cell-scale

walking robots.



Chapter 2

Previous Work

In this chapter, we’ll provide a brief review of relevant previous work and provide

conclusions made from the work taken as a whole..

The chapter is split into five sections:

• In Section 2.1 we’ll review the work done by Pister and colleagues that propelled

much of the interest in developing smart, wireless systems at the mm-scale

• In Section 2.2, we’ll review more recent developments in mm-scale wireless sys-

tems.

• In Section 2.3, we’ll detail wireless RF systems that have been developed at or

close to cell-scale (∼100 microns or less) and discuss their physical limitations

• In Section 2.4, we’ll discuss relevant previous work done on heterogenous inte-

grating of optical components.

• In Section 2.5, we conclude with lessons learned from previous efforts in the

context of attempting to make cell-scale, stand-alone, remotely-monitored

integrated circuits.

13
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To make sure that the images and results included in this section of the dis-

sertation fall within the category of “Fair Use” of copyright laws, we only include

a small portion of each cited work. Typically, only images and schematics of the

devices are shown along with basic understanding of their mode of operation. For

further details, see the original cited works.

The work presented in this chapter will set the stage for our approach to pro-

ducing cell-scale, all-optical integrated circuits.

2.1 Smart Dust

Can you build, power, and communicate with a wireless, standalone, mm-scale

computer?

This question was the focus and subject of the initial research for the Smart

Dust project [Kahn et al., 1999] [Kahn et al., 2000] [Warneke et al., 2001b]

[Warneke et al., 2002] [Scott et al., 2003] [Hollar et al., 2003] [Warneke and Pister,

2004] [Cook et al., 2006]. The Smart Dust project aimed to build an approximately

1 mm3 stand-alone wireless sensor capable of wireless power and communication.

The research and implementation related to this project was primarily carried

out by Kristofer Pister, Joseph Kahn, Bernhard Boser, and colleagues. At the

time, Smart Dust was being explore for applications such as “defense networks

that could be rapidly deployed by unmanned aerial vehicles (UAV), tracking the

movements of birds, small animals, and even insects, fingertip accelerometer vir-

tual keyboards, monitoring environmental conditions affecting crops and livestock,

inventory control, and smart office spaces” [Warneke et al., 2002]. About ten years

after the initial discussions for Smart Dust in 1992, there was a first demonstration

of functioning 16 mm3 device in 2002 [Warneke et al., 2002].
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Figure 2.1: Overview of Smart Dust. (a) A conceptual drawing of Smart Dust as well
as (b) an optical image of the actual device produced [Cook et al., 2006]

The concept drawings of the Smart Dust, as well as the actual 16 mm3 device

produced is shown in Figure 2.1. The initial concept drawing in Figure 2.1 (a) was

envisioned with 1) a battery (or capacitor) to store energy, 2) sensors, 3) a passive

transmission composed of a movable reflector cube, 4) an active transmitter (laser),

5) a photodetector for communication, and 6) and on-board CMOS integrated cir-

cuit (IC). The actual device produced, shown in Figure 2.1(b), ended up moving
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to a batteryless system using light for power. For communication, the researchers

pursued two options. The first option was a passive set of reflective mirrors (a

corner cube retroreflector or CCR) that would move to change the amount of light

reflected off of its surface. The second option was to have an integrated laser diode

with a moveable reflector to actively send light out of the device for communi-

cation. The various components for this system were initially built of separate

bulk substrates, removed from their bulk substrates with wafer dicing, manually

placed close to one another, and then electrical interconnects between the dissimi-

lar layers were established with wire bonding. Although limited in capabilities, the

device produced marked the first of its kind: a mm3-scale, intelligent, stand-alone

electronic device that could be powered and communicate wirelessly.

2.2 Stand-alone Wireless Electronics at the Millimeter Scale

As mentioned in the introduction, since the initial work on Smart Dust almost

two decades ago, platforms containing silicon-based integrated circuits have been

developed that are powered by and communicate through various combinations

of radio-frequency (RF), batteries, ultrasound, and light. Intended applications

ranged widely from sensing electrogenic cellular activity, to monitoring tempera-

ture, pressure, and acceleration.

In this section, we’ll detail some of this more recent work done to further

miniaturize millimeter-scale wireless systems below the 16 mm3 achieved by the

initial attempts of Smart Dust. We’ve split this discussion into battery-powered

and batteryless wireless systems.
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2.2.1 Battery-Powered Wireless Systems

Large wireless devices utilizing batteries are ubiquitous. From cell phones, laptops,

and headphones, these wireless systems have a separate rechargeable on-board

battery for power while using some form of RF for communication. Given the

widespread use of these devices, it’s somewhat unsurprising that some of the most

sophisticated mm-scale wireless systems to date mimic this architecture.

Figure 2.2: Battery-powered wireless systems. (a) [Lee et al., 2013b], (b) [Fojtik et al.,
2013a], (c) [Pannuto et al., 2015], (d) [Shi et al., 2016], (e) [Ghaed et al., 2013].
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Figure 2.2 shows some examples of battery-powered wireless systems developed

by one of the leading research teams in this field, led by David Blaauw, Dennis

Sylvester, and colleagues [Chen et al., 2010] [Fojtik et al., 2013b] [Ghaed et al.,

2013] [Jeong et al., 2014] [Lee et al., 2013b] [Pannuto et al., 2015] [Shi et al.,

2016]. Most of the devices shown are about 1-10 mm3 and are composed of vari-

ous thin (∼150 µm) ICs or materials stacked onto one another. Specifically, two

of these layers include a thin battery for power and an RF coil for communica-

tion. The devices have functions ranging from pressure to temperature sensing

and are incredibly sophisticated. Typical devices run on very little power (<10

µW), have complex communication protocols, and contain intricate 180 nm (or

smaller) CMOS circuitry all while keeping the stand-alone sensor’s dimensions to

mm-scale. A spin-off company, CubeWorks, came out of the initial work on this in

2013 at the University of Michigan seeking to commercialize these small sensors.

Despite the sophistication and broad capabilities of these devices, these millimeter-

scale devices are currently made one at a time requiring manual assembly and

packaging as well as bulky interconnect techniques. Typically, devices are made

by thinning 300 µm chips to 150 µm then using wafer dicing to remove the small

mm-scale ICs from their bulk substrate. The individual layers are then assembled

with tweezers by manually stacking each of the thin, brittle 150 µm pieces together.

The layers are stacked in a staircase formation to allow for electrical interconnects

to be established between layers. All electrical interconnects between layers are

then manually established one at a time with a wire bonding tool. Such tools are

used to serially connect a ∼10-20 µm electrical wire from one electrical input pad

(typically 25 µm or larger) to another, typically under a microscope. The optical

image of a temperature sensor in Figure 2.2 (c) shows these interconnects and
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stacked layers clearly.

2.2.2 Batteryless Wireless Systems

In many applications, there are significant advantages to a batteryless wireless sys-

tem. First, at small scales, integrating batteries into devices is no easy feat. Small

batteries are not integrated as part of the standard silicon-based processes cur-

rently available. In commercially available CMOS process for IC production, one

doesn’t have access to microscale thin-film batteries integrated in to the platform.

So, in general, one has to integrate this dissimilar material into the wireless device

in post-processing, typically requiring large enough batteries for easy manipulation

and integration of the component. Secondly, avoiding the need to replace batter-

ies with finite lifetime is another big advantage. Given that modern rechargeable

batteries have a limited lifetime before degrading and, as mentioned above, in-

tegrating small batteries into each device is a challenge, moving to a batteryless

platform holds potential to avoid this issue entirely. Lastly, the power densities

currently available with most batteries, which scale with volume, make further

miniaturization somewhat infeasible.

Below, we’ll briefly review previous work on batteryless, mm-scale wireless

devices from three different power and communication platforms: RF, ultrasound,

and optical.

RF

Some of the most impressive examples of mm-scale RF-based batteryless wireless

systems have been developed for implantable medical devices (IMD). Consider the

devices shown in Figure 2.3 [Harrison et al., 2006], [Yeon et al., 2016],
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Figure 2.3: RF-based, mm-scale, stand-alone wireless devices. (a) [Harrison et al., 2006].
(b) [Yeon et al., 2016]. (c) [Ho et al., 2014]
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[Ho et al., 2014]. Each of these mm-scale, wireless, batteryless, RF devices have

a similar structure: 1) a loop of wire for inductive coupling power and/or commu-

nication, 2) electronics for processing, 3) capacitors for power regulation, and 4)

electrodes to record or simulate functions in the body. Figure 2.3(a) is a neural

recording device that integrates 1) a 6 mm diameter coil for wireless power and

communication, 2) on-board 500 nm CMOS for processing, 3) an 400 µm by 200

µm SMD capacitor, and 4) a 10 x 10 Utah Microelectrode Array (UEA) [Nord-

hausen et al., 1996] into a stand-alone system [Harrison et al., 2006]. Figure 2.3

(b) is an optical image of free-floating wireless implantable neural recording (FF-

WINeR) probes under development [Yeon et al., 2016]. They consist of 1) a ∼1

mm diameter wound gold electrode coil, 2) and IC for processing, 3) two ∼400 µm

by 500 µm capacitors and 4) a long, thin 3.5 mm electrode for recording neural ac-

tivity. Finally, Figure 2.3 (c) is a wireless device meant for pacing cardiac rhythms

with electrical pulses. It consists of 1) an ∼3 mm wound wire coil for power, 2) an

IC for processing, 3) two 10-nF capacitors (size unspecified) for regulation, and 4)

external ∼3 mm long electrodes for providing pulses to the heart. Given the size

of the coils used for inductive coupling and the safety limits of human exposure

to RF, all of the devices can be powered from about ∼10-50 mm away from the

device.

Ultrasound

An emerging alternative as a power and communication method is ultrasound.

Much of the drive to explore this alternative power and communication mode

was catalyzed by the development of ultrasound-based nerve and neural recording

devices by Maharbiz and colleagues at Berkeley [Charthad et al., 2015], [Neely
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Figure 2.4: Ultrasonic Neural Dust. (a) Schematic of the assembly process used to pro-
duce ultrasonic dust. (b) Schematic of a fully-assembled ultrasonic neural dust device.
(c) Device placed in vivo of the sciatic nerve of a living mouse. Inset: device with ex-
tended polyimide electrodes use to check the device prior to experiments. (d) Recording
comparison to a conventional reference for the neural dust in vivo recording a nerve [Seo
et al., 2016a].

et al., 2018], [Seo et al., 2013], [Seo et al., 2015], [Seo et al., 2016a].

The ultrasound-based “neural dust” device is detailed in Figure 2.4. The device

contains a piezocrystal for power and communication: when immersed in ultrasonic

pulses, the vibration of the piezocrystal provides power to the on-board electronics

which in turn translate an electrical signal at two input electrodes into an altered
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backscattered signal from the piezocrystal. The altered backscattered signal is

sufficiently responsive to changes in the input electrodes to accurate to record nerve

signals. A ∼2.4 mm3 neural dust mote was used in-vivo in mice to demonstrate it

could be successfully powered and recorded from ∼9 mm away through tissue [Seo

et al., 2016a]. Data from an in-vivo neural dust mote is shown in Figure 2.4 (d).

Optical

Light offers another attractive batteryless platform for power and communication.

Using light for power and communication allows for the operation of small wire-

less devices using far-field coupling and there are well-developed and ubiquitous

instruments for coupling light in and out of small systems. Despite these benefits,

optical power and communication for small (<16 mm3) wireless devices remained

less explored than RF-based devices from time between the initial work of Smart

Dust and the research presented in this thesis.

Figure 2.5 shows images from previous work on mm-scale wireless systems

that used light for input or output [Ayazian et al., 2012], [Tokuda et al., 2018],

[Haydaroglu and Mutlu, 2015]. The device shown in Figure 2.5 (a) is a proof-

of-concept, optically powered sensor intended for use as an implantable medical

device (IMD) [Ayazian et al., 2012]. Although powered with light, the device relies

of electrical pulses into tissue to communicated information out of the device. The

device shown in Figure 2.5 (b) is an optically powered device intended for use in

optogenetic applications [Tokuda et al., 2018]. When supplied with sufficient IR

light, the device outputs blue light using a wire bonded GaN LED which can be

used to stimulate ontogenetically engineered cells. Finally, Figure 2.5 (c) shows

a schematic and optical image of an identification device that uses an LED for
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both power and communication. The final device shown is composed of separate

components that have been wire bonded together on a bulk substrate.

Figure 2.5: mm-scale wireless systems with optical input and/or output. (a) [Ayazian
et al., 2012], (b) [Tokuda et al., 2018], (c) [Haydaroglu and Mutlu, 2015]
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2.3 Cell-Scale RF-based Devices

Prior to the work in presented in this thesis, only one platform has been used

to push the dimensions of stand-alone, electronic wireless devices to the cell-scale

(∼100 µm or less): batteryless RF-based systems.

2.3.1 Hitachi

One of the first examples approaching a cell-scale, stand-alone RF-based device,

was the so-called “µ-chip” developed by researchers at Hitachi that is intended

for use as an ultra-small RFID [Takaragi et al., 2001]. The batteryless µ-chip is

approximately 400 µm x 400 µm x 60 µm [Usami, 2011] and is meant to be placed

in close-proximity to a larger reader and power source where it then transmits a

unique 128-bit identification code. An optical image on the µ-chip on a fingertip

is shown in Figure 2.6 (a). A schematic of the device is shown in Figure 2.6 (b).

The basic mode of operation for the stand-alone µ-chip by Hitachi is as follows.

An external transmitter operating at 2.45 GHz provides power to the internal an-

tenna by coupling to the devices in the near-field. The maximum reported distance

possible for communication is 1 mm [Usami et al., 2003]. This is a fundamental

physical limit that we will discuss further in Section 2.3.4. The chip has internal

rectifier circuitry and voltage regulation to convert this GHz AC signal to a DC

power supply. Additionally, the µ-chip contains 128-bit ROM memory allowing for

the device to store and communicated a code used for identification. Although the

majority of the devices’ circuitry is photolithographically patterned in a CMOS

process, the ROM for each individual device is written in with electron-beam

lithography.
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Figure 2.6: Hitachi’s RFID µ-chip. (a) Optical image of µ-chips on the tip of a finger.
(b) A schematic of the µ-chip and it’s embedded, internal RF antenna. (c) A schematic
illustrating how the µ-chip is connected to a larger, mm-scale antenna to extend it’s
communication range. [Usami, 2011]

To make the RFID more commercially feasible, Hitachi moved to attaching a

larger, 2 mm by 56 mm external antenna to the µ-chip to increase the communica-

tion distances possible. This integration is shown schematically in Figure 2.6 (c).

This poses a few fabrication challenges since a small ∼100 µm device had to be

electrically connected to a larger macroscale antenna. Hitachi worked to address

these issues [Mitsuo Usami, 2008], [Noda and Usami, 2008].

Since the original µ-chip research and at the time of writing of this thesis,

the µ-chip is not widely commercially available. The only widely commercially

available “ultra-small” RFID tag from Hitachi is a 2.5 mm x 2.5mm x .375 mm
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UHF Ultra Small Package Tag (IM5-PK2525) with a read range of approximately

10 mm sold through Hitachi Chemical.

2.3.2 DARPA’s SHIELD Dielet

More recently in 2016, the Northrop Grumman Corporation was supported by

DARPA’s Supply-Chain Hardware Integrity for Electronics Defense (SHIELD) pro-

gram to develop and even smaller, 200 µm x 200 µm, identification devices. These

devices, so-called “dielets,” are aimed at helping prevent and combat counterfeit

electronic devices from being incorporated into military systems [Ralston et al.,

2016].

Figure 2.7 depicts the basic use of the proposed dielet that is currently under

development by Northrop Grumman and DARPA. The basic layers of the dielet are

shown in Figure 2.7 (a): 1) a 14 nm FinFET CMOS circuit for power regulation,

digital identification, and other processing, 2) a pickup coil to function as a power

and communication antenna, and 3) a thin-film temperature sensor. These three

layers make up the electronics component of the initial stand-alone device shown

in Figure 2.7 (b) which is reportedly approximately 100 µm x 100 µm x 30 µm.

The dielet itself is then further processed to have a larger, thicker epoxy layer,

expanding the areal dimension to 200 µm x 200 µm (thickness not specified) to

allow for pick-and-place using conventional pick-and-place machines, Figure 2.7

(c). The devices is then placed into the lead frame of the larger-scale IC that

the dielet is meant to authenticate, Figure 2.7 (d). The two components are then

covered with another encapsulation layer, modeled specifically with an alignment

feature for a near-field reader (NFR) probe, Figure 2.7 (e). Finally, by placing the

NFR probe in intimate contact with the IC using the alignment mark, the dielet
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Figure 2.7: Outline of DARPA’s SHIELD dielet process. (Detailed in the text) [Ralston
et al., 2016].

can be powered and readout.

Although the maximum read distance is not reported for the dielet, Northrop

Grumman’s initial simulations were targeted to accept an efficiency of 0.01 % with

respect to power transfer at less than 1 mm. At 100 µW consumption, this requires
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a NFR probe providing 1 W of power. Publicly available documents suggest that

present testing is being done at even shorter distances with the NFR probe within

300 µm of the dielet.

Given the nature of the research, details are limited on the current status of

the device, its use, and actual data, but publicly available reports and statements

indicate that functioning devices are undergoing testing by researchers and that

industry partners are being sought for further production.

2.3.3 Poon and Wong

Another interesting demonstration of RF-based wireless devices are the cell-scale,

∼(25 µm)3, identification tags developed by Ada Poon, Philip Wong, and col-

leagues [Chen et al., 2013] [Hu et al., 2017]. The identification tags, so called

“µTags,” are meant to be delivered into cells. Optical images of a cell engulfing

the identification tag are shown in Figure 2.8 (a). Once in close enough proximity

to a reader, they resonate at a particular frequency that can serve for identifica-

tion. A schematic of the experimental setup used to measure the identification

tags is shown in Figure 2.8 (b-c). The setup consists of a microfluidic channel

that is used to flow cells within close-proximity to a reader that was built into the

microfluidic channel. As cells flow past the reader, their identity can be extracted

electronically from the reader using their unique frequency.

Although these sensors are the smallest identification devices to date, they have

severely limited communication range due to their small size. With a communica-

tion frequency of about 60 GHz and an antenna diameter of 25 µm, devices could

only be readout and powered from distances of less than 25 µm. Even at 18 µm

away, the signal from the device begins to deteriorate. [Hu et al., 2017].
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Figure 2.8: Cell-scale, RF-based identification µTags. (a) Optical images of µTag uptake
into a cell. (b-c) Experimental setup for µTag readout. [Hu et al., 2017]

2.3.4 Physical Limitations of Cell-Scale RF-based Systems

The limitations faced by all of the cell-scale RF-based devices described above with

respect to how far away the device can be before it stops being readout or pow-

ered are due to fundamental, physical limits of RF coupling to small micron-scale

devices. These limitations are well-understood and described extensively in the

literature [Rabaey et al., 2011], [Kurs et al., 2007], [Ho et al., 2014], [Marblestone

et al., 2013], [Seo et al., 2013].



31

Figure 2.9: Comparison of the size of (a) a 5 GHz frequency, 60 mm wavelength, RF
signal to (b) a typical half-wavelength dipole antenna, a (100 µm)2 device, and the
wavelength of green light, 532 nm.

Most basically, once a device’s RF loop antenna diameter, D, becomes much

smaller than then wavelength, λ, used for powering/communication, the antenna

does not couple well to RF. For a standard dipole antenna for communication,

typically the antenna length is about half of the wavelength in order to achieve

a modest efficiency of power transfer. In contrast, all of the cell-scale RF-based

devices described above have a device antenna diameter is more than 200 times

smaller than the wavelength being used to power and communicate with them.

Analogously, that would be like a surfer on a 7 ft surfboard trying to couple to a

wave in the ocean that was 2.5 football fields long from crest to trough. Either you

need an incredibly large wave, or not much happens. An illustration comparing

different electromagnetic frequencies to a (100 µm)2 device to scale is shown in

Figure 2.9.
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The exact efficiency possible for RF power and communication transfer with

such small devices depends somewhat on the exact geometry and conditions, but

the basic trend can be understood more analytically by considering the coupled

resonant circuit shown in Figure 2.10. These resonators contain two inductors

that would correspond to the transmitter, Ls, and device’s receiver antenna, Ld.

When these two resonators are place in close proximity, operating with near-field

coupling, the circuits can be tuned to be in resonance, exchanging energy.

Figure 2.10: Coupled resonator circuit for magnetic resonance coupling.

The power exchanged via strongly coupled magnetic resonance can be analyt-

ically determined to be [Kesler, 2017] [Kurs et al., 2007]:
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2πfM√
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= k
√
QdQs (2.2)

and f is the frequency, M is the mutual inductance, k is the coupling coefficient

between the inductors, and Qd and Qs are the quality factors of the device and
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transmitter resonators. The maximum possible efficiency for the RF link is then

[Kesler, 2017]:

ηMAX =
POUTMAX

PIN

=
U2

(1 +
√

1 + U2)2
(2.3)

To get a sense of the efficiencies possible from the above, consider the case of the

DARPA SHIELD dielet [Ralston et al., 2016]. For the dielet’s ∼(100 µm)2 antenna,

a 5.8 GHz frequency (50 mm wavelength) was used for power and communication.

At these sizes and with the distance between inductors of less than 1 mm away,

the coupling coefficient was simulated to be about k = 0.001, the quality factor

of the transmitter to be Q∼80, and the quality factor or the dielet to be Q ∼10,

making U ∼0.028. This corresponds to a power transfer efficiency of 0.01%. Hence,

to supply the dielet with the 100 µW of power required, a full 1 W of power

has to be radiated onto the device, approaching safety limits for tissue and even

electronic circuits. Note that this does not even include the efficiency losses of the

communication from the device to the receiver. A plot of the maximum power

transfer efficiency possible as a function of U as well as where the DARPA dielet

falls on the plot is shown in Figure 2.11. Note, that below U ∼1, the maximum

efficiency is well approximated by U2/4 = k2QsQd/4. The parameters related to

the device, k and Qd, both decrease significantly as the device antenna decreases

further. For most cases, k ∝ 1/d2, making the efficiency of power transfer fall off

as ηMAX ∝ 1/d4.
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Figure 2.11: Plot of power transfer efficiency as a function of the figure of merit, U .

More sophisticated analysis exists for optimizing the particular frequency, size/shape

of antennas, etc., but the trends above remain the same for micron-scale RF-based

devices [Poon et al., 2008] [Rabaey et al., 2011] [Seo et al., 2013]. When using RF

frequencies to power cell-scale devices, 1) a device of dimension D has to be within

about a distance D away from the power source and reader to function and 2) the

efficiency of this link is prohibitively poor beyond that distance. RF is simply not

physically efficient at the cell-scale, forcing RF-based devices made at this scale to

require immense power input and incredibly close-proximity to devices to function.

2.4 Heterogenous Integration

Given that RF has well-understood fundamental physical limitations at the micron

scale, why is the batteryless RF-based platform the only one that has been used
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to demonstrate cell-scale, stand-alone, wireless electronic devices?

There is a critical difference between RF and other power sources in terms

of integrating the various components needed for a standalone wireless system.

For RF, one has to integrate a coil of wire into the wireless device for power and

communication. This can readily be accomplished with the microscale metal elec-

trodes available in any standard silicon CMOS electronics process. In contrast,

for silicon-based electronics achieving power and communication through alterna-

tive combinations of batteries, ultrasound, or light, one has to integrate dissimilar

materials from different bulk substrates, a process referred to as heterogenous in-

tegration. Take ultrasound as an example in the context of the pioneering work

done by Maharbiz and colleagues [Seo et al., 2016a]. To power their silicon-based

IC, they had to 1) remove the IC from one bulk silicon substrate, 2) remove a small

piece of piezocrystal from a different bulk substrate, 3) integrate them physically

into one device, and then 4) establish interconnects between the dissimilar mate-

rials using wire bonding. This same approach is echoed with the work done by

Blaauw and colleagues discussed in Section 2.2.1 to integrate batteries into wire-

less devices where layers are stacked and interconnects are established with wire

bonding. For optical communication, the original work on Smart Dust [Warneke

et al., 2002] similarly integrated a GaAs laser diode via manual placement and

wire bonding.

Although further miniaturization is theoretically possible for all of these al-

ternative power and communication methods, their requirement for heterogenous

integration is, in the author’s opinion, likely the main reason that batteryless RF-

based devices are the only category that have been able to produce devices at the

∼100 µm scale. The bulky methods currently used in this research field for assem-
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bly, packaging, and interconnects (wafer dicing, manual placement, wire bonding,

solder microbumps, etc.) have simply not kept up with the small scales possible

with the rapidly evolving silicon industry.

To overcome these limitations and make non-RF devices at micron scales, het-

erogenous integration techniques capable of integrating dissimilar material systems

at the micron scale are needed. Although microscale heterogenous integration tech-

niques are not yet widely available for batteries and ultrasound into silicon sub-

strates, there has been significant previous work to lithographically integrate mi-

croscale, light-emitting III-V components into silicon substrates. Below we briefly

review some of these methods.

To completely review all the research that has been done and is ongoing with

respect to heterogenous integration of III-V materials with silicon is well beyond

the scope possible in this thesis. Instead of attempting to review all of the work

on III-V integration we’ll examine two methods that are particularly relevant to

the methods developed in this thesis.

2.4.1 Epitaxial Lift-off of GaAs Materials

As far back as 1978, there have been demonstrations using selective etches to peel

thin, microscale GaAs-based heterostructures from a bulk GaAs substrate [Konagai

et al., 1978]. This process, referred to as epitaxial lift-off, works as follows:

1. Epitaxially grow a layered stack of three materials: 1) a thin “device layer”

material on 2) a “release layer” material on 3) a “substrate layer” material.

2. Etch away all of the release layer with an etchant that selectively etches the

release layer but does not substantially etch the device layer or the substrate
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layer.

3. Finally, transfer the device layer onto another substrate.

In 1987, Eli Yablonovich, et al., furthered this work for GaAs-based systems,

showing that hydrofluoric acid could etch AlAs with a selectivity of 107 against

GaAs [Yablonovitch et al., 1987]. Since AlAs can be epitaxially grown on GaAs,

this result had immediate implications to lift-off techniques. Following this work,

Yablonovich and colleagues were able to use this technique to lift-off, transfer, and

bond thin films of GaAs to arbitrary substrates such as silicon [Yablonovitch et al.,

1990]. Although this sparked interest to use these techniques for integrate optical

components into silicon [Polentier et al., 1990], [Demeester et al., 1993], these

techniques were primarily used in the context of making ultra-thin photovoltaic

devices out of GaAs-based heterostructures. Specifically, in 2007, Eli Yablonovich

and Harry Atwater (both photovoltaic and optics research pioneers) founded a

company, Alta Devices, that uses this technology to make ultra-thin GaAs-based

photovoltaics on flexible plastic sheets.

2.4.2 Mass-Transfer of Pre-fabricated MicroLEDs

More recently, there has been a renewed interest in transfer of III-V material

systems such as GaAs and GaN for display technologies. Resolution of displays

for televisions, computers, phones, and watches is continually increasing over time,

leading to a desire for smaller pixel sizes. Microscale inorganic light-emitting diodes

(microLEDs) are actively being pursued as a possible alternative to organic light-

emitting diodes (OLEDs) and liquid crystal displays (LCDs) in this application

space for its potentially smaller sizes and lower power consumption (through higher
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possible efficiencies). One of the dominant roadblocks for enabling the use of

these systems is the need for high-yield (> 99.9%), high-accuracy (< ± 1 µm),

microscale (< 100 µm) heterogenous integration. Again, the same integration

problem described above for wireless sensors is faced; microscale components for

one bulk substrate (GaAs or GaN microLEDs) need to be integrated onto another

bulk substrate (glass, flexible plastics, silicon, etc.).

Unfortunately for academic researchers, when there is enough heavy financial

incentive to keep methods secret, methods are kept secret. Enormous companies

like Apple and Facebook has made their interest in this emerging microLED space

clear by buying patents related to microLED transfer techniques from smaller

companies (such as LuxVue Technology Corporation and InfiniLED). Other com-

panies such as Samsung are actively building displays with microLEDs and, based

on patents filed, Intel is also pursuing microLED research for displays. There is

clearly growth of this space, and hence the techniques used for the mass-transfer

of microLEDs. Despite this growth, there is not a lot of widely available, de-

tailed, published work on the various mass-transfer techniques for microLEDs in

peer-reviewed journals.

There is one notable exception to the general secrecy surrounding mass-transfer

techniques for microLED: elastomer stamp transfer. The availability of informa-

tion regarding this particular method is likely because of its roots in academic

settings. After George M. Whitesides brought polydimethylsiloxane (PDMS) to

the fore-front as a tool for soft photolithography [Xia and Whitesides, 1998], PDMS

began to be seen as a possible way to stamp patterns or objects onto other sub-

strates. In 2001, Heiko Jacobs and Whitesides published an article in Science that

demonstrated that thin-film electrets could be transferred onto another substrate
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with submicron resolution using PDMS as a sort of “stamp.” [Jacobs and White-

sides, 2001]1. In 2006, John Rogers and colleagues, expanded upon this work to

show that by controlling the kinetics of the stamps contact with objects, one could

pick up and transfer various other micro and nanoscale materials (graphite, sili-

con, pollen, etc.) [Meitl et al., 2006]. This technique is outlined in Figure 2.12. An

elastomer stamp (PDMS) is put into contact with microscale objects on a donor

substrate. By slowly peeling the stamp up the objects are grabbed from the donor

onto the stamp. The stamp is then aligned to and placed on a transfer substrate.

If adhesive forces are appropriately tuned, the stamp leaves behind the microscale

objects when quickly peeled away.

Following this initial work, John Rogers and his research group went on to

demonstrate that these elastomer stamp techniques could be adapted to integrate

microLEDs into unusual substrates for display applications [Park et al., 2009].

Concurrently (some initial work prior), Chris Bowers and fellow researchers were

developing this transfer method in a spin-off company for commercial applications

including display technologies [Bower et al., 2008] [Bower et al., 2011]. In both

cases, the technique for GaAs-based microLEDs involves using the selective etching

techniques discussed in Section 2.4.1. Specifically, these techniques use selective

etching of AlAs to have microLEDs suspended over a bulk GaAs substrate held

only by a small, breakable tethers (made from either photoresist or GaAs). The

microLEDs are then ripped from the bulk substrate using an elastomer stamp,

breaking the tethers. The microLED is then stamped onto another substrate with

1As an interesting aside, Heiko Jacobs has since shifted research focus to show

some of the most impressive fluidic assembly of microLEDs to date, capable of

even reel-to-reel production [Zheng et al., 2004] [Park et al., 2015].
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Figure 2.12: Outline of kinetic elastomer stamp transfer. [Meitl et al., 2006]
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some layer of adhesive (typically SU-8 or BCB). Some of the work and resulting

microLED displays is shown in Figure 2.13. Chris Bowers and John Rogers are both

currently involved with a company, X-Celeprint, to commercialize the elastomer

stamp transfer method for microLED integration.

Figure 2.13: Elastomer stamp integration of microLEDs into transparent displays from
(a) the John Rogers Lab [Park et al., 2009] and (b) X-Celeprint [Bower et al., 2017].

2.5 Conclusions from Previous Work

If we want to build cell-scale, stand-alone, remotely monitored integrated circuits,

there are many lessons that we can learn from the previous pioneering and extensive

efforts discussed above:

1. If you want to build a 100 µm scale or smaller standalone IC capable of

remote use (> 1 mm), RF is an infeasible, inefficient route for power and
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communication due to fundamental, physical limitations of RF coupling to

devices at small micron scales.

2. One of the most difficult challenges for a non-RF system is going to be mi-

croscale heterogenous integration. With this consideration in mind, light

emerges as an attractive platform: there has been some extensive progress

with microscale heterogenous integration for light-emitting III-V compo-

nents.

3. Removing a cell-scale device from the bulk substrate on which it was built

and placing it somewhere else for use is going to require significant effort or

new tools. Doing so is effectively another example of microscale heterogenous

integration where the microscale component to be transferred is the entire,

stand-alone device.

4. Nearly all academic examples of mm-scale wireless devices requiring heteroge-

nous integration are being built manually, one at a time. If it is possible to

avoid this serial fabrication and only use massively-parallel all-lithographic

processing, a significant advancement can be made.

In the work presented in this thesis, we learn from these efforts to overcome

the related challenges, using optical power and communication to create the first

platform for cell-scale, remotely-monitored, stand-alone optical wireless integrated

circuits (OWICs) made in massive parallel with all-lithographic processing.



Chapter 3

Fabrication Methods for SOI-Based OWICs

Developing the first all-optical, cell-scale platform for wireless sensors that hetero-

geneously integrates all microscale components into parallel-produced, releasable

packages required a diverse set of micro and nanofabrication methods. In this

chapter, we outline the fabrication methods that have enabled the silicon-on-

insulator (SOI)-based OWICs platform combining silicon electronics and inorganic

microLEDs into an integrated, 100 micron-scale system. The sensors produced are

fabricated, assembled, and packaged by fully parallel, mass-producible photolitho-

graphic techniques.

For more details, the full fabrication methods with step-by-step instructions

and notes, are available at the end of this chapter in Section 3.5.

3.1 MicroLED Design and Fabrication

For the OWICs’ optical communication, we chose to integrate inorganic microscale

light-emitting diodes (microLEDs) into the platform. Although other light-emitting

materials, such as organic light-emitting diodes (OLEDs), could potentially be in-

corporated into the platform, we chose to utilize inorganic microLEDs primarily

for their robustness with respect to fabrication processes; inorganic microLEDs can

43



44

withstand high temperatures and common semiconductor processing steps like re-

active ion etching (RIE).

Two material systems are commonly used for inorganic microLEDs: indium

gallium nitride (InGaN) and aluminum gallium indium phosphide (AlGaInP).

InxGa1−xN can be composed of various compositions of x = 0 to x = 1 emit-

ting light from the ultraviolet (UV) range up to green [Krames et al., 2007].

(AlxGa1−x)1−yInyP is lattice-matched to GaAs and AlGaAs for y = 0.48 and can

be tuned to have light-emitting compositions ranging x = 0 to x = 0.53. The

combination of these systems allows for light emission ranging from green-yellow,

to red and near infrared.

Here, we implement our microLEDs out of the AlxGa1−xAs/(AlxGa1−x)1−yInyP

material system. A breakdown of the emitting ranges for the various compositions

of the AlGaInP material system is shown in Figure 3.1 [Schubert et al., 2005].

Specifically, for this work, we use only AlxGa1−xAs, with x between 0 and 0.53. As

can be seen in Figure 3.1 (a), for AlxGa1−xAs, the energy of the direct bandgap,

Eg,Γ, and the energies of the two indirect bandgaps, Eg,L and Eg,X , have a crossover

point for a particular concentration of aluminum content, x. At this crossover

point, the direct bandgap becomes less energetically favorable. The direct bandgap

energy is given by

Eg,Γ

eV
=


1.424 + 1.247x 0 ≤ x ≤ 0.45

1.424 + 1.247x+ 1.147(x− 0.45) 0.45 ≤ x ≤ 1

(3.1)

where x = 0.45 is the crossover point where the indirect bandgap transitions be-

come favorable [Schubert et al., 2005]. The crossover energy occurs at
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Figure 3.1: a) AlGaAs and (b) (AlxGa1−x)1−yInyP Material Systems. Reprinted from
Schubert’s “Light-Emitting Diodes” [Schubert et al., 2005]
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E*
g,Γ ∼ 2eV =

hc

λ*
(3.2)

where the crossover wavelength is λ= 624 nm. Due to this crossover, the AlxGa1−xAs

can only be used to produce efficient LEDs emitting with wavelengths from about

624 nm (x = 0.45) to 872 nm (x = 0). In practice, to avoiding being close to

the crossover, such LEDs are kept to an emitting range greater than about 650

nm. Additionally, because of small amounts of aluminum contamination, most

AlxGa1−xAs LEDs have a maximum emission wavelength closer to 850 nm.

This particular material system was chosen for two primarily reasons. First,

the combination of the AlxGa1−xAs and (AlxGa1−x)1−yInyP material system allows

for light emission in the red to near infrared range which is well-suited for some of

the intended in-vivo biological applications described later in Chapter 6; light in

the wavelength range of red (∼ 700 nm) to near infrared (∼ 850 nm) is minimally

absorbed in tissue and hence is suitable for that application space. More details

on these considerations are available in Chapter 6. Secondly, selective chemical

etches exist for the various compositions of AlxGa1−xAs possible. This will prove

critical for our transfer methods described in Section 3.2.

A schematic and table of the LED heterostructure used in this work are shown

in Figure 3.2. We designed this LED heterostructure to emit light with a wave-

length of about 850 nm. The LED heterostructure layers were epitaxially grown by

a commercial vendor, Matrix Opto, using metal-organic chemical vapor deposition

(MOCVD) on an Al0.9Ga0.1As etch stop layer which was itself grown on a thick

GaAs substrate.

The basic structure of the LED heterostructure is as follows. There are effec-

tively 5 layers in the heterostructure. The middle emission region is where light is
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Figure 3.2: (a) Schematic cross-section of the LED heterostructure used in this work.
(b) Table of the composition and thickness of the various layers.

generated. This region is composed of 5 quantum wells made of repeating layers of

7 nm of Al0.25Ga0.75As (barriers) and 7 nm of intrinsic GaAs (wells). These multiple

quantum wells (MQWs) serve to increase the rate of light-emitting recombination

of generated electrons and holes in the diode. Modeling each of these layers as

a 2D quantum well with thickness LQW , and assuming the conduction band and

valance band have effective 2D carrier densities, n2D and p2D, respectively, the

radiative recombination rate, R, is given by [Schubert et al., 2005]

R = B
n2D

LQW

p2D

LQW

, (3.3)

where B is the bimolecular recombination coefficient. B is typically about 10−11

to 10−9 cm3/s for direct gap semiconductors and can be modeled or extracted

experimentally. From the above, we see that by decreasing the quantum well

thickness, we can increase the radiative recombination rate. The thickness of 7

nm was chosen as a reasonable compromise between minimizing thickness of each
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QW and being consistently achieved through the MOCVD growth. The additional

repetition of quantum layers also helps to improve the overall efficiency by avoiding

too much current overflow in each individual QW [Schubert et al., 2005]. Most

modern LEDs rely on such MQWs to achieve high efficiencies.

On either side of the emission region are what are referred to as “cladding” or

“confinement” layers. They’re composed of 200 nm thick n- and p-type Al0.25Ga0.75As

and serve as energy barriers to confine electron and hole pairs in the emission re-

gion.

Finally, there are two layers of n- and p-type GaAs that serve as contact layers;

these layers have known metal combinations that form ohmic contacts to them

allowing for contact to be established to the heterostructure. For our fabrication,

we use, in particular, Ti/Pt for p-type GaAs and Ni/Ge/Au for the n-type GaAs.

The p GaAs contact layer is thin (∼ 20 nm) to minimize absorption of light emitting

out the top of the microLED. The n GaAs contact layer is thicker, ∼ 400 nm,

because when fabricating the microLEDs, one has to stop on that layer during the

etch of the mesa to make contact to the cathode of the LED. Hence, it’s made 400

nm thick to make it feasible to stop etching somewhere in the middle of this layer.

An optical image of a completed microLED after fabrication is shown in Fig-

ure 3.3 (a). The fabrication of the microLED begins with the square mesa com-

posed of the MQW-containing heterostructure designed to emit light being pro-

tected with photoresist. The surrounding heterostructure is etched down to the

n-type GaAs contact layer using a mixture of citric acid and hydrogen peroxide

(H2O2). Metal contacts are then deposited for contact to the p-type GaAs using

Ti/Pt and to the n-type GaAs using Ni/Ge/Au. The sample is then rapidly an-

nealed at 425◦C in Ar to form ohmic contacts to the GaAs. A base around that
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Figure 3.3: (a) Optical image of an example microLED with components labeled. (b)
An schematic cross-section of the microLED with components labeled.

mesa composed of the n-type GaAs is then protected with photoresist while the

remaining n-type GaAs is selectively etched away with 10:1 citric acid:H2O2. This

etch selectively stops on the etch stop layer of Al0.9Ga0.1As. This base around the

mesa serves two purposes: 1) it allows for contact to the n-type GaAs (the cathode

of the microLED) and 2) a larger interconnect to the top p-type GaAs contact to

be patterned. The second function is just to make a bigger target for connecting

to the microLED after transfer instead of trying to make contact to the smaller

contact on top of the mesa. A dielectric layer of silicon nitride is deposited via

PECVD to allow for this interconnect routing without shorting to other layers.

Finally, a layer of Ti/Pt is deposited to serve as the larger interconnect to the

p-type GaAs contact. A cross-section of the microLED is shown schematically in

Figure 3.3 (b). At the end of the microLED fabrication process described above,

thousands of individual microLEDs have been patterned on top of two layers; a

thin 300 nm layer of Al0.9Ga0.1As and a thick 500 micron GaAs substrate. These

layers are specifically designed for the microLED transfer method that follows.

The characterization of these microLEDs is detailed in Chapter 5.
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3.2 MicroLED Polymer-assisted Transfer

In what follows, we describe a new polymer-based transfer technique that allows

for microLEDs to be transferred to other substrates in a massively parallel manner.

As noted in Chapter 2, there has been extensive work to integrate silicon and

GaAs components in the past [Yablonovitch et al., 1990] [Park et al., 2009] [Justice

et al., 2012] [Bower et al., 2011] [Bower et al., 2017] , including using elastomer

stamp transfer [Park et al., 2009] [Bower et al., 2011] [Bower et al., 2017] to

integrate optical components on silicon [Justice et al., 2012]. The method described

below is an alternative method we’ve developed that builds on previous work while:

(i) avoiding the need for fabricating or optimizing break-away tethers to the pre-

fabricated microLEDs [Park et al., 2009] [Justice et al., 2012] [Bower et al., 2011]

[Bower et al., 2017] , and (ii) not requiring the adhesion layers on the transfer

substrate prior to transfer [Park et al., 2009] [Justice et al., 2012] [Bower et al.,

2011] [Bower et al., 2017]. The latter in particular would increase topography and

limit temperature budgets in subsequent processing.

An illustration of the new transfer method is shown in Figure 3.4. Poly(methyl

methacrylate) (PMMA) is first spun onto the microLED-containing substrate and

cured (Figure 3.4 (a)). The substrate is then submerged into a 4:1 citric acid:H2O2

mixture (Figure 3.4 (b)), which selectively removes the GaAs substrate with neg-

ligible etching of the Al0.9Ga0.1As etch stop layer. The PMMA serves as a pro-

tective coating for the microLEDs during this etch step. The etch stop layer

is then selectively removed with dilute hydrofluoric acid (Figure 3.4 (c)). The

microLED-containing polymer film can then be scoop-transferred to a transfer

substrate (Figure 3.4 (d)).
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Figure 3.4: MicroLED transfer method. (a) pre-patterned GaAs microLEDs grown on
an Al0.9Ga0.1As etch stop layer are embedded in spun-on PMMA. The GaAs substrate
and the Al0.9Ga0.1As etch stop are then selectively etched (b-c). The PMMA containing
GaAs microLEDs can then be (d) transferred onto other substrates.
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The PMMA film is then etched away via O2-based RIE and the microLEDs are

pinned to the substrate with conformal oxide. Typically, ALD alumina is used as

this pinning layer, but any sufficiently conformal oxide can be used, e.g., PECVD

SiO2 or SiNx.

3.3 Heterogenous Integration of OWICs

Here we describe how the above microLED fabrication and transfer method can

be applied to produce cell-scale OWICs in a massively parallel manner that are

releasable from the substrate on which they were built.

The OWICs platform makes use of a silicon-on-insulator (SOI) substrate. Gen-

erally, an SOI substrate is composed of three layers; a silicon device layer, an SiO2

buried oxide layer (BOX), and a bulk silicon handle layer. For SOI-based OWICs,

the SOI used contains a 2 µm thick device layer, a 500 nm layer BOX, and a 500

µm handle.

For the fabrication of SOI-based OWICs, a polymer film containing microLEDs,

as described above, is transferred to a SOI substrate. Prior to transfer of the

microLEDs, dopants are diffused and activated in the device layer of the SOI to

form a uniform p-n junction across the wafer. Activating the dopants prior to

transfer avoids exposing the microLEDs to damaging high temperatures.

The SOI substrate containing a uniform p-n junction enables the fabrication

of electronic integrated circuits aligned to the transferred microLEDs, simplifying

the transfer process by not requiring alignment of the microLEDs to pre-existing

microscale components. This process is outlined schematically in Figure 3.5.

To begin, silicon photovoltaics and n-channel metal-oxide-semiconductor field-

effect transistors (NMOS MOSFETs) aligned to the microLEDs are build out of
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Figure 3.5: Outline of the basic SOI-based OWICs fabrication methods. (a) MicroLEDs
are transferred to an SOI substrate with a uniform p-n junction. The microLEDs are
pinned to the substrate with a thin conformal layer of oxide. (b) Silicon photovoltaics
and electronics are built aligned to the microLEDs. Interconnects are established forming
NMOS optoelectronic circuits. An SU-8 layer is deposited and patterned to form as an
encapsulation layer. Aluminum release tags are also patterned so that the OWICs can
be tethered to the substrate following the XeF2 etch of the handle Si underneath them,
as illustrated in (c).
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the p-n junction containing substrate. Both photovoltaics and NMOS MOSFET

are composed of p-n junctions and n-p-n junctions, respectively. The p-n junction-

containing SOI substrate can hence be etched to specific depths to allow for such

components; by etching through the n-type Si and exposing the p-type Si, vertical

structures forming both p-n and n-p-n junctions can be produced. This process

is shown and described in more detail in Section 3.5 where cross-sections help

elucidate how these structures are built.

Furthermore, because the components are built on a SOI substrate, there is

an electrically insulating layer of dielectric below the components. Namely, the

BOX layer of the SOI, composed of 500 nm of thermally grown SiO2, serves as an

electrically insulating layer. By etching away the silicon surrounding each compo-

nent (microLEDs, photovoltaics, or MOSFETs), the components are electrically

isolated from one another without any silicon connecting them. This design allows

for structures like photovoltaics wired in series which can produce higher voltages

than would be possible without such isolation using single photovoltaics.

After the silicon heterostructures are formed, a thin conformal dielectric layer

serving both as the gate oxide for the MOSFETs and insulating layer elsewhere is

deposited with ALD. Openings in this dielectric layer are then made followed by

Ohmic metal contacts being established to the silicon components.

With thin microLEDs and silicon electronic components on the same substrate,

photolithography can be used to establish metal interconnects to form integrated

circuits comprised of both materials; this planar integration makes size scales and

parallelization possible that would be unattainable with other, bulkier interconnect

techniques such as wire-bonding or solder microbumps.
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3.4 Release of SOI-Based OWICs

With the OWICs’ components integrated, the devices can now be encapsulated

and prepared for release massively in parallel. Openings are made in the buried

oxide layer of the SOI substrate around the OWICs using RIE, leaving the oxide

under the OWICs to serve as a bottom encapsulation layer. Thin aluminum strips

are then patterned to temporarily hold the OWICs during later processing steps.

SU-8 is then patterned on top of OWICs to serve as a top-encapsulation layer as

shown schematically in 3.5 (b). The silicon substrate underneath the OWICs is

then etched away with xenon-difluoride (XeF2); XeF2 selectively etches the silicon

with negligible etching of the encapsulation layers (SiO2 and SU-8), protecting the

electronics contained in the OWICs.

At this point, OWICs are completed and held to the substrate only by alu-

minum release tags, as illustrated in Figure 3.5 (c). Many methods with be detailed

in Chapter 4 that allow for these cell-scale, stand-alone packages to be removed

from the bulk substrate and placed into arbitrary environments. One such exam-

ple is that the aluminum release tags can be selectively etched away at any time

in dilute 2% tetramethylammonium hydroxide (TMAH), the active component in

most simple photoresist developer solutions. Hence, to release the devices from the

substrate on which they were built, we simply place the chips in TMAH until the

aluminum has dissolved. No bulky or serial techniques like wafer dicing, grinding,

or wafer thinning have to be used. After exchanging to deionized water, thousands

of devices are left in solution almost as a kind of smart chemical floating around

in fluid. We’ll discuss how to manipulate and move these devices in Chapter 4.

The integration, packaging, and assembly of cell-scale OWICs are all massively



56

parallel processes, producing thousands of devices per square inch. An optical

image is shown in Figure 3.6 (a) showing a chip containing thousands of OWICs

before etching of the silicon substrate and release. A magnified image of a single,

cell-scale OWIC sensor prior to release is shown in Figure 3.6 (b) with components

labeled.

Figure 3.6: (a) Image of an 18 mm by 18 mm chip containing thousands integrated
OWICs. (b) Optical image of an example OWIC sensor with components labeled before
substrate etching. (c) Image of various OWICs suspended with the substrate beneath
them removed, ready for release by wet etch in solution.

Designs are also not limited to one configuration on each substrate.Figure 3.6

(c) shows optical images of various OWICs designs produced on the same chip.
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The OWICs platform can hence be customized for many possible applications;

any Si-based circuit or sensor consisting of p-n junctions and NMOS electronics

can be realized.

Once released, an OWIC is truly microscopic in size, almost invisible to the

naked eye. Figure 3.7 (a) shows a complete, standalone, 8 µm x 75 µm x 175 µm

OWIC on top of a single fingerprint ridge. Figure 3.7 (b) and (c) show images of

ensembles of released OWIC sensors. These sensors’ capabilities will be explored

in Chapter 5.

Figure 3.7: (a) Optical image of a released, cell-scale OWIC on top of a single fingerprint
ridge for scale. Piles of OWICs released in parallel made for (b) voltage sensing and (c)
temperature sensing.
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3.5 Full Fabrication Methods

Here, we provide the full details of the fabrication methods including a schematic

of the SOI-based OWICs fabrication shown in Figure 3.8 and Figure 3.9.

3.5.1 GaAs microLED Fabrication Methods

Here we detail the fabrication methods used to produce GaAs microLEDs. Stan-

dard photolithographic techniques were used to process GaAs substrates as follows:

Etch to n Contact Layer

1. Spin coat with photoresist (PR) (s1813 MicroChem, 4000 rpm, 60 s)

2. Bake at 115◦C for 60 s

3. Expose regions to be removed, leaving the mesa protected

4. Develop in AZ MIF 726

5. Reactive-ion-etch (RIE) of O2 plasma at 150 W to remove residual PR

6. Bake at 115◦C for 5 min to reduce undercut

7. Etch to n-contact layer with citric acid:H2O2 (20:1). Citric acid at a concen-
tration of 50% citric acid to de-ionized water (DI) by weight and 30% H2O2.
DI rinse, N2 dry

8. Remove PR (sonicating in acetone, IPA, N2 dry)

p Contacts and Spreading Layer

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦C for 60 s

3. Expose regions for p contacts pattern

4. Post exposure bake at 115◦C for 60 s

5. Develop in AZ MIF 726
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Figure 3.8: SOI Device Fabrication Outline
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Figure 3.9: SOI Device Fabrication Outline (cont.)
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6. RIE of O2 plasma at 150 W to remove residual PR

7. 30 s dip in HCl:DI (5:1) without rinse, N2 dry

8. 2 nm of Ti followed by 7 nm of Pt deposited by sputter deposition. This
forms contacts to the p-type GaAs.

9. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff

n Contacts

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions for n contact pattern

4. Post exposure bake at 115◦for 60 s

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. 30 s dip in HCl:DI (5:1) without rinse, N2 dry

8. Deposition of Ni/Ge/Au (3 nm / 7 nm / 50 nm) for contact to the n-type
GaAs via e-beam evaporation

9. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff

Contact Anneal

1. Anneal contacts at 425◦C in Ar (1 SLM)

Etch to Al0.9Ga0.1As Etch Stop Layer

1. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to be removed, leaving the LEDs

4. Develop in AZ MIF 726

5. RIE of O2 plasma at 150 W to remove residual PR

6. Bake at 115◦for 5 min to reduce undercut



62

7. Etch to Al0.9Ga0.1As layer with citric acid:H2O2 (10:1). Citric acid at a
concentration of 50% citric acid to de-ionized water (DI) by weight and 30%
H2O2. DI rinse, N2 dry.

8. Remove PR (sonicating in acetone, IPA, N2 dry)

Silicon Nitride Encapsulation Layer and Openings

1. 180 nm of SiNx deposited by plasma-enhanced chemical vapor deposition
(PECVD)

2. Spin coat with photoresist (PR) (s1813 MicroChem, 4000 rpm, 60 s). Adhe-
sion promoter used prior to spinning.

3. Bake at 115◦for 60 s

4. Expose regions for openings in SiNx to access n and p contacts

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. Inductively coupled plasma (ICP) RIE with CHF3 / O2 to etch SiNx

8. Remove PR (sonicating in acetone, IPA, N2 dry)

microLED Mesa Interconnects

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions for patterning electrical interconnects to contact on mesa

4. Post exposure bake at 115◦for 60 s

5. Develop in AZ MIF 726

6. 10 nm of Ti followed by 60 nm of Pt deposited by sputter deposition

7. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff
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3.5.2 Transfer and SOI Substrate Methods

Here we detail the methods used to transfer GaAs microLEDs and adhere them

to a p-n junction containing SOI substrate. The SOI substrate used was produced

by a commercial vendor and consists of a <100> p-type (boron doped) 2 µm

device layer with a resistivity 0.1 Ohm-cm and a 500 nm buried oxide layer on

a thick silicon handle (Ultrasil Coorporation). A p-n junction was formed in the

device layer by depositing 550 nm of phosphosilicate glass (PSG) via PECVD then

annealing the substrate at 1050◦C for 2 min in 1.9 SLM Ar. PSG was then removed

with 6:1 buffered-oxide etch (BOE). After the GaAs substrate and LEDs have been

process as detailed above, the transfer process then consists of:

PMMA Encapsulation

1. Pre-bake GaAs substrate at 170◦C for 3 min

2. Spin coat GaAs substrate with A11 PMMA (MicroChem, 1000 rpm, 60 s)

3. Bake at 170◦C for 15 min, immediately followed by 5 min at 90◦C to gradually
bring down the temperature

4. Remove PMMA from edge of substrate (either by scoring or acetone removal)

GaAs Substrate Etch

1. Etch GaAs substrate in citric acid:H2O2 (4:1), typically 24 hours. Citric acid
at a concentration of 50% citric acid to de-ionized water (DI) by weight and
30% H2O2

AlGaAs Etch Stop Layer Removal

1. Transfer LED-containing PMMA film to DI:HF (50:1) mixture for 60 s to
remove Al0.9Ga0.1As

2. Transfer LED-containing PMMA film through two DI baths to rinse residual
HF
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3. RIE O2 plasma of the SOI for 60 s prior to transfer

4. Transfer LED-containing PMMA film immediately to the p-n junction con-
taining SOI substrate

5. Bake at 75◦C for 10 min to remove moisture and adhere film to the SOI
substrate

PMMA Removal

1. RIE of O2 plasma at 150 W to remove residual PR, typically 10 min

Dielectric Pinning of LEDs and Patterning

1. Deposit 80 nm conformal SiO2 via plasma atomic layer deposition at 200◦C

2. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s). HMDS adhesion
promoter used

3. Bake at 115◦for 60 s

4. Expose regions of oxide to be removed, leaving only oxide pinning the LEDs
to the substrate

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. Bake at 115◦for 5 min to reduce undercut

8. Remove oxide with 30:1 BOE, typically 2 min

9. Remove PR (sonicating in acetone, IPA, N2 dry)

3.5.3 OWICs Fabrication and Release Methods

Here we provide details of the OWICs fabrication methods following the above

transfer and pinning of GaAs microLEDs to the p-n junction containing SOI sub-

strate.
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Mesa Etch to p-type Silicon

1. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to be etched, leaving n-type regions of Si and GaAs LEDs.
Alignment is made to the GaAs LED heterostructures

4. Develop in AZ MIF 726

5. RIE of O2 plasma at 150 W to remove residual PR

6. ICP RIE with HBr to etch down to p-type Si. Typical etch depth is 1 µm

7. Remove PR (sonicating in acetone, IPA, N2 dry)

8. RIE of O2 plasma at 150 W to remove residual PR

Etch to BOX

1. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to be etched, leaving n-type and p-type regions of Si as well
as GaAs LEDs

4. Develop in AZ MIF 726

5. RIE of O2 plasma at 150 W to remove residual PR

6. ICP RIE with HBr to etch down to p-type Si. Typical etch depth is 1 µm

7. Remove PR (sonicating in acetone, IPA, N2 dry)

8. RIE of O2 plasma at 150 W to remove residual PR

Deposition of Gate Oxide and Dielectric Layer

1. Prior to oxide deposition remove native oxide in 30:1 BOE for 10 s. DI rinse.
N2 dry

2. Dehydrate surface at 170◦C for 3 min

3. Deposit 7.5 nm of SiO2 via plasma atomic layer deposition at 200◦C
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Oxide Openings and Contacts

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to pattern openings in oxide and metal contacts

4. Post exposure bake at 115◦for 60 s

5. Develop in AZ MIF 726

6. 2 min and 30 s dip in 30:1 BOE to form openings in oxide layers including
oxide from GaAs LED pinning

7. 20 nm of Ti followed by 60 nm of Pt deposited by sputter deposition

8. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff

Si Contact Anneal

1. Anneal contacts at 350◦C for 4 min in Ar (1 SLM)

Metal Interconnects and Gate Deposition

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to pattern metal interconnects and gate metal

4. Post exposure bake at 115◦for 60 s

5. Develop in AZ MIF 726

6. 40 nm of Ti followed by 60 nm of Pt deposited by sputter deposition

7. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff

Etch to Si Handle

1. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to be etched, leaving frame and bottom encapsulation layer
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4. Develop in AZ MIF 726

5. RIE of O2 plasma at 150 W to remove residual PR

6. ICP RIE with CHF3/O2 to etch down to Si handle

7. Remove PR (sonicating in acetone, IPA, N2 dry)

8. RIE of O2 plasma at 150 W to remove residual PR

Aluminum Release Tags Deposition

1. Spin coat with negative PR (AZ nLOF 2020, 3000 rpm, 60 s)

2. Bake at 115◦for 60 s

3. Expose regions to pattern Al release tags

4. Post exposure bake at 115◦for 60 s

5. Develop in AZ MIF 726

6. 75 nm of Al deposited by sputter deposition

7. Sonicate in MICROPOSIT Remover 1165 for metal-liftoff

SU-8 Encapsulation

1. Dehydrate substrate at 115◦in oven for 3 hours

2. Spin coat with negative SU-8 epoxy (3000 rpm, 30s)

3. Edge beam removal with acetone

4. Soft bake at 95◦C for 2.5 min. Slow cool down by turning hotplate off

5. Expose regions to pattern encapsulation layer

6. Post exposure bake at at 95◦C for 3.5 min. Slow cool down by turning
hotplate off

7. Develop in SU-8 developer. IPA rinse

8. RIE of O2 plasma at 150 W to remove residual SU-8

9. Hard bake at 150◦C for 5 min. Slow cool down by turning hotplate off
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Etch of Silicon Handle

1. Etch of silicon handle underneath OWICs with vapor based xenon difluoride
etch. Pressure at 3.5 Torr. Following this step OWICs are suspended and
only held to the substrate via the aluminum release tags.



Chapter 4

Manipulation and Delivery Methods for OWICs

In this chapter, we present methods used for manipulation and deployment of

cell-scale OWICs.

4.1 Introduction

In the previous chapter, we detailed how to construct cell-scale OWICs. Each

OWIC device is a completely stand-alone, untethered integrated system with all

dimensions on the order of 100 microns or less, typically with thicknesses below

10 microns. These devices are produced in massive-parallel by the thousands and

at the end of fabrication are left held to their bulk substrate only by microscale

aluminum release tags as shown in Figure 4.1.

So, how do you pick-up, move, and place cell-scale OWICs where you want

them?

For larger systems, this question doesn’t even come into consideration: just pick

up the device and move it. If someone asks you to bring them an oscilloscope, you

just pick up the ∼100 mm x 300 mm x 300 mm object off the shelf with your hands

and then hand it to them. Even at smaller scales, if someone asks you to bring

them a surface-mount device (SMD) for a circuit board, you would grab a pair of

69
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Figure 4.1: Optical image of OWICs held to the bulk substrate on which they were built
only by microscale aluminum release tags.

tweezers, pick up the ∼1 mm x 3 mm x 3 mm SMD component with the tweezers,

and place it on the circuit board for them in the appropriate location. You could

even push this method a little farther. In my colleagues and my experience, if you

have a new set of good tweezers, a few years of experience in the lab, and haven’t

had coffee recently, you can pick up a device at the size of about 30 µm x 300 µm x

300 µm and place it down with about ∼500 microns accuracy under a microscope.

In fact, as detailed in Chapter 2, this is how many small integrated wireless sensors

are still being built in academic settings; dissimilar materials and components as

thin as ∼100 µm are stacked one at a time and then wire bonded together to

establish electrical interconnects (see Section 2.2.1). Modern commercial machines

also exist for pick-and-place of small SMD components with dimensions down to

about 200 µm x 200 µm but are typically designed specifically for placement into

circuit boards, limited to planar movement, and are expensive industrial sized
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machines.

For cell-scale OWICs, we have to deal with this new challenge and feature of

the devices; one has to be able to accurately pick-up, move, and place objects as

small as, and potentially smaller than, about 10 µm x 100 µm x 100 µm. This

task is not readily accomplished by hand, with tweezers, or even with modern,

commercial pick-and-place tools. In the following sections, we’ll detail methods for

manipulation and deployment of OWICs. This discussion includes new techniques

we developed that allow for placement of OWICs into arbitrary configurations

in air, liquid, and even biological tissue with precise control over location and

orientation.

By no means are the sections to follow supposed to represent a comprehensive

list of possible manipulation and delivery modes. For each of the specific appli-

cations described in later chapters, we developed corresponding manipulation and

delivery techniques that worked for that particular application. Here, we docu-

ment some of the different methods we developed to address our specific needs.

Undoubtedly, if the scope of the OWICs platform expands, new techniques will

need to be developed specific to each targeted application.

4.2 Bulk Manipulation of OWICs

Many modes of manipulation and delivery are possible for OWICs that would

be impossible for larger sensors. Figure 4.2 shows various delivery modalities

for OWICs that can be used when we are not concerned with the orientation

and relative configuration: (b) syringe injection, (c) polymer embedding, and (d)

aerosolization. These methods build on previous strategies for wireless device

delivery [Liu et al., 2015] [Meitl et al., 2006] [Koman et al., 2018].
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Figure 4.2: (a) A vile containing thousands of OWICs released into DI solution. Different
bulk manipulation and delivery modes possible for cell-scale OWICs including (b) syringe
injection, (c) polymer embedding, and (d) aerosolization.

To release OWICs from their substrate into solution, we simply place the sub-

strate on which they were built into dilute 2% TMAH solution. This chemical

selectively etches the aluminum release tags without damaging the OWICs, allow-

ing the OWICs to float into the solution.

After OWICs are released into fluid, as shown in Figure 4.2 (a), the devices

are small enough that they behave as particulates mixed into solution, almost as

chemical species. This feature of the devices enables us to dilute or concentrate

the OWICs solution to a desired concentration by merely added fluid and mix-

ing the solution. As OWICs are needed for particular experiments, the typical

procedure involves mixing in the appropriate amount of water, buffer solution, or
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other aqueous solution to a desired concentration, agitating the solution, and then

pipetting aliquots of the amount of OWICs needed. The agitation is required since

the OWICs are denser than water; at long time scales ( 10 to 30 min for a 5 mL

vial), the OWICs eventually settle to the bottom of the containers they are stored

in.

4.3 Individual Manipulation of OWICs

When control of the precise orientation and location of an OWIC device is desired,

more care has to be taken to pick-and-place OWICs. In the following sections, we

detail the predominant methods that we use to manipulation and deliver individ-

ual, cell-scale OWICs accurately into microscale environments including microflu-

idic channels and tissue.

4.3.1 Dry Pick-and-Place of Cell-Scale OWICs

For applications where precise placement and orientation of OWICs onto a target

substrate is desired, a dry method of pick-and-place is presented in Figure 4.3.

This method is a natural evolution of and closely resembles standard, commer-

cially available pick-and-place machines, but uses a microscale nozzle to allow for

manipulation of cell-scale devices. In this method, commercially available pulled

glass micropipettes are manipulated with a micromanipulator to pick devices out

of the bulk substrate (Figure 4.3 (a-d)) by breaking the aluminum release tags and

placing the OWIC accurately in arbitrary locations and configurations (Figure 4.3

(e-h)). Figure 4.3 (j) shows ∼40 individual OWICs precisely arranged in the Cor-

nell logo as a demonstration of the ease with which this method allows for device

manipulation even at cell-scales.
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Figure 4.3: Dry Pick-and-Place of OWICs. Schematic and optical images of (a-b) a
glass micropipette coming into contact with an OWIC that is still tethered to the bulk
substrate with aluminum release tags, (b-c) applying vacuum to remove the OWIC from
the bulk substrate, (e-f) moving to the target position on another substrate and (g-
h) releasing the OWIC in a precise location and orientation on another substrate by
releasing vacuum (or applying pressure). Glass micropipettes are moved with an external
micromanipulator (not shown). (j) OWICs placed precisely into the Cornell logo on a
glass slide.
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The dry micropipette method described above is our dominant technique used

for manipulation and placement of OWICs. We also note that, the glass mi-

cropipettes used are commercially available with microscale tip openings ranging

from 1 µm to ∼60 µm. If OWICs are developed at smaller scales (∼10µm), this

will likely allow for this manipulation method to continue being of use.

4.3.2 Micropipette Micromanipulation in Solution

While OWICs are in solution, it’s also possible to pick-and-place OWICs using a

pulled glass micropipette in fluid as shown in Figure 4.4 for applications in aqueous

environments.

The image shown in Figure 4.4 (a) is of an approximately 20 µm glass mi-

cropipette and OWIC under a microscope while in a water solution. These mi-

cropipettes are commercially available glass pipettes that have been heated and

pulled to a specific diameter. The glass micropipette is being held and manipu-

lated by a commercial micromanipulator that can controllably move along three

axes with ∼1 micron resolution. The inner wall of the micropipette is moreover

attached to a small vacuum pump. By applying vacuum to the inner wall of the

micropipette, enough suction can be produced to pick up (b) and hold onto an

OWIC device while the device is moved (c). By releasing vacuum, the OWIC can

be released at a particular location (d).

To the author’s knowledge, using glass micropipettes in solution for ultra-small

chip manipulation was first developed in a commercial setting by Hitachi [Noda

and Usami, 2008] during the development of their limited range (<1 mm) RFID µ-

chips, which went down to sizes of 75 µm x 75 µm. For their specific example, these

devices needed to be manufactured and then further processed to be connected
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Figure 4.4: Images of a test OWIC being picked up, moved, and released in solution
using a glass micropipette. (a) A ∼20 µm diameter tip micropipette is brought close
to an OWIC. (b) An external vacuum (not shown) is applied to the inner wall of the
micropipette causing enough suction to pick up the OWIC. (c) An external microma-
nipulator (not shown) holding the micropipette is controlled to move the OWIC to a
new position and height. (d) The OWIC is released back into solution by removing the
applied vacuum. The OWIC shown is from an earlier iteration of OWICs than those
detailed in this work, but has the same basic structure.

to a larger-scale (∼1 mm) antenna. An image of Hitachi’s similar micropipette

configuration is shown in Figure 4.5 (a). The setup is additionally adapted to

remove the devices from solution, image them, and then place them individually

into a more standard tape reel for further assembly and packaging steps.
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Figure 4.5: A ultra-small chip assembly system developed by researchers at Hitachi [Noda
and Usami, 2008]. (a) Images of various micropipettes with µ-chips attached after being
picked out of solution. (b) Schematic of the automated assembly system developed to
further assemble and package ultra-small chips. (c) An optical image of µ-chips after
being placed onto a tape reel.

4.3.3 Sliding Microneedle Assembly Insertion

One of the envisioned applications of cell-scale OWICs is to monitor biological

functions in tissue. For example, cell-scale voltage sensors that could potentially

be used to record neural activity in vivo will be described in Chapter 6 and cell-

scale temperature sensors holding promise for monitoring temperature changes in

the body are described in Chapter 5.
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Although syringe injection of OWICs would be a possible route to delivering

such devices into biological tissue, and is the current method used for many larger

wireless devices [Liu et al., 2015] [Kang et al., 2016], syringe injection has some

major disadvantages. First, syringe needles are typically ∼1 mm diameter and

hence would cause an unnecessary amount of damage to the tissue1. Compared

to the OWICs’ cross-section of 8 µm x 75 µm, a 1 mm diameter syringe has

about 1,300X larger cross-sectional area. A schematic drawn to scale is shown in

Figure 4.6 illustrating these relative sizes. This illustration also depicts the cross-

section of our new method of a custom microneedle that will be discussed below.

A second issue is that syringe injection would not allow for very precise delivery

Figure 4.6: Comparison of the cross-sections of (a) a 1 mm diameter syringe, (b) our
custom sliding microneedle assembly, and (c) an individual OWIC sensor.

1Some commercially available syringe needles can be purchased down to about

400-600 µm
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of OWICs to a particular location in the body. If the devices are suspended in

solution, they are free to rotate, making their orientation random. For applications

like neural sensing, it will likely be needed to deliver OWICs to targeted cell

clusters, or even specific neurons, in the brain or spine. Syringe delivery would be

an infeasible route to achieving this degree of accuracy.

Here, we present a new method we developed that uses a mating, sliding pair

of micromachined silicon microneedles to accurately deliver OWICs into precise

locations in tissue.

An optical image of the silicon microneedle pairs during the fabrication process

is shown in Figure 4.7 (a). Schematics illustrating the various features of the

microneedles are shown in Figure 4.7 (b) and (c). The mating pair of microneedles

is composed of what is referred to as the “bottom” microneedle and the “top”

microneedle. Each microneedle is composed of a thick handle (∼300 µm x 3 mm

x 3 mm) and a thin shank (∼30 µm x 100 µm x 5 mm). The bottom microneedle

is mostly planar with a recessed region that is 15 µm deep. The top microneedle

is mostly recessed with an extruded region that is 15 µm tall. The recessed and

extruded regions were defined with the same etching step, so their dimensions are

identical, mating components. Full fabrication details are available at the end of

this chapter in Section 4.4.

Once the pairs of microneedles are removed from the substrate, they can be

assembled together to hold an OWIC device as shown schematically in Figure 4.8.

Figure 4.8 (a) shows how an OWIC can fit into the recessed region of the bottom

microneedle, held in a particular orientation. To accomplish this, the microneedles

are placed on a hotplate under a microscope and elevated to a temperature of about

70◦C. A thin layer of PEG is then applied to the tip of the bottom microneedle.
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Figure 4.7: (a) Optical image of silicon microneedle pairs after fabrication, before me-
chanical release from the substrate. Schematic with components labeled of the bottom
(b) and top (c) microneedles.

PEG is a known bio-dissolvable adhesive [Felix et al., 2013] that is a liquid at

70◦C, but hardens at room temperature. While the PEG is in a liquid form, the

micromanipulator techniques described above are used to place an OWIC in the

recessed region of the bottom microneedle. The top microneedle is then placed on

top on the bottom microneedle using tweezers. Because of the mating design of

these components, the two pieces align together when a minute amount of pressure

is applied. Figure 4.8 (b) illustrates how the two mating silicon microneedles and

OWIC are assembled. The top microneedle covers a small portion of the OWIC to

hold it in place and its extruded region is situated against the side of the OWIC.

The whole assembly is left to cool, hardening the PEG. At this point, the assembly
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Figure 4.8: Schematic of the bottom and top microneedles with an OWIC prior to
assembly (a) and after assembly (b).

is ready for use.

After the microneedle assembly is complete, it is held in the custom machined

micromanipulator holder shown in Figure 4.9. The black micromanipulator body

of the holder was purchased from a commercial vendor (XYZ 500 Series from

Research & Development Inc). The custom aluminum holder was designed and

machined by the author using the LASSP Graduate Machine Shop. By moving

the X, Y, and Z manipulation micrometers shown in Figure 4.9 (a) and (b), the

complete microneedle assembly can be moved into position to within microns.

The microneedle assembly itself is held by precision ground tweezers as shown in

Figure 4.9 (c-e). The assembly sits in a recession region of the fixed arm such that

the tweezers are only holding the top microneedle. The tweezers themselves are

in planar contact with the fixed arm of the holder but are held by a sliding arm.

Underneath the tweezers is a spring-loaded, linear sliding way that can move along
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the “Y” axis allowing the sliding arm to move. Once the PEG in dissolved, the

micrometer shown in Figure 4.9 (f) can hence be used to slide the top microneedle

with respect to the bottom microneedle.

Figure 4.9: Optical images of custom machined micromanipulator holder for manipula-
tion of the sliding microneedle assembly.
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Once held with the custom microneedle holder, the sliding microneedle as-

sembly can be used to precisely deliver cell-scale OWICs into tissue as shown in

Figure 4.10. The procedure for delivering devices into tissue is as follows. The slid-

ing microneedle assembly is positioned at the desired location in tissue, (a). The

microneedle assembly then punctures the tissue, (b). The assembly is positioned

with the Y micrometer close to the desired depth, (c). After the PEG has dis-

solved, the top and bottom microneedles are free to move independently. The top

microneedle slides along the bottom microneedle by moving the sliding micronee-

dle micrometer, (d). This process begins to push the OWIC out of the recessed

region of the bottom microneedle; the extruded region of the bottom microneedle

is pushing against the side of the OWIC. The OWIC is pushed through tissue to

the desired depth, (e). By retracting the whole microneedle assembly with the Y

micrometer away from the OWIC, the OWIC is left behind in the tissue, (f). The

whole microneedle assembly then can be completely removed from the tissue, (g).

Following insertion, the OWIC is left untethered, at a particular location and

orientation in tissue. The region of tissue at the leading edge of the OWIC has

furthermore only ever been in contact with the leading edge of the OWIC. This

design feature is ideal for applications where intimate undamaged tissue contact

with the OWIC is desired.

Frames from a video of this insertion method is shown in Figure 4.11 where

an individual cell-scale OWIC is delivered to a target location in agarose gel. The

microneedle assembly can be seen approaching the target position (a-b). The top

microneedle extends to the target location (c). The microneedle assembly is then

retracted, leaving the OWIC behind (d-e).

In Chapter 5, we use this method to insert cell-scale OWIC sensors into the
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Figure 4.10: Schematic of sliding microneedle insertion method for delivering cell-scale
OWICs into biological tissue. Custom microneedle holder not depicted.
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brain of a living mouse for in-vivo studies of temperature.

Figure 4.11: Video frames from an OWIC device being inserted into agarose gel.
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4.4 Full Fabrication Methods for Sliding Microneedles

Here we detail the full fabrication methods used to produce the sliding microneedles

described above. Microneedles were fabricated using silicon-on-insulator wafers

with 30 µm device layer and 2 µm BOX layer on a 300 µm handle produced by a

commercial vendor (Ultrasil Coorporation). An outline of the fabrication process

is shown in Figure 4.12.

Figure 4.12: Microneedle fabrication outline. (a) Etch into device layer silicon. (b)
Topside etch to BOX. (c) Backside etch to BOX. (d) Etch of BOX. (e) Mechanical
release of needles from substrate.

Fabrication and assembly of the mating silicon microneedles is as follows:
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Etch into Device Layer

1. 35 nm of alumina deposited via plasma atomic layer deposition at 200◦C.
This will be used to pattern a hard mask for later silicon etching

2. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

3. Bake at 115◦C for 60 s

4. Expose regions to be etched

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. RIE with BCl3/Ar to remove alumina

8. Remove PR (sonicating in acetone, IPA, N2 dry)

9. DRIE etching of silicon, typically 15 µm into the device layer

Topside Etch to BOX

1. 35 nm of alumina deposited via plasma atomic layer deposition at 200◦C.
This will be used to pattern a hard mask for later silicon etching

2. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s)

3. Bake at 115◦C for 60 s

4. Expose regions to be etched

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. RIE with BCl3/Ar to remove alumina

8. Remove PR (sonicating in acetone, IPA, N2 dry)

9. DRIE etching of silicon to BOX
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Backside Etch to BOX

1. 50 nm of alumina deposited to the backside of the wafer via plasma atomic
layer deposition at 200◦C. This will be used to pattern a hard mask for later
silicon etching.

2. Spin coat with PR (s1813 MicroChem, 4000 rpm, 60 s) on the backside.

3. Bake at 115◦C for 60 s

4. Expose regions to be etched. Backside alignment was done with an IR light
source underneath the wafer

5. Develop in AZ MIF 726

6. RIE of O2 plasma at 150 W to remove residual PR

7. RIE with BCl3/Ar to remove alumina

8. Remove PR (sonicating in acetone, IPA, N2 dry)

9. DRIE etching of silicon to BOX

Etching of the BOX

1. BOX is etched in 10:1 HF. DI Rinse. Air dry

Release of Microneedles

1. Release tabs tethering microneedles to the silicon are then broken mechani-
cally with tweezers.

Assembly of Microneedles and OWICs

1. After release from the substrate, the 300 µm thick handle of the needles is
manipulated with tweezers to transfer two mating components onto a hot-
plate at 70◦C under a microscope.

2. A small amount of polyethylene glycol (PEG), a known bio dissolvable ad-
hesive, was placed on the hotplate where it becomes a liquid.

3. The tip of one microneedle was dipped into the liquid PEG

4. Both components were placed together with tweezers. Due to their mating
design, the two components lock together with the needles aligned.
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5. An OWIC sensor is then picked up with a micromanipulator probe and placed
into the tip of the microneedle assembly.

6. The hotplate is cooled to room temperature, solidifying the PEG and tem-
porarily acting as a glue for the microneedles and OWIC until insertion.



Chapter 5

SOI-based OWIC Sensors

In this chapter, we provide some example proof-of-concept OWIC sensors that

were built using the fabrication methods detailed in Chapter 3. We begin by

briefly describing the individual electrical and optical components (microLEDs,

PVs, and MOSFETs) used to construct various sensors. The proof-of-concept

OWIC sensors presented in this chapter demonstrate the wide range of sensors

possible using the SOI-based platform developed. Specifically, we demonstrate the

potential of the platforOWICsm by creating proof-of-concept sensors only 0.0001

mm3 and 0.00005 mm3 in volume that remotely measure voltage, temperature,

pressure, and solution conductivity in a variety of environments, including inside

the brain of a living mouse.

5.1 Individual Components

Electrical and optical characterization of each of the individual components used

for SOI-based OWICs are shown in Figure 5.1. Below we briefly describe the

relevant current-voltage (IV) and optical characteristics of each component.

90
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Figure 5.1: Individual component characterization. (a) Optical image of silicon photo-
voltaics in series with 4, 5, and 6 PVs. (b) IV curves for silicon photovoltaics under
2.5 µW µm−2 illumination with a 532 nm light source. The measured responsivity is
approximately 0.3 A W−1. Open-Circuit voltages for 4, 5, and 6 PVs are 3, 3.6, and 4.4
V, respectively. (c) Optical image of silicon n-channel MOSFET. (d) IV curves of the
MOSFET for different gate voltages, VG. (e) Optical image of GaAs microLED. (f) IV
and power output curves for the microLED. Inset: microLED spectrum for the GaAs
microLED showing an emission peak at 835 nm with a 25 nm full-width half max.
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5.1.1 Photovoltaics

As detailed in Chapter 3, the micron-scale photovoltaics used in this work are

composed of a simple vertical silicon p-n junction. When illuminated under a light

source, the IV characteristics of the photovoltaics are well modeled by a simple

diode equation [Honsberand and Bowden, 2019],

I = IL − Io
(
e

qV
nkBT − 1

)
, (5.1)

where IL is the light-generated current, Io is the saturation current, q is the charge

of an electron, V is the voltage, n is the ideality factor, kB is Boltzmann’s con-

stant, and T is the temperature. The amount of light-generated current for a

particular amount of light is dependent of many physical considerations including

the thickness of the photovoltaic, the absorption coefficient of the material, and

the wavelength of the incident light. In general, we combine the effects of all of

these contributions and define the photovoltaics responsivity, R, in A/W to be the

amount of light-generated current for a given amount of power in at a wavelength

λ:

IL = R(λ)PIN(λ) (5.2)

Two particularly important quantities can be extracted from measuring this

diode behavior: the short circuit current, ISC , and the open-circuit voltage, VOC .

The current through the diode at V = 0, is the short circuit current; ISC is identical

to the light-generated current for an ideal photovoltaic. ISC is a critical parameter

because it is the maximum possible current that could be provided by the pho-

tovoltaic under a given illumination, powering a load with no resistance. For low
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resistive loads being powered by the photovoltaic, ISC gives a rough estimate of

the available current that can be sourced from the photovoltaic. To more accu-

rately determine the amount of current that can be sourced by the photovoltaic to

a resistive load, RL, one has to solve for the current available under the condition

I = − V

RL

= IL − Io
(
e

qV
nkBT − 1

)
(5.3)

0 = IL − Io
(
e

qV
nkBT − 1

)
− V

RL

(5.4)

The second important quantity that can be extracted from this diode behavior

is the open-circuit voltage of the photovoltaic. The VOC represents the maximum

available voltage that can be provided by the photovoltaic when loaded with a

resistor of infinite resistance. The open-circuit voltage occurs when

0 = IL − Io
(
e

qV
nkBT − 1

)
, (5.5)

or equivalently

VOC =
nkBT

q
ln

(
IL
Io

+ 1

)
. (5.6)

Consider the device with 4 photovoltaics wired in series whose IV characteris-

tics are shown in Figure 5.1 (a-b). Given an illumination of 2.5 µW µm−2 at 532

nm, we measure that these photovoltaics have ISC ∼ 225 µA and VOC ∼ 3 V . This

implies a responsivity of about R ∼ 0.3 A W−1 and VOC ∼ 750 mV per photo-

voltaic. These values are comparable to commercially available pn-junction silicon

photovoltaics. For example, a Det36A photodetector available from Thorlabs has

a responsivity of about R ∼ 0.2 A W−1 for light at 532 nm. The open-circuit
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depends on illumination, but most silicon PVs have open circuit voltages in the

650 mV to 800 mV range at similar illuminations [Honsberand and Bowden, 2019].

5.1.2 MOSFETs

An example IV characteristic of the source-drain current through one of our MOS-

FETs is shown in Figure 5.1 (d) for various gate-source voltages. The IV charac-

teristics of the MOSFETs are well-modeled by [Sze and Ng, 2007]



IDS = 0 VGS ≤ VV T

IDS = µnCOX
W

L

(
(VGS − VT )VDS −

V 2
DS

2

)
(1 + λVDS) VGS > VT , VDS ≤ VGS − VT

IDS =
1

2
µnCOX

W

L
(VGS − VT )2 (1 + λ) VGS > VT , VDS > VGS − VT ,

(5.7)

where VGS is the gate-source voltage, VT is the threshold voltage, IDS is the

drain-source current, VDS is the drain-source voltage, µn is the carrier mobility,

COX is the oxide capacitance per unit area, W is the channel width, L is the

channel length, and λ is parameter that can be used to account for non-ideal

effects. For our MOSFETs, λ is well approximated to be zero, reducing the above

behavior to



IDS = 0 VGS ≤ VV T

IDS = µnCOX
W

L

(
(VGS − VT )VDS −

V 2
DS

2

)
VGS > VT , VDS ≤ VGS − VT

IDS =
1

2
µnCOX

W

L
(VGS − VT )2 VGS > VT , VDS > VGS − VT .

(5.8)

These three regions of operation are typically referred to as the “cut-off,” “lin-

ear,” and “saturation” regions, respectively. In the cut-off region, little to no
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current flows. In the linear region, the current is dependent on both the gate-

source voltage and the drain-source voltage. Finally, in the saturation region, the

current is only dependent on the gate-source voltage. In fact, in the saturation

region, the dependence is governed by

gm =
∂IDS

∂VGS

= µnCOX
W

L
(VGS − VT ), (5.9)

where gm is the transconductance of the MOSFET. This linear dependence of the

current on the gate-source voltage in the saturation region is often what is exploited

to make linear voltage amplifiers. The transconductance itself is often rewritten

as

gm = µnCOX
W

L
(VGS − VT ) = κp

W

L
(VGS − VT ), (5.10)

where κp is a parameter with units of A V−2 that is not heavily dependent on the

width or length for W , L > ∼1 µm.

For our MOSFETs which have L = 2 µm and W = 36 µm, the IV response is

well modeled with κp ∼ 20 µA V−2 and VT ∼ 1.5 V. Given these MOSFETs have a

gate oxide that is composed of approximately 8 nm silicon dioxide, Cox ∼ 4.3x10−7

F cm−2. Given our value of κ, this would imply an effective carrier mobility of

µn ∼ 60 cm2 V−1s−1. Typically the mobility of carriers in bulk silicon would be in

the range of 100 to 1000 cm2 V−1 s−1 [Sze and Ng, 2007]. The effective mobility,

µn, for MOSFETs can be reduced slightly (∼50%) when accounting for the field-

dependence of the mobility [Sze and Ng, 2007], so our measured effective mobility

close to, although slightly lower than, the range expected for standard MOSFET

geometries. Given that our mobility is on the lower end of what is achievable in

silicon MOSFETs, there is still room to improve this mobility allowing for higher
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transconductance of our MOSFETs.

5.1.3 microLEDs

An example IV characteristic of one of our microLEDs is shown in Figure 5.1

(f). This IV behavior is well modeled by a simple Shockley diode in series with a

resistor. The behavior of the diode component is given by the Shockley equation

with [Schubert et al., 2005]

I = IS

(
e

eV
nkBT − 1

)
, (5.11)

where

IS = eA

(√
Dp

τp

n2
i

ND

+

√
Dn

τn

n2
i

NA

)
(5.12)

and e is the charge of an electron, V is the voltage across the diode, n is an ideality

factor, kB is Boltzmann’s constant, T is the temperature, A is the cross-sectional

area of the diode, Dp,n are the diffusion constants for holes and electrons, τp,n are

the carrier lifetimes for holes and electrons, ni is the intrinsic carrier concentration,

NA is the acceptor concentration, and ND is the donor concentration. Combined

with a series resistance of Rs ∼ 100-500 Ohms, and ignoring the contributions of

shunt resistance, the microLED is well approximated by

I = IS
(
ee(V−IRS)/nkBT − 1

)
. (5.13)

For sufficiently high voltages, the microLED’s behavior is effectively that of a linear

resistor with resistance Rs with an offset.

The power output from the microLED is then
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POUT (V ) = ηPOWER(V )PIN = ηPOWER(V )× I × V, (5.14)

where we have defined the power efficiency or “wallplug” efficiency. The efficiency

ηPOWER is dependent on both the internal and external efficiency of the microLED

which are each dependent on many factors including the bias voltage. The internal

efficiency is largely determined by the efficiency on radiative recombination rate

in the LED heterostructure. The external efficiency is determined by a variety

of factors such as ability of light to escape the heterostructure and the ability to

collect the light (extraction efficiency).

The measured power efficiency of the ∼(10 µm)2 microLED shown in Figure 5.1

(f) is about ηPOWER ∼ 5x10−4 for voltages above ∼1.1 V and collecting light

only emitted normal from the top surface of the microLED mesa. This value

is comparable to the measured efficiency of light emitting from normal of other

recently published research on microLEDs, η ∼1x10−3 [Tian et al., 2014]. However,

efficiencies as high as 55% for macroscopic LEDs [Schubert et al., 2005] and 14% for

microLEDs [Bower et al., 2017] have been reported. Both high efficiency designs

cited, and most high efficiency designs used for commercial LEDs, redirect light

emitted from the sides of the LED to improve efficiency [Schubert et al., 2005].

Using similar strategies, our microLED efficiency can also, in principle, be improved

substantially.

The emission spectrum of the microLED is determined by the dispersion rela-

tionships within the GaAs lattice. To analytically understand this emission spec-

trum, we can assume parabolic dispersion relationships of the conductance and

valence band being
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E = EC +
~2k2

2m*
e

(electrons) E = EV −
~2k2

2m*
h

(holes) (5.15)

where EC is the energy of the conductance band, EV is the energy of the valence

band, k is the carrier wave vector, m*
e and m*

h are the effective masses of the

electrons and holes. With momentum conservation and assuming carriers follow a

Boltzmann distribution, we find that the emission peak occurs at [Schubert et al.,

2005]

EPEAK = Eg +
1

2
kBT (5.16)

where Eg is the bandgap energy. The full-width half-maximum (FWHM) of the

emission peak is

∆EPEAK = 1.8kBT (5.17)

or equivalently

∆λPEAK = 1.8kBT
λ2

hc
(5.18)

This spread of the emission peak at room temperature is about 46 meV or 26 nm

for an emission at 840 nm. The emission peak shown in Figure 5.1 (f) is well

approximated by the above with a peak at 840 nm and a FWHM of about 30 nm.

5.2 Voltage-Sensing OWICs

In this section, we’ll detail proof-of-concept voltage-sensing OWICs composed of

these individual components that are capable of reporting local changes in voltage

optically.
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5.2.1 Device and Characteristics

An optical image of a proof-of-concept voltage-sensing OWIC is show in Figure 5.2

(a) with components labeled. Once released, the entire voltage OWIC is only 8 µm

x 75 µm x 175 µm (∼0.0001 mm3). The device consists of a set of silicon photo-

voltaics wired in series with a microLED and a NMOS MOSFET. All components

are encapsulated in insulating layers of SiO2 and SU-8 except for two exposed

electrodes: one electrode is connected directly to the gate of the NMOS MOSFET

and the other is connected to between the anode and cathode of two photovoltaics

to serve as the effective “ground” of the circuit.

A circuit diagram of the sensor is shown in Figure 5.2 (b). In this configuration,

when the device is illuminated and the two exposed electrodes are electrically

connected (through solution or otherwise), the voltage difference between the input

of the gate and the source of the MOSFET pushes the MOSFET into saturation

allowing for current to flow through the microLED, emitting light. Voltage changes

occurring between the two input electrodes then result in modulation of MOSFET

current, which in turn changes the amount of light output by the GaAs microLED.

Here, we are exploiting the dependence of the MOSFET current flow on the gate-

source voltage in its saturation region; small voltage changes in the gate-source

result in large changes to the microLED’s optical output. This configuration is

similar in structure to a common source amplifier; in such a circuit, a load resistor

in series with a MOSFET is used to amplify the small voltage across the gate-source

into a larger voltage across the load resistor.

Device performance of the voltage OWICs is shown in Figure 5.2 (c) and (d).

Figure 5.2 (c) shows optical recordings from a voltage OWIC responding to fast
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Figure 5.2: Voltage-sensing OWICs. (a) Optical image of a voltage OWIC prior to
release with components labeled. (b) Circuit diagram of the voltage OWICs. (c) AC
optical response of a voltage OWIC to input voltage pulses of approximately 5 mV and
2 ms pulse-width. (d) DC characteristics of voltage OWICs’ power output as a function
of input voltage (red) and corresponding derivative (blue).
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(∼2 ms) voltage pulses while under continuous illumination. Electrical character-

istics were measured using electrical probes on micromanipulators to contact the

inputs of the device while optical measurements were made using an optical setup

described in Figure 5.4. Additional measurement details for device characterization

are available in Section 5.2.4.

As the voltage across the input electrodes rapidly changes, the voltage OWIC’s

optical output correspondingly changes when a response speeds well above 10 kHz.

The DC characteristics of the optical power output of a representative voltage

OWIC as a function of the input voltage difference across its electrodes is shown

in Figure 5.2 (d). The derivative of the power as a function of input voltage is also

shown. Note that the voltage OWICs are designed and optimized so that the max-

imum response of approximately 90 pW per mV change occurs at approximately

zero bias across the electrodes.

The noise spectrum for a voltage OWIC is shown in Figure 5.3. When oper-

ated under continuous illumination, the device shown resolves 8 µV Hz−1/2 when

averaged over a bandwidth from DC to 10 kHz. At higher frequencies, the average

noise is reduced to approximately 2 µV Hz−1/2. As can be seen in Figure 5.3,

at lower frequencies, the noise is dominantly 1/f noise, also know as flicker noise,

which is common to many electronic devices. To understand the behavior at higher

frequencies, consider the effect of shot noise from the light emitted from the mi-

croLED. The output light from the microLED at zero bias is about 35 nW, which

at 10 kHz would be expected to have a shot noise of about 10 pW. Given the

response of the voltage amplifier, 90 pW per mV, this would correspond to a noise

contribution of about 1 µV Hz−1/2. Our measured value is within a factor of 2 of

this limit. From our previous work [Lee et al., 2018a], we would expect that the
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Figure 5.3: (a) Noise spectrum of a voltage OWIC. The dashed blue line represents
flicker noise following a 1/f behavior. The voltage OWICs average noise of 8 µV Hz−1/2

when averaged over a bandwidth from DC to 10 kHz is labeled. The average noise at
higher frequencies near 10 kHz of 2 µV Hz−1/2 is also labeled.

voltage noise contribution from voltage noise of the gate of the MOSFET would be

about 0.4 µV Hz−1/2 at these frequencies. Hence, the additional noise is unlikely

due the fundamental limits of the MOSFET’s voltage noise on the gate.

5.2.2 Power Consumption and Duty Cycle Operation

There are two equivalent methods use to estimate the power consumption of OW-

ICs during a wireless measurement: 1) using the external microLED efficiency and

power out from the sensor or 2) using the photovoltaic responsivity and measured

power in from the light source. Under continuous illumination, typical output

power from the voltage OWICs is approximately 30 nW. Using the measured LED

efficiency (5x10−4 in terms of the ratio of power in, P = ILED x VLED, to optical



103

Figure 5.4: OWICs Optical Setup for non-in vivo measurements. The dichroic mirror
label DM1 is a 801-nm long-pass filter (FF801-Di02-25x36, Semrock). A 850 nm band-
pass filter (FBH850-40, Thorlabs) was used prior to the Si photodetector to select for
the LEDs 835 nm emission peak. A silicon photodiode was used to collect the OWICs
emitted signal (DET36A, Thorlabs).

power out), this output implies a power consumption of 60 µW. Similarly, using

the known illumination of approximately 300 nW µm−2, the active area of the

photovoltaics being ∼ (13 µm)2 each, the measured responsivity of 0.3 A W−1,

and the typical voltage output of 3.5 V from the photovoltaics in series, the power

consumption of the photovoltaics is also determined to be 60 µW.

Since OWICs respond at high bandwidths, the sensors can also be monitored at

low duty cycle using brief pulses of light to power them. Using a lower duty cycle

reduces the average power consumption, albeit with a correspondingly degraded

noise performance (see noise spectrum in Figure 5.3). The example shown in

Figure 5.5 illustrates this mode of operation with a voltage OWIC operated with

a 30% duty cycle, reducing the average power to 18 µW.
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Figure 5.5: Monitoring of a voltage input (a) using a voltage OWIC monitored continu-
ously (b) and at a lower duty cycle of 30% (c).

The optical setup used to monitor OWICs for the measurement in Figure 5.5

is shown schematically in Figure 5.4. Most basically, the optical setup is equipped

to power the OWICs with one wavelength, 532 nm (green) under full field-of-view

illumination and simultaneous record the OWICs emitted output at 840 nm (NIR).

The input power can additionally be modulated with an optical chopper to allow

for lower duty cycle operation.

5.2.3 Possible Applications

One application space that holds promise for using OWIC sensors is microfluidics.

Here, we detail a specific demonstration of a voltage OWIC being used to remotely

monitor local solution conductivity in a sealed microfluidic channel. The optical

setup used to monitor OWICs for this measurement is shown schematically in

Figure 5.4.

Figure 5.6 shows a voltage OWIC being used to measure local conductivity of

water in a sealed microfluidic channel. The OWIC is remotely powered and moni-

tored from approximately 5 mm away under a microscope through the transparent

microfluidic channel. As a fixed current is run through the microfluidic channel,
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the voltage drop across the device changes linearly with the solution conductivity.

Hence, when flowing a current, by monitoring the optical output of the voltage

OWIC and knowing its dimensions, we can measure the local conductivity of the

fluid. Figure 5.6 (b) shows real-time optical recordings of a voltage OWIC in a

sealed 50 µm x 200 µm polydimethylsiloxane (PDMS) channel. Initially the chan-

nel contains a low concentration solution of potassium chloride (KCl) and small

volumes of higher concentration KCl are subsequently added to a nearby reservoir

and diffuse into the channel. Measured conductivities of 2.2, 17.7, and 166 mS

cm−1 closely match the values 2.1, 17.8, and 143 mS cm−1 of the input solutions

measured with a commercial instrument. The voltage OWIC was operated with

only approximately 10 µW of average power consumption. More experimental

details are available in Section 5.2.4.

The above example is meant to demonstrate the potential for OWICs in mi-

crofluidics and “lab-on-a-chip” environments. Specifically, the voltage sensors

here could hold potential in microfluidics applications requiring monitoring lo-

cal solution conductivity in sealed microfluidic channels, including single-cell sort-

ing [Cheng et al., 2007] and desalination of sea water [Kim et al., 2010]. More

generally, in many situations it would be too cost-prohibitive to integrate a full IC

fabrication process for small (∼100 µm) sensors into the fabrication process needed

for larger-scale (> 5 mm) microfluidics. Being able to simply pick-and-place a

cheap OWIC into a microfluidic device for monitoring solution conductivity or

other properties could enable a larger scope of applications for microfluidics and

lab-on-a-chip devices as the field matures.

One of our other initial motivations for developing voltage-sensing OWICs was

to monitor electrogenic cells for applications such as neural recording. Given the
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Figure 5.6: (a) Optical image of voltage OWIC sensor in microfluidic channel with
components labeled. (b) Local solution conductivity as measured optically (red) from
the voltage OWICs inside of a sealed 50 µm by 200 µm microfluidic channel containing
a KCl solution as higher concentration KCl solutions are diffused into the microfluidic
system. Inset (blue): Measured conductivity of solutions using external commercial
probes.
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voltage resolution of this first generation of voltage OWICs, 8 µV Hz−1/2 averaged

from DC to 10 kHz, these devices are not sensitive enough to detect neural ac-

tivity (typically requiring between 0.1 to 3 µV Hz−1/2 depending on the specific

application [Harrison et al., 2006]). However, achieving the necessary resolution

with future generations containing more sophisticated circuits remains feasible. In

Chapter 6 we’ll describe more complex, bulk CMOS-based OWICs that indeed

have already achieved sufficient resolution for neural recording.

5.2.4 Additional Experimental Details

Here we provide additional details related to the experiments described above.

Voltage OWICs Characterization:

For DC and AC characterization of voltage OWICs, micromanipulators

with electrical probes were used to sweep or apply voltages to the inputs

of a voltage OWIC sensor. Voltages were applied and recorded using an

external DAQ (National Instruments). Optical recordings were made

using the setup described in Figure 5.4.

Microfluidic measurements of solution conductivity:

A microfluidic channel of 10:1 PDMS was cast onto a silicon master

mold and cured at 70◦C overnight to produce microfluidic channels. A

50 µm x 200 µm channel was then pealed from the mold and input ports

were punched into the ends of the channel. A voltage OWIC sensor was

placed into the channel and sealed against a glass slide. Using a syringe,

the channel was filled with an initial, low concentration solution of KCl.

The voltage OWIC sensor was then optically powered and monitored
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with a ∼20% duty cycle using the optical setup shown schematically

in Figure 5.4. Two external electrical Ag/AgCl probes connected to

a current source (2420 3A SourceMeter, Keithley) were used to drive

current pulses through the channel. The current was then recorded

through a preamplifier (SR570, Stanford Research Systems) fed into a

digital oscilloscope (5242D, Picoscope). Higher concentrations of KCl

were added to a large reservoir connected to the channel and allowed

to diffuse into the channel. The solution conductivity measured from

the voltage OWICs was then determined using the optical recording of

voltage drop across the device, the known current, dimensions of the

microfluidics cross-section (50 µm x 200 µm), and length of the input

electrodes spacing of the voltage OWICs (150 µm). The measured

steady state conductivities were 2.2, 17.7, and 165.9 mS cm−1. For

comparison, solution conductivity of each solution was measured with

the commercial benchtop conductivity probe (B30PCI, VWR) to be

2.1, 17.8, and 142.7 mS cm−1, respectively.

5.3 Temperature-Sensing OWICs

In this section, we’ll detail OWIC sensors capable of remotely monitoring temper-

ature.

5.3.1 Device and Characteristics

An optical image of a a 8 µm x 65 µm x 100 µm (∼0.00005 mm3) temperature

sensing OWIC is shown in Figure 5.7 with components labeled. These sensors are

composed of silicon photovoltaics in series with a microLED where all components
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are encapsulated in a layer of SiO2 and SU-8. A circuit schematic of a temperature

OWIC is shown in Figure 5.7 (b). The dependence of power output on temperature

is shown in Figure 5.7 (c).

As temperature changes, the voltage output of the photovoltaics linearly de-

creases with increasing temperature at a rate of 2 mV K−1 due predominantly

to the temperature dependence of the intrinsic carrier density and the silicon’s

band gap [Löper et al., 2012]. This effect results in a relatively linear change in

power output with temperature. We can see the origin of this effect by re-writing

the open-circuit voltage in terms of the carrier concentrations [Sinton and Cuevas,

1996] [Löper et al., 2012]:

VOC =
kBT

q
ln

(
(NA + ∆n)∆n

n2
i

)
(5.19)

where ∆n is the excess carrier concentration from light-generated current and ni

is the intrinsic carrier concentration. The intrinsic carrier concentration itself is

temperature dependent with

n2
i = NCNV e

−Eg/kBT = n2
ioT

3e−Eg/kBT (5.20)

where nio is a constant. Hence,

VOC =
kBT

q
ln

(
(NA + ∆n)∆n

n2
i

)
(5.21)

VOC = VOC,initial −
kBT

q
ln(n2

i ) (5.22)

VOC = VOC,initial −
kBT

q
ln(n2

ioT
3e−Eg/kBT ) (5.23)
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Figure 5.7: Temperature-sensing OWIC. (a) Optical image of a temperature OWIC prior
to release with components labeled. (b) Circuit diagram of the temperature OWICs.
(c) DC characteristics of optical power output as a function of temperature (red) with
linear fit (dashed). (d) AC measurement of small, rapid temperature changes caused by
a resistive element placed next to the temperature sensor (see text for details).
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VOC ≈ VOC,initial −
(

3kB
q
ln(n2

io)

)
T +

Eg

q
(5.24)

To first order, the VOC decreases linearly with increasing temperature. The tem-

perature dependence of the bandgap energy is the next dominant effect and can

be accounted for by modeling the bandgap of silicon as [Löper et al., 2012]

Eg = Eg(0)− αT 2

T + β
(5.25)

Figure 5.8: Optical image of device used for pulsed-heating measurement with overlaid
schematic. A silicon resistive element immediately next to a temperature OWIC sensor
is used to rapidly heat the sensor while the sensor is optically powered and monitored.

with Eg(0) = 1.17 eV, α = 4.73 x 10−4 eV K−1, and β = 636 K.

Figure 5.7 (d) shows an optical recording of a temperature OWIC using the

temperature dependence of VOC to rapidly resolve changes in temperature. In this

measurement, current pulses are run through a nearby resistor producing quick

Joule heating as shown in Figure 5.8. Measurements shown are made under con-

tinuous operation while thermally connected to a larger bulk substrate of silicon.

Under continuous temperature OWICs consume a maximum of approximately 100
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µW. Similarly to voltage OWICs, this power consumption can be reduce by using

a lower duty cycle.

The full noise spectrum of a temperature OWIC is shown in Figure 5.9. The

sensitivity in this measurement is 3 mK Hz−1/2 when averaged over a bandwidth

from DC to 1 kHz. At lower frequencies, the noise is well modeled as flicker noise

as shown in Figure 5.9. At higher frequencies, the noise becomes more constant

and is reduced. The shot noise limit determined by the microLED’s output power

of 100 nW would correspond to a noise limit of 130 µK Hz−1/2. As shown in

Figure 5.9, the noise of the temperature-sensing OWIC approaches this shot noise

limit at higher frequencies.

Figure 5.9: Noise spectrum of a temperature OWIC. The dashed blue line represents
flicker noise following a 1/f behavior. The average noise of the temperature OWIC over
a bandwidth from DC to 1 kHz is 3 mK Hz−1/2, labeled above. At higher frequencies,
the temperature OWIC noise approaches the shot noise limit of 130 µK Hz−1/2. Peaks
near 100 Hz are likely artifacts of the measurement setup.
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5.3.2 Possible Applications

In addition to allowing for the remote monitoring of the temperature in an en-

vironment, sensing temperature can provide a method of probing other crucial

properties of the system, from thermal conductivity and heat capacity to pressure.

Thermal Conductance and Heat Capacity

Figure 5.10(a) shows optical recordings from a temperature-sensing OWIC in dif-

ferent environments including water, air, and low pressure (800 mTorr). At time

zero, an average intensity of approximately 100 nW µm−2 is used to both power

and heat the device. As the device heats, the temperature can be monitored in

real time with greater than kHz bandwidth. The overall response time for heating

is in the millisecond range and is well approximated by an exponential with time

constant

τ =
C

G
(5.26)

where C and G are the effective heat capacity and thermal conductance of the

sensor and its environment. This time also sets the maximum response rate for

the sensor, which, based on the above equation, scales as the square of the size of

the sensor.

The initial rate of heating dT/dt and steady state temperature change ∆T

allow us to determine C and G separately as

C =
PABS

dT/dt
(5.27)

and
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Figure 5.10: (a) Optical recordings of temperature from temperature-sensing OWICs
in water (blue), air (red), and vacuum (black) after a fixed intensity input power was
turned on at time zero. Dashed line is an exponential fit to the temperature OWICs
response in air. Temperature OWICs thermal conductance comparison for air (b) and
water environments (c) using a higher input power. Dashed lines indicated exponential
fits for temperature change as a function of time and linear fits for temperature change
as a function of input intensity. Ratio of linear fits of water to air is 23.0.

G =
PABS

∆T
(5.28)

where PABS is the absorbed power. For example, in air, the inferred heat capacity

of C ∼ 10−7 J K−1 and thermal conductance G ∼ 10−4 W K−1 are consistent

with the known size of the OWIC and the thermal conductance of air. As shown,

when the temperature OWIC is surrounded by water, the steady state temperature

change is reduced due to the increased thermal conductivity of water. The ratio

of the steady state temperatures measured in air and water are

∆Te(air)

∆Te(water)
= 23.0 (5.29)

which closely matches the known ratio of thermal conductivities of the two media,
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κWATER

κAIR

=
0.6 m−1K−1

0.026 m−1K−1 = 23.1 (5.30)

In the future, we envision that OWICs can be widely used for small-sample

wireless thermal measurements, e.g. attached to small crystals to measure their

heat capacity and thermal conductance, something that is difficult now because of

the large thermal mass of traditional sensors.

5.3.3 Pressure

Temperature OWICs can also be used to monitor the pressure of a gas environment,

as detailed in Figure 5.11, since at small scales the effective thermal conductivity of

gases varies with pressure [Zhang and Llaser, 2016]. Figure 5.11 (b) shows raw data

of the output light and extracted ∆T from a temperature OWIC inside a sealed

vacuum chamber. As pressure changes, the steady state temperature change is

optically recorded from the outside of the chamber through a high-vacuum window.

The device is operated with low duty-cycle, consuming an average power of 10 µW.

These wireless, optical recordings of pressure have potential applications in MEMS,

microelectronic, and lab-on-a-chip systems where devices are often hermetically

sealed in vacuum and a method of remotely monitoring pressure in the microscale

environment is desirable [Zhang and Llaser, 2016] [Wang et al., 2010].
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Figure 5.11: (a) Optical image of the custom vacuum chamber used to monitor temper-
ature OWICs being heated at different pressures. (b) Raw optical recording of power
output at 3.4 Torr for low-duty cycle input power. (c) Steady state temperature from
a temperature OWIC measured from outside of a sealed vacuum chamber for various
pressures.

Implantable Sensors

OWIC sensors also offer great promise as embedded sensors in living organisms. To

demonstrate a functioning OWIC inserted into tissue, Figure 5.12 details temper-

ature changes wirelessly monitored in the brain of a living mouse using a tempera-

ture OWIC embedded in brain tissue. The custom silicon microneedles describe in

Chapter 4 were used to insert and deliver the device to a depth of 160 µm into the

brain of a living mouse as shown in Figure 5.12 (a). The cross-section of the whole

insertion assembly is 45 µm x 95 µm, allowing for minimally-invasive delivery of

devices. Furthermore, no tethered components remain following removal of the

silicon microneedle.

After surgery, the mouse has a transparent cranial window installed to allow for

optical imaging and monitoring of the OWIC, as shown in in Figure 5.12 (b). This
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is a standard method utilized in multiphoton microscopy for chronic measurements.

An in vivo multiphoton 3D image [Oron et al., 2003] of the temperature OWIC in

tissue is shown in Fig. (c) illustrating the device and surrounding vasculature of

the brain.

All animal procedures and multiphoton microscopy work were performed by

Tianyu Wang, Aaron Mok, Chunyan Wu, and Fei Xia as part of the Chris Xu

research group at Cornell. Additional details of these procedures is available in

Section 5.3.4

Following insertion, the embedded temperature OWIC was used to monitor

local temperature changes in vivo from a distance of approximately 5 mm away

from the device. As shown in in Figure 5.12 (c), illumination of the device and

tissue with an external, pulsed illumination laser can be used to both intentionally

self-heat and power the temperature OWIC in tissue. This measurement allows for

monitoring (i) the response time of the OWIC-tissue system, (ii) the steady state

temperature change, and (iii) the in vivo temperature resolution. We measure a

noise floor of 7 mK Hz−1/2 with the OWIC sensor monitored with periodic sam-

pling at 800 Hz. Owing to the small size of the temperature sensor, the system can

respond at speeds close to 10 ms and measure temperature changes as fast as 103

K s−1. The response times measured here would not be achievable with macroscale

temperature sensors with larger heat capacities. Additionally, as shown in in Fig-

ure 5.12 (d), we confirm that the steady state temperature change varies linearly

with input power by varying the duty cycle of input power, allowing for a mea-

surement of the relative thermal conductivity. We record the temperature OWIC

over an extended period of time as shown in in Figure 5.12 (d); measurements were

taken nine and sixteen days following the insertion of the device. These results
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Figure 5.12: (a) Optical image of a temperature OWIC being inserted into the brain
of a living mouse using a custom microneedle (left) and image of the device after the
microneedle has been removed (right). (b) Three-dimensional reconstruction of the im-
planted OWICs device and vasculature in the mouse brain. Blood vessels labeled with
fluorescein and imaged by three-photon microscopy with 1320 nm excitation (red). Im-
planted OWIC visualized by label-free third harmonic generation by the same 1320 nm
beam (yellow). The device is nominally 160 µm into the brain. (right) Image of mouse
after insertion with a transparent cranial window installed for imaging. (c) Optical
recording of temperature from the OWIC sensor monitored in-vivo as the input power
was used to heat the device and surrounding tissue. A temperature noise floor of 7 mK
Hz−1/2 at 800 Hz is observed. Dashed line indicates exponential fit of data. (d) Long-
term optical measurements of steady state temperature change as a function of input
power for 9 and 16 days after insertion. Linear fits shown in dashed lines.
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mark the first in-vivo optical recordings from a sub-mm3 wireless electronic sensor

embedded in the brain. The temperature OWIC can also be operated at lower

duty cycles to monitor the surrounding temperature with less unintended heating

of the environment. At duty cycles below 5%, less than 1◦C heating is observed as

shown in in Figure 5.12 (d).

The above results are a proof-of-principle use of OWICs in biological systems,

but extensive further work will be required to fully address biocompatibility, long-

term stability, depth of light penetration, and other challenges specific to each

targeted application. For example, any future applications in deep tissue will

have to address signal degradation due to absorption and scattering, likely with

intensity-independent IO such as pulse-position modulation [Lee et al., 2018a].

5.3.4 Additional Experimental Details

Here we provide additional details related to the experiments described above.

Calibration of Power Input for Thermal Conductance:

The input power intensity for the thermal conductance measurements

was calibrated as follows. The light source was expanded to the full

field-of-view area of the microscope objective, A. In air, a power meter

(Thorlabs S120C) was then used to determine the total power over the

field of view, P. Intensity was calculated as P/A. The initial optical out-

put of the temperature OWIC in air was recorded, t = 0 in Figure 5.10,

which is dependent on the input power. When the temperature OWIC

was placed in water, some amount of input power is reflected due to the

water-air interface. Hence, for experiments in water, the input power
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was increased until the initial optical output of the temperature OWIC

in water matched that of the temperature OWIC in air at t = 0. At

that adjusted power level, the input power delivered to the devices in

water and air were inferred to be the same.

Measurement of Pulsed Resistive Heating for Temperature OWICs:

To measure the rapid temperature response of temperature OWICs,

an on-chip setup was used as shown in Figure 5.8. Current was run

through a ∼10 kOhm silicon resistor by applying voltage pulses with an

external DAQ system (National Instruments). Electrical contact was

made with external micromanipulator probes. Since the wireless tem-

perature OWIC is immediately adjacent to the heating resistor and

thermally coupled through the bulk silicon substrate, we can resolve

rapid changes in temperature caused by the Joule heating of the re-

sistor. Typical currents passed through the silicon resistor were a few

hundred µAs. Optical powering and recordings were measured with

the sensor under continuous illumination.

Measurement of Pressure in Vacuum Chamber:

To measure equilibrium temperature of temperature OWICs as a func-

tion of pressure, a temperature sensor was first placed inside of a vac-

uum chamber. The device was placed onto a rough substrate to en-

sure poor thermal contact between the substrate and the device. The

chamber was then sealed and pumped down with an external vacuum

pump. The pressure was measured using a commercial vacuum gauge
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(275i, Kurt J. Lesker) and recorded with an external DAQ system (Na-

tional Instruments). The temperature OWIC sensor was optically pow-

ered and recorded through a high-vacuum window with a duty cycle of

∼10%. The vacuum was then slowly brought to room pressure as the

optical signal and pressure were recorded.

Measurements and Animal Procedures for In-Vivo Experiments:

All animal experimentation and housing procedures were conducted in

accordance with Cornell University Institutional Animal Care and Use

Committee guidance

Craniotomy and device implantation: To demonstrate in vivo temper-

ature measurement with OWICs in the mouse brain, we performed

craniotomy and device implantation in a wild-type mouse (C57BL/6J,

The Jackson labs, 11 weeks old, female). Throughout the entire pro-

cedure, the animal was anesthetized by isoflurane (3% in oxygen for

induction, and 1.5-2% during the surgery to maintain a breathing fre-

quency of 1 Hz), and the body temperature was maintained at 37.5◦C

with a feed-back controlled blanket (Harvard Apparatus). Prior to

the surgery, eye ointment was applied, and glycopyrrolate (0.01 mg/kg

body weight), dexamethasone (0.2 mg/kg body weight), and ketopro-

fen (5 mg/kg body weight) were injected intramuscularly. Ketoprofen

was also administrated in three consecutive days following the surgery.

We opened a window of ∼5 mm in diameter on the skull with a den-

tal drill (Harvard Apparatus), centered at 2.5 mm lateral, and 2 mm

caudal from the Bregma point.
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The implantation of devices took place after the opening of the cranial

window. Custom microneedles containing a temperature OWIC (as

described in Chapter 4) were used to insert the device into tissue. A

custom micromanipulator capable of holding and independently mov-

ing the two components of the microneedles allowed for insertion and

release of the devices at a controlled depth. The injector penetrated the

brain surface at a shallow angle (∼15 degrees to the surface tangent)

and the device was released in the shallow cortex at about 160 µm in

depth.

After the device implantation, the cranial window was sealed by a round

coverslip (# 1 thickness, Electron Microscopy Sciences). The coverslip

was glued to the skull with tissue adhesive (Vetbond, 3M), and the

window was further stabilized by applying dental cement around the

cranial window.

Chronic Imaging of the devices : The mouse was imaged on the same

day, and twice more on the 9th and 16th day since the implantation.

At the time of imaging, the mouse was anesthetized by isoflurane (1.5-2

% in oxygen, maintaining a breathing frequency at 1 Hz) and placed

on a heat blanket for maintaining constant body temperature 37.5◦.

Eye ointment was applied, and the animal was place on a 3D stage for

navigation under the microscope.

Three-photon and third-harmonic generation imaging of the implanted

devices: To examine the location of the implanted device, the mouse

was imaged by three-photon microscopy. The excitation source was a
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wavelength-tunable optical parametric amplifier (OPA, Opera-F, Co-

herent) pumped by a Monaco amplifier (Coherent) operating at 1 MHz

repetition rate. The laser pulse spectrum was centered at 1320 nm to

generate three-photon excitation fluorescence from fluorescein. The

vasculature was labeled by fluorescein dextran conjugate via retro-

orbital injection (10k MW, Thermal Fisher, 12.5 mg dissolved in 100

µl sterile saline). In addition, the device surfaces were visualized by

bright third harmonic generation, which is a nonlinear process taking

place at material interfaces of mismatched 3rd order nonlinear suscep-

tibilities, emitting at a third of the excitation wavelength [Oron et al.,

2003].

The image stack was taken with 2 µm steps in depth. At each depth,

4 frames were taken at a 0.5 Hz frame rate. The field of view was

230 µm x 230 µm with 512 x 512 pixel resolution. The images were

further processed by ImageJ. The stack of images was convoluted with a

Gaussian blurring function (Gaussian Blur 3D, ImageJ) with a blurring

radius of 0.2 microns both in-plane and in the vertical stack. Three-

dimensional reconstruction of the tissue was handled by the ImageJ

plugin Volume Viewer to stack the images and create voxels. The color

value of each voxel was determined by a tri-linear interpolation method

handled by ImageJ Volume Viewer. The images were rotated manually

to display the device in three dimensions within the tissue.

In-vivo Temperature Measurements: Temperature measurements of the

temperature OWIC embedded in brain tissue were taken 9 and 16 days

after insertion using the in vivo optical setup shown schematically in
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Figure 5.13. A 532 nm laser illumination was used for powering and

heating the temperature OWIC sensor. The input power out of the

50X objective was nominally 100 mW over the ∼400 µm diameter field

of view. Average power input was modulated by changing the duty

cycle of the input illumination using an optical chopper with tunable

frequency set to 800 Hz. Optical recordings were then measured with

a Si photodiode and recorded using a digital oscilloscope.
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Figure 5.13: Schematic of the optical setup for in-vivo temperature OWICs in the mouse
brain. The 532 nm laser beam used for powering OWICs devices is collimated after the
objective lens, illuminating a region of 400 µm in diameter. A long-pass dichroic mirror
(DM1) is used to separate the signal emitted by OWICs from the 532 nm excitation
beam. An additional bandpass filter for the OWICs emitted 835 nm light is installed in
front of the Si photodiode to block out any reflected or stray light from other sources. List
of optical components shown: 532 nm CW laser: MGL-III-532-300mW (Ready Laser),
L1: 1” plano-convex lens, f = 150 mm (LA1433-A, Thorlabs), L2: 1” plano-convex
lens, f = 75 mm (LA1608-B, Thorlabs), Tube lens: f = 200 mm (TTL200-B, Thor-
labs), M1: mirror for switching optical paths between photodiode measurement (mirror
inserted in) and camera imaging (mirror taken out). Beam Expander: BE10M, Thor-
labs, DM1: 801 nm long-pass filter (FF801-Di02-25x36, Semrock), Filter: FBH850-40,
Thorlabs, Objectives: lenses for wide-field imaging: UMPlanFI 5x, NA=0.15, Olympus;
LMPlanFI 20x, NA=0.4, Olympus. Objective lens for photodiode measurement: LO-
PlanN 50x, NA=0.65, Olympus. Camera: 1.4 Megapixel Monochrome Scientific CCD
Camera, wavelength range 300-1000 nm (1501M-GE, Thorlabs), Si photodiode: 350-1100
nm (DET36A, Thorlabs).



Chapter 6

Bulk CMOS-based OWICs for Neural Recording

6.1 Introduction to Bulk CMOS-based OWICs

What if we wanted to build a more sophisticated OWIC than the proof-of-concept

OWICs described in Chapter 5?

Our first OWICs platform, presented in Chapter 3, produced OWICs on SOI

that are NMOS-based, i.e. only n-channel MOSFETs, have a minimum feature size

of about 2 µm, and can readily be released from the substrate on which they were

built. Although these specifications don’t limit us from building complex OWICs

using the platform as is, most designs for more modern sophisticated ICs make use

of complementary metal–oxide–semiconductor (CMOS) circuits produced on bulk

silicon. Such ICs are also typically made with higher resolution features, closer to

the 100 nm-scale, allowing for more transistors per unit area.

For just making more sophisticated CMOS-based silicon integrated circuits

without light-emitting elements, there is a commonly used commercial option:

foundries. A foundry, or semiconductor foundry, is an industrial-scale commer-

cial facility that specializes in producing semiconductor devices. In contrast the

OWIC fabrication described in Chapter 3, the fabrication processes used by these

126
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foundries are highly automated, produce wafers in high volumes, and are heavily

optimized to have extremely high yield and reproducibility. Such processes are

typically characterized by their minimum feature size which can range from about

2 µm down to 14 nm.

By and large, most commercial foundries focus on producing silicon-based

CMOS circuits made on bulk silicon substrates. Hence, this type of process is

one of the cheapest, most widely available and used options as compared to, e.g.,

CMOS on an SOI substrate. The cost of a bulk CMOS-based wafer varies widely

depending on the exact details of the process, but typical costs range from about

$10k to $100k per 8-inch wafer [Flamm, 2018]. For academic researchers and early

stage companies, a common method of developing a new electronic circuit is to use

a foundry, but share the cost of a wafer by combining multiple projects together,

typically referred to as a multi-project wafer (MPW). Such services are offered

by companies like MOSIS and CMP. This allows multiple researchers to split the

otherwise prohibitive cost of the wafers, to debug and develop new designs. Typ-

ically, the wafer is diced into smaller dies, e.g. 5 mm x 5 mm, and each MWP

contributor’s dies are sent to them from the foundry.

So, could we make OWICs using the bulk CMOS-based circuits produced by a

foundry? And if we can, how sophisticated could you make its capabilities utilizing

CMOS and the higher resolution features?

Although such foundries offer services to produce bulk CMOS-based silicon

electronics, to make OWICs using the silicon electronics produced from a foundry,

we would have to integrate microLEDs, package the device (typically some form of

encapsulation), and remove the device from its bulk substrate. These steps pose

more of a challenge than is present in the SOI-based OWIC platform that was
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intentionally designed with these considerations in mind.1

Despite these challenges, in what follows we detail an example of producing cell-

scale OWICs constructed from foundry-produced bulk-CMOS with features down

to 180 nm. Specifically, the circuit designed will aim to provide neural recordings

for in-vivo measurements.

Section 6.2 details the background motivation, design considerations, and impli-

mentation of these neural recording devices, called MOTEs. This section contains

the text and figures published originally as A 250 µm x 57 µm Microscale Opto-

Electronically Transduced Electrodes (MOTEs) for Neural Recording in IEEE

Transactions on Biomedical Circuits and Systems [Lee et al., 2018a]. The paper

was authored by Sunwoo Lee, Alejandro J. Cortese, Aasta Gandhi, Elizabeth R.

Agger, Paul L. McEuen, and Alyosha C. Molnar. The Molnar Group was primarily

in charge of the circuit design and characterization for this work. The work done

on fabrication of dual-purpose photovoltaic and light-emitting diodes (PVLEDs)

as well as heterogeneous integration was carried out by our group. The manuscript

was prepared by Sunwoo Lee and Alyosha Molnar, with edits from all authors.

Section 6.3 provides more recent, unpublished, work on new techniques that

can be used to release bulk CMOS-based OWICs, such as MOTEs, in a massively-

parallel manner from their silicon substrate.

6.2 CMOS-Based OWICs for Neural Recordings (MOTEs)

Elucidating how the brain works is a grand scientific challenge and will help

us better understand neurological diseases such as Alzheimer’s and Parkinson’s

1Later in Chapter 7, we’ll discuss our ongoing work to get the best of both

systems with high-resolution CMOS on SOI.
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[Alivisatos et al., 2012]. Decades of research have provided us with a sound under-

standing of how neurons function, individually or in small numbers. Meanwhile,

functional magnetic resonance imaging (fMRI) provides knowledge of brain activi-

ties over large volumes at second-to-minute time scales. Naturally, there is a strong

interest in bridging this gap in understanding by chronically recording from large

populations of neurons in awake, behaving animals.

While large-scale parallel recording of neural activity through densely packed

planar micro-electrode arrays (MEAs) has revolutionized the study of some neu-

ral circuits [Johnson et al., 2013] [Dragas et al., 2017], such systems are limited

to in vitro studies and are too large to be inserted into intact tissue. For in

vivo studies, multi-electrode probe shanks [Qing Bai et al., 2000] [Buzsáki et al.,

2015] have shown promise. However, such techniques typically require electrodes

to be tethered to the outside world directly via a wire, or indirectly via an RF

coil [Harrison et al., 2006] [Jiang et al., 2017] [Lee et al., 2013a], which is much

larger than the electrodes themselves and must reside outside the brain. Tethered

implants, however, result in residual motion between neurons and electrodes as

the brain moves, limiting recording stability and exacerbating gliosis [Szarowski

et al., 2003]. Furthermore, such tools stand in the way of recording from peripheral

nerves in moving animals, in particular in smaller organisms such as zebra fish or

fruit flies.

Recently, there have been increasing efforts to build microscale untethered neu-

ral implants: the main challenge in such cases is delivering power and communicat-

ing data wirelessly. For example, microscale RF systems have been designed with

integrated coils, but still require a cross section of 200 µm x 200 µm to capture

enough RF magnetic flux [Khalifa et al., 2018].
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Ultrasonics (US) have gained interest as a modality for wireless power transfer

and communication for neural implants [Seo et al., 2016a] [Wirdatmadja et al.,

2016]. While US provides better focusing of energy than RF, the transduction

between the US signals in tissue and the voltage from piezoelectric material is

not efficient, especially as the piezoelectric transducers fall below the US wave-

length (∼100 s µm for medical US frequencies) [Seo et al., 2013]. Furthermore,

the US power and communications require rectification of high frequency, further

degrading efficiency.

Optical imaging techniques, on the other hand, based on voltage or calcium

sensitive dyes and/or proteins allow noninvasive imaging of larger numbers of neu-

rons’ activities [Yuste and Katz, 1991] [Prevedel et al., 2014]. But such techniques

are often limited to subsets of neurons in any given organism, are impeded by

scattering of the excitation light and emitted fluorescence, and are limited to low

temporal resolution [Yang and Yuste, 2017]. Thus, there is a need for small, un-

tethered systems to record electrical signals while minimally displacing tissue, and,

ideally, minimally obstructing optical signals for simultaneous electrical and optical

recording.

In this work, we attempt to combine the merits of optical and electronic modal-

ities. We present a micro-scale opto-electronically transduced electrode (MOTE)

for an untethered electrode unit, powered by, and communicating through a mi-

croscale optical interface, similar to that recently presented in [Lee et al., 2018b],

but with enhancements in size and performance – a factor of two reduction in area

and a factor of three reduction in noise floor despite using the same technology

nodes (180 nm CMOS). Light provides MOTEs with a means for deep, unteth-

ered penetration into a brain because light in the brain (infrared in particular)
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is mostly scattered rather than absorbed by brain tissue. Although conventional

imaging based on focusing optics is hindered by such scattering, simple power

harvesting and communications is less sensitive to (and may even be helped by)

heavy scattering of light. On the other hand, electrical recording can provide fast,

high temporal-fidelity recording of neural activity without relying on biological

modifications or secondary chemical reactions.

Figure 6.1 shows a simplified system overview of the MOTE where the unit

is optically powered through a heterogeneously integrated AlGaAs photo-voltaic

(PV) which also intermittently acts as a light emitting diode (LED) [Haydaroglu

and Mutlu, 2015] to optically uplink the measured neural signals. Once inserted

into a tissue, such MOTEs should be able to provide untethered neural recording

as illustrated in Figure 6.1 under conditions similar to, (but less stringent than)

those used for optical imaging. Because of its untethered nature and micro-scale

dimensions, there is an array of applications, in addition to recording in the brain,

where MOTEs could prove themselves useful such as spinal cord and peripheral

nervous system monitoring

The rest of the section is organized as follows: we first derive basic limitations

and requirements on a MOTE design and describe our system approach – for

simplicity, we will assume a transcranial environment similar to that used for live-

brain imaging through cranial windows. Based on this we describe the critical

circuit designs in the MOTE, followed by measured results. We also describe the

physical integration of the MOTE, compare to other approaches and discuss further

work to be done.
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Figure 6.1: Overview of MOTE and its envisioned implementation. Ideally, MOTEs can
be implanted into a subject without hindering subject’s freedom of motion. Because a
MOTE is optically powered, and transmits the measured neural signals optically as well,
the subject needs to be optically accessible, similar to in imaging. In this figure, a mouse
on a trackball is shown as an example where the mouse can move almost freely while
overhanging optics provide the power as well as signal detection.

6.2.1 Feasibility and Design Specifications

Before discussing the details of our present MOTE design, we first discuss the

critical limits on MOTE performance to define design boundaries for MOTE.

A. Safety Limits on Light Intensity in the Brain

A MOTE is powered optically through a PV. While the intrinsic, open circuit volt-

age of the PV dictates the supply voltage (VDD), the available supply current is

dependent on the light intensity on the PV. Although increasing the light intensity
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makes the circuit design easier by providing proportionally larger supply current,

there are safety limits on light intensity in the brain, mainly due to heating con-

cerns. The reported onset of damage for near IR is 250-300 mW over 1 mm2 for

20 minutes of continuous exposure, corresponding to a 5◦C increase in the illumi-

nated region of the brain [Podgorski and Ranganathan, 2016]. For this work, we

will assume the exposure of ∼100 mW over 1 mm2 unless stated otherwise, corre-

sponding to less than 2◦C of heating (and this can be less if duty-cycled [Podgorski

and Ranganathan, 2016]).

The maximum depth at which MOTEs can be optically powered enough to

function is set by this above limit, and the intensity attenuation in the brain:

attenuated intensity = PIN × exp

[
− d

do

]
× 1

d2
, (6.1)

which is a function of depth d and attenuation length (do), where the exponential

term accounts for diffusive absorption and scattering and the latter d−2 term de-

scribes the spherical spread of photons (the incident power is assumed to be a point

source for simplicity). Multiple attenuation lengths have been reported, between

2 and 4 mm depending on brain blood content, etc. [Bevilacqua et al., 1999] [Yi

and Backman, 2012], and we have used do = 2.8 mm in following calculations.

For the 50 µm x 100 µm AlGaAs diode implemented in this work (VOC ∼ 1 V),

∼ 1.65 µW of optical energy will be available at 6 mm deep into the brain (the

full thickness of a mouse brain) versus ∼20 µW at d = 3 mm and ∼500 µW at the

surface (for 100 mW across 1 mm2). For the design presented herein, we use 1 µW

of electrical power (VDD = 1 V) which, accounting for our current PV efficiency

of 9%, should allow to function at more than 3 mm of depth. An obvious goal

going forward is to improve the PV efficiency (near 30% is possible and widely
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demonstrated for GaAs) and to reduce the MOTE power consumption to allow

it to function down to 6 mm. It should be also noted that while the absorption

length is ∼2.8 mm, the scattering length in brain tissue is much less (scattering

coefficient, µs, is on the order of 30-100 µm [Yaroslavsky et al., 2002]) such that

MOTEs deeper in tissue can be expected to receive scattered illumination from all

sides, and so are relatively insensitive to their orientation relative to injected light.

B. Functional Requirements

MOTEs have two power-critical functions that set trade-offs between direct cur-

rent (DC) power consumed and performance: 1) the MOTE needs to measure and

to amplify differential electrical signals between two exposed platinum electrodes

(VIN+ and VIN -) with sufficiently low noise to detect spikes and local field poten-

tials (LFPs); and 2) a MOTE needs to emit sufficiently strong optical pulses to be

detected and decoded during data uplink.

In order to minimize the effect of variable attenuation on the optical data

transfer, we have implemented pulse-position modulation (PPM) scheme, where

the time elapsed between pulses encodes the measured voltage (as compared to

encoding based on signal amplitude). PPM encoding is also the most photon-

efficient method for carrying information, and so is common in photon-starved

applications such as satellite communications [Hemmati et al., 2011].

The PVLED must switch for ∼1 microsecond from PV to LED when sending

a light pulse, so the power harvesting will be interrupted briefly to generate the

PPM light pulse. The pulse is provided by charging metal-oxide-semiconductor

(MOS) capacitors slowly from the PV before discharging them quickly through

the LED, emitting a short pulse whose peak power is significantly higher than the
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average power absorbed by the PV. Decoupling MOS capacitors, meanwhile, hold

the supply rail stable during the LED emission.

C. Signal Requirements

1.) Measurement noise and gain

For transistor circuits in subthreshold operation, input referred noise is lim-

ited by Boltzmann statistics. At the biologically relevant temperature of 310 K,

the input referred noise of an amplifier can be described in terms of bandwidth

(BW), bias current (IBIAS) and amplifier noise efficiency factor (NEF [Steyaert

and Sansen, 1987]) to be

vnoise >
(

14pV · A
1
2 · s

1
2

)
·
√
BW/IBIAS ·NEF. (6.2)

A target input-referred noise floor of 10 µVRMS and BW of 10 KHz, is acceptable

for many neural applications [Harrison et al., 2006]. The required IBIAS, then, has

to be larger than 20 nA (for NEF = 1). Realistically, simple amplifiers built from

MOS transistors have a NEF of 3-4, implying the bias current (IBIAS) ∼300 nA,

though recent, more complex designs have shown somewhat lower NEFs [Harrison,

2002] [Johnson and Molnar, 2013] [Shen et al., 2017].

This amplifier also needs to achieve a sufficient gain to ensure the noise (and

so IBIAS) can be relaxed for subsequent stages. Yet, the drain-source bias voltage

(VBIAS) of a transistor limits its gain to

Av < exp

[
VBIAS

VT

]
, (6.3)

where VT = kBT/q. For a target gain Av = 30 V/V, this requires VBIAS > 90 mV,

and therefore VDD > 180 mV (assuming an active load). Again, a margin of > 2X
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(VDD > 400 mV) is needed in practice.

2.) Uplink

Assuming the same attenuation as in Equation (6.1), and assuming a 10 mm2

photon capture area at the brain surface, we can expect about 0.05% of the photons

emitted by an uplinking MOTE at 6 mm deep in the brain to reach the detector.

Modern detectors, in particular those used in multi-photon microscopy (MPM)

can resolve as few as 10 photons in a brief time window [Ouzounov et al., 2017],

though filters and other components in the light path tend to pass only about

10% of incident photons. Thus, the MOTE’s LED needs to emit at least 200,000

photons, which for a 10% efficient LED with a turn on voltage of ∼1 V corresponds

to 3.2 pJ. The required average power will be the single pulse energy times the

pulse rate which we designed to be up to ∼40,000 pulses per second (for a 20 kHz

sample rate), leading to the power consumption of ∼130 nW.

3.) Other Circuitry

As shown above, ∼500 nW with VDD = 1 V is needed for the amplifier and pulse

generator. Additional power is used for other functions such as stable biasing and

encoding, whose power consumption is less clearly linked to system performance,

but must be optimized against physical size and reliability.

D. MOTE Scaling for Minimum Tissue Damage

Prior work has shown that traditional metal electrodes with ∼ 80 µm diameters

record successfully, but cause damage to the vasculature and trigger significant

gliosis, whereas carbon-fiber electrodes with diameters of ∼10 µm appear to be

all but benign [Guitchounts et al., 2013]. Given the area requirements posed by

PV, capacitance, and amplifier, scaling down to a 10 µm cross section presents an
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extremely challenging long-term goal. For the work described herein, we aim for a

volume of 60 µm x 250 µm x 50 µm implemented in 180 nm CMOS.

6.2.2 CMOS Circuit Blocks for MOTEs

A. System Overview

The MOTE system can be broken into two parts. The first part is the CMOS

circuitry integrated with AlGaAs PVLED, and the second part is the external

measurement system with photodetector and decoder. Here we primarily focus on

the MOTE itself. Figure 6.2 (a) describes the signal flow going through the CMOS

circuitry (on-MOTE) and the external setup for the uplinked signal to be detected

and decoded. Figure 6.2 (b) and FFigure 6.2 (c) illustrate the operation of MOTE

circuitry during PV and LED modes of operations in block diagrams, respectively.

In brief, when first illuminated, the MOTE (in its PV mode) goes through a

start-up sequence that lasts about 4 clock cycles (∼100 µs) described below, after

which it enters normal operation. A differential band-pass amplifier continuously

amplifies the differential voltage across a pair of input electrodes and generates a

proportional current. A relaxation oscillator triggers every ∼60 µs switching to

LED mode for ∼1 µs to generate a current pulse to the LED. Between 15 µs and

45 µs later a second pulse is generated whose timing (respect to the first pulse) is

proportional to the output of the amplifier. The guard-time of 15 µs is maintained

between the pulses to allow the LED driver time to recharge between the pulses.

1.) Constant Bias Current Generator (PTAT)

In order to provide a stable current supply over varying light intensities, we

use a simple proportional to absolute temperature (PTAT) circuit and exploit the

relatively stable temperature in vivo. This constant current in turn stabilizes the
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Figure 6.2: System overview of a MOTE [Lee et al., 2018b]: (a) an exemplary signal
flow through the CMOS circuitry followed by the external detector and decoder; (b) a
MOTE block diagram in PV mode; (c) a MOTE block diagram in LED mode.
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oscillator frequency, encoder gain, LED driver charging rate, etc. The primary

trade off in the bias design for a MOTE is between power consumption, accuracy

and physical size:

IBIAS = ηVT ln(N)/Rref , (6.4)

where η is the non-ideality constant, VT is the thermal voltage kBT/q ∼ 26mV, N

is the device size ratio, and Rref is the reference resistance. The accuracy improves

with increasing Vref = ηVT ln(N) compared to VTH mismatch, and the current is

reduced by increasing Rref , which makes the physical size of the resistor large. In

this design, we have compromised by setting Rref ∼ 1 MOhm, and Vref ∼ 50 mV

to minimize the current while keeping IBIAS variation to ±20% across mismatch

and process.

2.) Amplifier

The amplifier uses half the power available (500 nW out of 1 µW) to provide

a desired noise floor close to 10 µVRMS. It is inverter-based to provide additional

gm for the same current but lower noise than our earlier work [Lee et al., 2018b].

The amplifier sets the gain, noise and bandwidth of the MOTE.

Filtering is crucial as the PPM encoding employed MOTE acts as a type of sam-

pling, which can alias out-of-band noise from the amplifier if not low-pass filtered.

Figure 6.3 shows a simplified schematic for the amplifier used. The inverter-based

differential pair (M1 & M2 and M3 & M4), loaded by M5 & M6 provides a voltage

gain of ∼30 dB. The metal-insulator-metal (MIM)-based input capacitors (CC)

and feedback biasing transistors (which act as large resistors when VR is in its

normal state) are designed to provide a high-pass corner below 10 Hz, preventing

the amplifier from saturating due to DC offsets or drift on the electrodes. Shunting
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Figure 6.3: Simplified schematic of complementary, inverter-based band-passing amplifier
employed in MOTE. The amplifier is largely consisting of gain stage, high pass, low pass,
and power-on reset. Numbers in parenthesis denote the transistor sizing width/length
in µm.

MOS capacitors provide a low-pass corner at around 10 KHz for anti-aliasing.

Though the biasing feedback pseudo resistors deliver a low frequency high-pass

corner with little area overhead, this also causes a long settling time (∼100 ms for

the high-pass corner at 10 Hz) in the amplifier’s bias, preventing rapid wake-up of

the MOTE, which is desirable in cases of duty-cycled illumination. Therefore, we

have also implemented a power-on reset to briefly set the pseudo resistance value

low (“turning on” the transistors by doubling the VR) shortly after the PTAT

turns on, allowing rapid bias settling on the order of milliseconds. This allows the

input amplifier to operate with a low high-pass corner without having to wait a

similar time constant to wake up.

Lastly, the flicker noise dictates the minimum size for M1, M2, M3, and M4,

which could be reduced at more advanced technology nodes.

3.) Encoder (PPM) and Oscillator
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Figure 6.4: Example of PPM encoding employed in MOTE where VPD and ∆t denote
photodetector output and pulse spacing (between the primary and secondary), respec-
tively [Lee et al., 2018b].

An encoder with a relaxation oscillator follows the amplifier, to convert the

amplified differential voltage signal into pulses that are fed to the LED driver. The

time between pulses encodes the amplifier’s output voltage. In detail, the pulses

come in pairs, where the primary pulses are supplied by the relaxation oscillator,

and the secondary pulses are time-shifted (in respect to the primary pulses) by the

voltage.

Figure 6.4 depicts an overview of the PPM encoding in MOTE: a monotonically

increasing input voltage is reflected in timed light pulses which can be decoded from

the spacing between the primary and the secondary pulses.

Figure 6.5 illustrates the encoder circuit used to realize the timing in Figure 6.4.

Each clock (relaxation oscillator) cycle resets VENC , while the amplifier’s output

voltages (VIN in Figure 6.5 ) are converted into current to discharge the charge

stored on VENC . Thus, the time to discharge decreases as the input voltage in-
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Figure 6.5: Encoder circuit of MOTE including relaxation oscillation with timing dia-
gram. The voltage output from the amplifier (VIN ) determines the current outflow from
the capacitor, hence dictating the slope of VENC decay relative to that of the oscillator
VOSC . The slope is then used to create irregular duty cycle VOUT to generate current
pulses whose spacing tracks the VIN .

creases. VENC is passed through current starved invertors to generate irregular

duty cycled square-wave, VOUT , whose edges are later converted into pulses.

The relaxation oscillator and the encoder use similar structures. Ratioed cur-

rent sources and MOS capacitors ensure the oscillation period and encoding track

across process variation with a constant ratio, with VOSC discharging more slowly

than VENC to ensure VENC always passes the threshold before VOSC.

4.) LED Driver

VOUT from the encoder circuit (Figure 6.5) must be re-coded as pulses and fed

into a charge pump circuit to generate corresponding current pulses, which through

the PVLED, become light pulses.

Figure 6.6 shows a simplified schematic of the pulse generator, charge pump

and associated timing diagram. A set of switched MOS capacitors constitutes the

charge pump, and the 80 nA constant current sources ensure that the VDD is not

overloaded during a charge cycle (PV mode) but recharges in ∼15 µs. In LED

mode, the capacitors are connected in series to discharge onto the PVLED, gener-

ating a brief light pulse. The cross-coupled invertors that interface the PVLED act
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as a sign corrector for ease of integration – it would not matter which orientation

a PVLED is connected onto the CMOS chips supply pads.

Each time a current pulse is sent to the LED, three steps must happen in series:

(1) the PVLED must be disconnected from the VDD rail of the MOTE to prevent

charge from being directed back into the MOTE instead of to the LED. VDD is

held stable through a bank of decoupling MOS capacitors, (2) the MOS capacitors

in the charge pump must be disconnected from their charging rails so that they

are no longer in parallel, and (3) the charge pump capacitors must be connected in

series, and so discharged through the PVLED. These different events must occur

in the proper order (see the timing diagram in Figure 6.6), and with enough time

between them to prevent unwanted discharge paths in the charge pump. This

timing was generated through a 12-stage delay line of starved inverters, driving

NMOS logic gates with fixed 10 nA pull-ups. All logic gates are current-starved

to prevent crow-bar current caused by the relatively slow edges from the encoder

and the delay line.

Because VDD is disconnected during each transmitted pulse, a MOS capacitor

is used to stabilize the supply and minimize ripple to about 50 mVpp. This ripple

could couple into the measurement path due to device mismatch. However, the

ripple is outside of the amplifier’s bandwidth, and is fully correlated with the sam-

pling of the system that such coupling will mostly be suppressed, and/or manifest

as fixed DC offset due to aliasing.

5.) Startup Circuits

One potential failure mode for this design comes from interactions between bias

state, pulse timing, and VDD. This can be an issue during startup after illumination

first turns on, but before bias states are fully settled. In particular, if the pulse
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Figure 6.6: LED-driver circuits: (a) pulse generation circuitry: generates three pulses
using a current-starved inverter chain and current-limited logic: a 1 µs power-gating
pulse (PG) to isolate the PVLED from VDD and the other two pulses (S1 and S2)
that reconfigure the charge pump from parallel to series to drive the LED; (b) charge
pump and PVLED interface circuitry: during the normal, charging operation, MOS
capacitors are connected to VSS and charged in parallel by 80 nA current sources, which
are supplied from VDD that is connected to the positive node of the PVLED through the
sign corrector circuit. During the LED pulsing mode, PG disconnects VDD to connect
MOS capacitors, in series, to the LED; (c) timing diagram of the pre-described pulses,
resulting current pulses, and VDD ripple.
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Figure 6.7: Die micrograph of the 180 nm CMOS die (top) and the layout (bottom) with
underlying circuitries annotated.

controlling the supply switch (PG in Figure 6.6) between VDD and the PVLED is

too long (due to low bias currents slowing the delay line), then VDD can discharge

too much during the LED pulse that bias current is impacted, slowing the pulse,

and putting the MOTE in an unwanted nonfunctional state. This and other such

failure modes are avoided by a start-up sequence that first resets the PTAT to

avoid its low-current metastable state, then waits 3 clock cycles before activating

the pulse generation circuitry, allowing sufficient time for all biases to settle.

6. Area and Power Breakdown

Figure 6.7 shows the die micrograph and layout of the CMOS part of the MOTE

with major circuit blocks annotated. Instead of denoting as anode and cathode,

the PVLED interface is marked with DIODE1 and DIODE2 to emphasize the

fact that built-in sign corrector can allow a MOTE to function irrespective of the

PVLED (to be transferred onto the CMOS) orientation.

A rough breakdown of the ∼1 µW power consumption in the MOTE during
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LED driver recharging is: 50% in the amplifier, 25% in the LED driver, 15% in

the oscillator and encoder, and 10% in the PTAT.

E. Measurement

1.) Measurement Setup

In order to characterize the CMOS circuitry, which was fabricated in a standard

180 nm process, we first wire-bonded (Westbond 7400A) the CMOS die with an

AlGaAs diode (PVLED) to assemble a MOTE and bonded the differential input

electrodes to a printed circuit board (PCB). The measurement setup is a standard

fluorescent microscope (ZEISS Axio Examiner.D1) with slight modifications.

Figure 6.8 provides a picture of the measurement setup along with an explana-

tory schematic. To be compatible with our microscope, a shorter wavelength light

(λ = 445 nm, colored blue in Figure 6.8) was projected onto the MOTE through a

dichroic mirror. Because of the dichroic mirror and subsequent optical band-pass

filter, the shorter wavelength light does not reach the photodetector. We have de-

signed the PVLED to emit around λ = 835 nm, which the dichroic mirror passes

to an aspheric lens and finally the photodetector (red-colored optical path in Fig-

ure 6.8). The photodetector output is then read through an oscilloscope and is

decoded using MATLAB.

2.) Measurement Results

A typical photodetector output contains a train of irregular pulses from which

the input signal could be retrieved. Figure 6.9 (a) shows such pulse trains where

the zoom-in inset shows primary peaks (blue) and secondary peaks (tips of the

red arrows). The length of the red arrows, i.e., the spacing between the primary

and secondary peaks contains the information on the input voltage. With that
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Figure 6.8: Measurement setup used for MOTE characterization [20].

observation, one can reconstruct the input signal as shown in Figure 6.9 (b) where

its total harmonic distortion (THD) was -16.5 dBc for the first five harmonics. The

distortion is likely dominated by the non-linearity in the amplifier as well as PPM

encoding.

For this work, we have used simple thresholding for locating peaks, which

inherently requires a minimum SNR of ∼20 dB in the optical readout. While more

sophisticated algorithms for peak detection can allow SNR < 20 dB to be decoded,

with our current decoding scheme, we have observed as little as 50 mW/mm2 was

sufficient to activate these first-generation MOTEs. Employing detectors from

a MPM setup, which can achieve as few as 10 photons sensitivity [Horton et al.,

2013], compared to our current photodetector’s noise floor of a few hundred photons

would further enhance our uplink SNR by more than an order of magnitude, and

the minimum power required as a result.

As the MOTE provides voltage-to-time transduction, the gain of the system can
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Figure 6.9: (a) Opto-electrical pulse train of MOTE in response to VIN = 177 µVRMS at
500 Hz: once zoomed-in, irregular pulse trains are observed; (b) based on the temporal
spacing between the peaks shown in (a), denoted with red arrows, the original waveform
can be faithfully reconstructed.

be defined in units of time/voltage. Figure 6.10 (a) shows the gain of the proposed

system from electrode input to decoded output optical pulses. The transduction

gain is about 11.3 ns/µV and saturates at around 1.5 mVRMS, enough to accom-

modate most neural signals of interest [Guillory and Normann, 1999]. The input

referred noise floor was 15 µVRMS as shown in the inset of Figure 6.10 (a) which

of right axis denotes tRMS divided by the transduction gain (the linear slope in

the main figure).

Figure 6.10 (b) illustrates the transfer function. The low-pass corner is about

15 kHz, close to the designed value. While the high-pass corner of the transfer

function shown is lower than expected, multiple chips measurements showed that

the high-pass corners ranged between 5 Hz and 10 Hz, close to the design target. It

is suspected that model inaccuracy/process variation have led to lower steady-state

(as to initial, startup state) VR than designed for, leading to higher resistance than

desired.

As mentioned earlier, it is important for the MOTE to wake up within a rea-
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Figure 6.10: Characteristic functions of a MOTE: (a) transduction gain (∆tRMS vs.
input voltage) plot with a zoomed-in inset to show the noise floor; (b) transfer function
to show the high-pass and low-pass corners of MOTE. The y-axis denotes the decoded
input voltage by obserVINg the PPM output and dividing by the gain shown in (a).

sonable fast time window (< 10 ms) as duty-cycled illumination can be desirable

to minimize the increase in temperature, hence avoiding biological damage at high

power illumination [Podgorski and Ranganathan, 2016].

Figure 6.11 confirms that the MOTE can wake up on a milli-second time scale.

Figure 6.11 (a) shows an electrical wakeup through an external voltage bias which

clearly shows a sub-ms wakeup as intended. Figure 6.11 (b) shows an optical

wakeup, where the illumination ramps-up over ∼10 ms, even here it is clear that

MOTE starts to opto-electronically transduce as soon as the power is supplied.

The light pulses at the beginning of the measurement (i.e., < 15 ms) in the optical

wakeup are not detected efficiently enough to provide SNR > 20 dB, therefore it

can be seen that the simple threshold decoding scheme breaks down. Nonetheless,

from the electrical wakeup data, it is highly likely that we will be able to observe

optical wakeup on time scales similar to the electrical wakeup in Figure 6.11 (a)

using a better optical apparatus.

Furthermore, the switching of our light source is inherently slower than the
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Figure 6.11: Wake-up test on MOTE to confirm the wake-up in millisecond time scale:
(a) electrical wakeup when input signal is VIN = 2 mVPP (708 µVRMS) at 1 KHz
[20]; (b) optical wakeup VIN = 500 µVPP (177 µVRMS) at 500 Hz. Upper plots show
photodetector output whereas the bottom plots show the decoded, reconstructed signal.

switching of voltage source, and slow switching can affect the startup time for

MOTE. While the wakeup time of several milliseconds is not desirable, such wakeup

time should not affect the utility of a MOTE in continuous exposure mode. Even

in a pulse operation (to utilize higher light intensity), though the first several

milliseconds of information (in addition to the off-period of the duty cycle) will be

lost, given that even duty-cycled illumination employs light pulses of 10 seconds

[Podgorski and Ranganathan, 2016], 10’s of ms turn on time will not lead to

significant loss of data. Nonetheless, more work is needed on techniques to better

wake up the MOTE during slow optical turn-on.

It is also imperative that the MOTE to function under varying light levels (due

to shifting focus during imaging, for example), which was the main rational behind

the adaptation of the PTAT. Figure 6.12 demonstrates that the MOTE can indeed

perform consistently even under varying light levels. The input sinusoid was easily

decoded using simple DC subtraction followed by thresholding. The two light

levels have been chosen as the 100 mW/mm2 is within the safety limit while 200

mW/mm2 is above for continuous exposure [Podgorski and Ranganathan, 2016],
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Figure 6.12: MOTE characterization under varying light level: (a) the photodetector
output; (b) the decoded signal is shown below. The test sinusoidal signal, VIN , of 500
µVPP (177 µVRMS) at 500 Hz is applied through the light level transition from 200
mW/mm2 to 100 mW/mm2

while the pulsing between the two levels, depending on its duty cycle, could be

deemed safe.

To confirm MOTE’s neural recording capability, we have played a pre-recorded

neural signal, acquired through a commercial MEA, into a MOTE whose inputs are

wire-bonded out to connectors on a PCB. Figure 6.13 compares the original neural

signal (∼100 µVPP spikes sampled at 20 kHz) acquired by the MEA (Figure 6.13

(a)) to the decoded optical pulses from MOTE (Figure 6.13 (b)) to prove that the

MOTE is indeed capable of detecting and transmitting neural signals. The root-

mean-squared-error between ground-truth input and reconstructed MOTE output

is <15 µVRMS, consistent with input referred noise levels. This measurement is

addition to the neural recording of composite spikes in a live, anesthetized inver-
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Figure 6.13: Pre-recorded neural signal measured through a MOTE: (a) an original
neural signal (∼100 µVPP spikes) recorded through a MEA at fSAMPLE = 20 kHz; (b)
the pre-recorded neural signal is fed into a MOTE, which of output optical pulses can
be decoded to faithfully retrieve the MEA’s neural recording.

tebrate in our previous work [Lee et al., 2018b].

6.2.3 Heterogeneous Integration on CMOS

A. AlGaAs PVLED

The PVLED developed for this work is an AlGaAs/GaAs heterostructure designed

to function both as a PV for visible light and a LED emitting at longer, near-

infrared wavelengths. By having slightly thicker AlGaAs barrier layers between

the quantum wells in the active region of the AlGaAs/GaAs heterostructure than

in a typical LED, we are able to produce a device that is sufficiently efficient in

performing both functions. The PVLED is grown on top of a heavy aluminum-

content Al0.9Ga0.1As layer to enable a thin (∼1 µm) PVLEDs to be released from
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Figure 6.14: LED and PV modes of operation for AlGaAs PVLED employed in the
presented work [20].

the substrate and transferred using techniques described in Chapter 3.

Figure 6.14 presents the PVLED in its PV and LED modes of operation which

have implications in available power and required LED-driving current. About

98% of the time, the PVLED acts as a power source, transducing incoming light

into electrical power, providing at least 1 µA at ∼1 V. During the remaining ∼2 %

of the time, the PVLED acts as an optical transmitter, emitting optical pulses to

transmit encoded measurement data to an external receiver at a longer wavelength.

Again, this allows the system to be more compact than the previously reported

RF [Harrison et al., 2006] and ultrasonic [Seo et al., 2016a] [Wirdatmadja et al.,

2016] approaches.
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B. Fabrication for Integrating CMOS with PVLED

Prior to transferring PVLED onto CMOS, the CMOS die is etched with CF4 plasma

(Oxford PlasmaLab 80 RIE System) to remove the passivation (SiO2) over the top

metal of the CMOS, with the top metal, aluminum, acting as an inherent etch

stop. Following the transfer, the PVLED is clamped down using highly conformal

atomic layer deposition (ALD, Oxford ALD FlexAL) of 50 nm thick SiO2 film.

Then, the SiO2 is selectively removed using contact lithography (ABM Contact

Aligner) followed by buffered oxide etch (BOE) to open up contacts to the CMOS

and the PVLED. CMOS-PVLED routing is subsequently established through Pt

sputtering (ATC-Orion 5 UHV with Load-Lock by AJA International INC). We

have chosen sputtering for metal deposition to ensure that the Pt is continuous

over the highly nonplanar surface between CMOS and PVLED contacts.

Figure 6.15 illustrates a fully integrated MOTE where Figure 6.15 (a) shows

a die photograph of the MOTE. Figure 6.15 (b) shows a cross-sectional diagram

to better illustrate the integration. The system can then be encapsulated using

parylene C to make it bio-compatible [Xianzong Xie et al., 2013]. In order to

verify the bio-compatibility, we have immersed the MOTE in a phosphate-buffered

solution (PBS, Gibco 10010023, pH 7.4 (1X)), and have verified survival up to

77 hours. It should be noted that the CMOS chip employed for this integration

testing has the top metal foot-print (circuits and PVLED width is still ∼57 µm)

larger than 57 µm in width for ease of testing the fabrication flow.
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Figure 6.15: A fully integrated MOTE: (a) a die photograph of an integrated MOTE
[20]; (b) simplified cross-sectional view of the MOTE.

6.2.4 Discussion

The presented work provides an overview on the feasibility of a microscale un-

tethered, optoelectronic neural recording unit, as well as initial proof-of-concept

prototype electronics for such a system. While the MOTE demonstrates that the

circuits and heterogeneous integration of such unit is possible, there is much room

for further improvement in size and performance, and further verification through

deployed MOTEs.

Although the present generation MOTE design worked in all five chips tested,

some performance parameters were not as reliable as expected. In particular, the

high pass corner was both variable and lower in frequency than expected, likely

due to imperfect modeling/process variation at very low powers. Similarly, our

startup circuits were not as reliable as desired under slow optical wake-up, and we
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plan to investigate a different wakeup/reset schemes.

At the same time, the cross-section of the implemented MOTE can certainly be

reduced. Our ultimate goal is scaling down the diameter/cross-sectional width to

10-20 µm [Guitchounts et al., 2013] while keeping the length at 100-200 µm range

to provide sufficient electrodes separation for robust voltage sensing.

While the thickness of the MOTE can be reduced to 10∼20 µm by etching

away most of the bulk Si using deep reactive ion etch, reducing the width requires

shrinking circuit building blocks without degrading performance. A faster oscilla-

tor, combined with small digital frequency dividers for sampling, could allow for

the use of switched capacitor techniques to achieve low-pass filters with much less

physical capacitance [Johnson et al., 2013]. Further size reduction requires moving

to a more advanced CMOS process, such as 65nm. Scaling will provide significant

help in shrinking all digital functions, bias circuits and interconnects (wires). In

addition, for the same number of metal layers, a 65 nm process interconnect stack

is significantly shorter than in 180 nm, reducing “height” as well as width. Unfor-

tunately, process scaling may not help with capacitance density, since thin-oxide

MOSCAPs can have excessive current leakage, and 65 nm CMOS only provides a

modest enhancement in flicker noise as a function of gate area. Still, we estimate

that translating our designs to 65 nm CMOS, combined with a faster clock and a

mild degradation in flicker noise could take us to a 20 µm cross-section. Moreover,

as our system requirements are further understood, additional opportunities for

optimization will present themselves.

For IR wavelength in brain, the reduced scattering coefficient is about 1 mm−1

[Bevilacqua et al., 1999], which describes the depth where photons lose their initial

directional memory and become diffusive. MOTEs implemented few mm’s deep
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into a brain will mainly see the scattered photons, and the scattered photons (i.e.,

diffusive photons) at the depth will provide approximately orientation-insensitive

powering.

Although most of the technology for a useful MOTE has been demonstrated

here, it has not yet been demonstrated that such MOTES can be deployed and

function in-vivo, especially over chronic timescales.

One area of development not discussed here is techniques for implanting MOTEs

in tissue. A number of techniques are possible, and preliminary work indicates that

attaching MOTES to custom shanks with a soluble, biocompatible material such as

PEG can allow insertion and release of MOTE-scale implants in the mouse brain.

A related problem is appropriate encapsulation of MOTEs to allow reliable

chronic implantation. Preliminary studies indicate that encapsulation using a com-

bination of atomic layer deposition (ALD) of SiO2, SiNx, and parylene, often used

for biological coatings [Xianzong Xie et al., 2013] [Bevilacqua et al., 1999], should

allow for >1 year of deployment. In addition, the silicon substrate of the CMOS

requires an opaque coating (such as metal) to prevent excessive optical generation

of carriers that can generate unwanted currents in the CMOS circuits.

In this section, we have presented the technology for untethered neural record-

ing that combines the merits of both optical and electrical modalities. While the

optics provides means for deep penetration for power transfer as well as signal

communication, electronics provides means for efficient use of the delivered opti-

cal power for low noise measurements. We have started by identifying biological

safety as well as fundamental device limits of the proposed techniques, applied

engineering safety factors, and made designs accordingly. As shown in the prelim-

inary characterization above, we have successfully demonstrated that an AlGaAs
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PVLED can be integrated with commercial bulk CMOS at the back end of the line

with minimal post-fabrication and without imposing any unconventional changes

on CMOS fabrication flow. Furthermore, the integrated system was indeed capable

of providing low noise measurement of neural signals.

6.3 Release Techniques for Bulk CMOS-Based OWICs

In this section we detail fabrication techniques that can be used to isolate and

release bulk CMOS-based OWICs from their silicon substrates without need for an

SOI substrate. Devices such as the MOTE devices outlined above can be released

by these methods. The release techniques are equally suited more generally for

any small device removal from a bulk CMOS substrate, often referred to as die

singulation.

Although the bulk CMOS release techniques described in this section have

some limitations on device dimensions compared to that of the SOI-based release

techniques, bulk CMOS remains the dominant, more standard platform for circuit

development in both academic and industry settings. The techniques developed

here are beneficial to such circuitry designed with bulk CMOS processes.

To understand why isolating individual devices from a substrate, a process

known as singulation, is non-trivial at small scales with bulk CMOS, it’s helpful to

first examine a cross section of a bulk CMOS device. Consider the cross section in

Figure 6.16 showing a false-colored SEM image of a bulk CMOS-based micropro-

cessor from IBM. Although each foundry and company have a specialized CMOS

process and architecture, the basic structure shown in Figure 6.16 is common to

most CMOS. The CMOS is fabricated on the top surface of a bulk silicon substrate,

typically around 300-500 µm thick. The first few microns (∼1-5 µm) of the top
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of the bulk silicon is used to construct NMOS and PMOS MOSFETs, resistors,

capacitors, diodes, etc. This thin region is typically referred to as the “active”

silicon because it contains active silicon electronics. Small electrical contacts to

the various silicon components and gates are then established. Following this layer,

alternating layers of dielectrics and metals are used to allow for metal routing, es-

tablishing electrical connections to the various silicon components over the surface

of the wafer. Due to the complexity of the circuits, typically about three to six

metal routing layers are offered in CMOS processes to allow for sufficient possible

routes to each silicon component as well as shielding layers. For most CMOS in

the 180 nm node range, the typical thickness of the metal interconnect layers is

around 500 nm and the thickness of the dielectric layer is around 1 micron. Hence,

oversimplifying things substantially, one can think of a typical 180 nm node CMOS

structure to be about 400 µm of bulk silicon, about 2 µm of active silicon, followed

by about 10 µm of a dielectric, such as SiO2 (in areas without metal routing).

So, how does one remove a single, isolated device form the bulk substrate on

which it was made? At larger scales, larger than a millimeter, the most widely used

technique is wafer dicing. This method consists 1) attaching the device substrate

to a carrier substrate (typically dicing saw tape), 2) using a thin (∼10-50 micron)

saw blade to serially cut out devices without cutting through the carrier or tape,

and then 3) removing the devices by hand or using a pick and place machine

that mechanically grabs the device to remove it from the carrier. For an 8-inch

wafer, the typical die size for a commercially available 180 nm node bulk CMOS

process is about 5 mm. This means that for an 8-inch wafer, 40 cuts across the

wafer are made in one direction, 40 cuts are made in the other direction, and

then, approximately 1,000 devices that are each 300 to 500 µm thick are removed
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Figure 6.16: Cross-section of a bulk CMOS-based device from IBM. As seem in the false
colored SEM image, bulk CMOS consists of a bulk silicon substrate, a thin region of active
silicon CMOS electronics, metal contacts to the active silicon, and then alternating layers
of dielectrics and metal interconnects used for routing. Specifically, this is a cross-section
of a microprocessor built in a 90 nm node process. Image adapted from a photo courtesy
of IBM.(https://www-03.ibm.com/press/us/en/photo/19014.wss).

from the carrier serially to be packaged and sent out. It’s also worth noting that

approximately ∼1.5% of wafer is lost due to the dicing process assuming a blade

width of 40 µm.

What if we wanted to release a device closer in size to the cell-scale OWICs we

constructed on SOI substrates? Here, we’d like to be able to produce singulated

devices out of bulk CMOS that have dimensions of less than 300 µm. The above

dicing methods cannot achieve this goal, namely because the thickness of the wafer

itself is already larger than the desired dimensions of the device. One method used

that has achieved small, thin, singulated devices at similar dimensions is referred to

as “dice-before-grind” (DBG). Figure 6.17 illustrates the process of DBG. Again,

the bulk substrate is placed on dicing saw tape, but here, instead of cutting through
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the wafer, only partial cuts are made into the substrate, as shown in Figure 6.17

(a). The depth of the cuts will determine the final device thickness. The device

is then mounted topside facing down onto dicing saw tape. By grinding away the

backside, either by hand or with a grinding wheel, Figure 6.17 (), the backside is

thinned until the depth of the partial cuts are exposed, as shown in Figure 6.17

(c). At this point the devices are isolated and can be released from the carrier

substrate, Figure 6.17 (d).

Although DBG has been successfully used to make thin devices, there are seri-

ous limitations to this standard technique that we desired to avoid. To understand

this, consider trying to process a full 8-inch wafer with devices that are the size

of MOTEs, approximately 50 µm x 250 µm. This would require over 3,000 cuts

across the wafer. That might not sound like too much, but reasonable cutting

rates are around 10 mm per s. This means that cutting a single wafer would take

about . . . 17 hours. Additionally, with a 40 micron thick blade, this means that

more than 50% of your wafer was lost to dicing.

What follows is a new technique we developed, referred to here as CMOS

Plasma Before Grind (CMOS PBG). CMOS PBG attempts to address the lim-

itations of previous work and allow for the parallel singulation of bulk CMOS

devices at much smaller scales than would be possible with wafer dicing or DBG.

All processing is furthermore compatible with the integration of microLEDs in

terms of material compatibilities and thermal budgets, allowing for cell-scale, fully-

integrated bulk CMOS-based OWICs to be produced in parallel. The process is

outlined in Figure 6.18 and Figure 6.19.

Initially, as shown in Figure 6.18 (a), microLEDs are transferred and pinned

to the bulk CMOS substrate using methods described in Section 3.2. Electrical



162

Figure 6.17: A schematic of using “dice-before-grind” as a method for producing isolated,
thin devices from a bulk substrate. (a) Partial cuts made to a specified depth are made
with a dicing saw blade. (b) After the substrate has been attached upside down to a
carrier substrate or dicing saw tape, a grinding wheel or other abrasive process is used
to thin the devices from the backside of the substrate until the depth of the partial cuts
are reached. (c) The isolated, thin devices after grinding has reached the depth of the
partial cuts. (d) Devices can then be released from the carrier substrate. Depending
on the specific type of carrier or tape used, this release is typically through heating,
exposure to UV light, or mechanical peeling.
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Figure 6.18: Schematic of a bulk-CMOS release technique. Complete details are offered
in the text.
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Figure 6.19: Continued schematic of a bulk-CMOS release technique.
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contact is established photolithographically between the microLED and the top

inputs of the bulk CMOS, typically with Ti/Pt.

Instead of creating partial cuts into the oxide and bulk silicon as done in DBG,

CMOS PBG defines the partial cuts with photolithography and uses reactive ion

etching (RIE) to etch trenches to defined depths into the bulk silicon of the CMOS.

RIE and inductively coupled plasma (ICP)-based RIE are standard semiconductor

etching processes used for both silicon and SiO2. Such processing allows for the

minimum trench width to only be limited in size by photolithography and etching

as opposed to a dicing saw blade thickness. More importantly, it would allow for

the process to take place in massive parallel. As shown in Figure 6.16, we need to

etch through a substantial amount of dielectrics, ∼10 µm, to reach the bulk silicon

and then continue etching through the bulk silicon. One technical difficulty with

achieving such a goal, is that we have to protect the microLED and underlying

CMOS with masking layers during these deep RIE etches. Unfortunately, masking

layers that protect during silicon etching are not necessarily the same masking

layers that offer protection during etching of SiO2. Furthermore, due to the to-

pography that exists after the initial etching through the SiO2, it is infeasible to

use one masking layer for the SiO2 layer then pattern a different masking layer

for the silicon etching while still achieving high resolution. To address these is-

sues, we’ve designed a dual mask layer of conformal alumina and chrome that can

be patterned simultaneously before etching while the wafer topography is mostly

planar. Approximately 30 nm of conformal alumina is deposited using ALD at

200◦C followed by approximately 200 nm of chrome deposited via sputtering. The

alumina and chrome are then photolithographically patterned and etched in the

same step using a wet chrome etchant for the chrome and a BCl3 chemistry-based
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ICP RIE to etch the alumina, as illustrated in Figure 6.18 (c). The chrome then

serves as a protective masking layer as all the dielectric layers are etch by ICP RIE,

Figure 6.18 (d). The chrome can then be selectively removed with chrome etchant.

The remaining alumina can then be used as a highly selective masking layer as

deep trenches are etched into the bulk silicon, Figure 6.18 (e). If encapsulation

other than the alumina is desired for the device, conformal oxides, nitrides, poly-

imide, and/or SU8 can be patterned with negative resist, Figure 6.19 (f). Negative

resist is used because only the top most portion of the wafer can be patterned with

high-resolution due to the topography of the trenches.

At this point in the processing, we can mount the bulk CMOS topside face down

onto a carrier substrate and thin the backside to the depth of the trenches, as was

done in DBG, shown in Figure 6.19 (g). The typical adhesion and protection layer

chosen is thick photoresist. Following the singulation of the devices, the photoresist

can be selectively etched with acetone to release cell-scale devices in parallel from

the substrate into a solution, Figure 6.19 (i).

The CMOS PBG process has been regularly carried out by our group to produce

MOTEs in parallel such as those shown in Figure 6.20. To our knowledge, these

devices mark the smallest optical wireless CMOS devices ever produced. The

device is only 40 µm x 50 µm x 300 µm, or 0.0006 mm3 in volume. Ongoing research

is underway to attempt to explore the full potential of this new technology and

use these released bulk-CMOS OWICs for untethered, optical neural recordings in

vivo.

The bulk CMOS PBG outlined above has serious benefits over the DBG method,

allowing for parallel singulation, smaller device dimensions possible, non-rectangular

device shapes, and less wasted substrate lost to dicing or plasma cutting. The par-
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Figure 6.20: (a) SEM image of the integrated MOTEs being processed in parallel to
etch trenches before release. (b) A zoomed in image of two integrated MOTE that
have surrounding trenches etched through the dielectric layers and into the bulk silicon
substrate. (c) A completely, untethered, integrated MOTE device released from the
bulk silicon substrate. All processing is done photolithographically, with only parallel
processes involved.
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allel singulation and less wasted substrate area are particularly important figures

of merit because they affect the cost of the individual devices produced. It is worth

noting however, that both DGB and CMOS PBG suffer from limitations on the

thickness of devices possible. Non-uniformities of the grinding process and the

substrate itself make thicknesses below about 40 µm (10 µm of dielectrics and 30

µm of silicon) difficult to achieve, especially in the context of full wafer process-

ing. These limitations are avoided when using the SOI substrate-based processing

detailed earlier in this work, which in contrast has successfully produced devices

as thin as about 5 µm over large chip areas.



Chapter 7

Ongoing Work

In this chapter, we briefly discuss some of the ongoing work related to this thesis

including cell-sized walking microbots and expanding the capabilities of the OWICs

platform.

7.1 Cell-Sized Robots

One of the original Smart Dust researchers, Richard Yeh, once wrote “add legs or

wings to Smart Dust and you get microrobots.” [Warneke et al., 2001a]. Although

initial attempts to create small walking and flying robots were pursued using Si-

based MEMS techniques, researchers were unable to create functional walking or

flying robots at the micron-scale. Given the scales possible with our micron-scale

OWICs platform, the only thing stopping these OWICs from being walking sensing

microbots is that they need some legs for movement.

In collaboration with Marc Miskin, Kyle Dorsey, Itai Cohen, and Paul McEuen,

we’ve been working towards just that, creating the first walking cell-sized optical

microbots. The text that follows has been adapted from a publication in prepa-

ration called “Cell-Sized Robots” by Marc Z. Miskin, Alejandro J. Cortese, Kyle

Dorsey, Paul L. McEuen, and Itai Cohen.

169
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For the legs of our microbots, we developed a new actuator technology for the

microscale: surface electrochemical actuators (SEAs), detailed in Figure 7.1. These

SEAs are nanoscale bimorphs composed of approximately 7 nm of platinum and a

few nm of titanium as a capping layer. When in solution, SEAs can be triggered to

fold and unfold in response to hydrogen adsorption onto the surface. Figure 7.1 (a)

depicts the process associated with this bending in an acidic medium: a hydronium

molecule is reduced to adsorb hydrogen, which increases the tensile stress at the

platinum interface. This process can be reversed simply by changing the potential

between the actuation and the electrolyte. The difference in stress on the two sides

of the bimorph causes it to bend. At chemical equilibrium, the hydrogen-generated

stress on the platinum surface is controlled by voltage: we find at low electrical

potentials, bimorphs are flat while at more positive potentials, they curl, as shown

in Figure 7.1 (b). More quantitatively, the curvature of the bimorph as a function

of the potential is shown in Figure 7.1 (d). This follows predictions for an ideal

absorption process with

R−1
c =

γmt

2D

1

1 + e
− q

kBT
(V−Vo)

, (7.1)

where V is the applied voltage, t is the thickness, D is the bending energy, γm is

the surface stress from a full layer of hydrogen on the platinum, and Vo is an offset

voltage set by the free energy of adsorption, electrode composition, and solution

pH.

Using these legs, and the same substrates on which SOI-based OWICs are fabri-

cated, we are able to produce cell-scale optical walking robots, shown in Figure 7.2.

The microbots ranging in size from 40 to 70 micrometers at their longest dimen-

sions and have bodies that are only a few microns thick; an optical image of an
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Figure 7.1: Platinum based surface electrochemical actuators (SEAs). (a) Physical prin-
ciple of SEAs which are triggered to fold and unfold in response to hydrogen adsorption.
(b) Bimorph SEAs curling as a consequence of changing potential in solution. (b) Cross
sectional TEM of 7 nm thick ALD platinum used for SEAs. (d) Quantitatively, folding
takes place over a narrow range of voltages, roughly 200 mV, and the curvature is well
described by a logistic function.

example cell-sized optical robot is shown in Figure 7.2 (a) next to a paramecium

for scale. A side view of the robots is shown in Fig. Figure 7.2 (b) along with a top

view with components labeled in Fig. Figure 7.2 (c). Using fabrication methods

that are compatible with the SOI-based OWICs described in this thesis, we can

construct approximately 106 microbots per 4-inch silicon wafer, Figure 7.2 (d),

and can release these machines into aqueous environments, massively in parallel.

Upon release form the substrate on which they are built, each robot is able to walk

using optical instructions. Each robot has a pair of photovoltaics on-board which

can independently control the movement of one set of legs. By oscillating a laser

between the two photovoltaics, the robot switches between two states, walking

forward as shown in Figure 7.2(e-f).

Broadly, this work on cell-scale robots opens the door to the design and man-
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Figure 7.2: Cell-Sized Robots. (a) Optical image of a robot next to a single cell parame-
cium for scale. (b) A side view clearly shows the three-dimensional structure of the folded
robot: its front and back legs hold up a body that contains the onboard electronics. (c)
Top view of the robot with components labeled (before release from the substrate). (d)
One 12 x 12 mm die cut from a 4-inch wafer holds roughly 10,000 robots. (e) Sequential
frames from a video of the robot walking and (f) corresponding data of its position over
time.
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ufacture of a new class of adaptable, mobile, intelligent systems that inhabit the

microworld. Currently we are working to expand the scope of this work further by

fully-integrating the capabilities possible with the OWICs platform with SEAs. We

are additionally exploring alternative methods for movement such as flagella-based

and electrophoretic swimming. The integration of actuation with electronics and

microLEDs will greatly expand the scope of applications. Integration on CMOS

will allow for robots with more sophisticated intelligence and sensing capabilities

such as walking autonomously under continuous illumination or changing directions

based on sensed changes in the environment. Integration of microLEDs will allow

for bi-direction optical communication with these cell-sized robots. Ultimately,

we see the opportunity to design a new kind of microworld through increasingly

sophisticated robotic control: one that can be programmed instantly, measured

and mapped automatically, and manipulated down to the cellular scale.

7.2 Neural MOTEs

As discussed in Chapter 6, we have developed CMOS-based OWIC sensors that

optically record neural signals, called MOTEs. Now that the MOTEs are func-

tional, integrated, and fully released from their substrate, we are beginning efforts

to test their usefulness as in vivo neural recording devices. Using the same delivery

methods developed for in vivo trials of OWICs done with temperature, we plan

to implant these neural MOTEs into brain tissue to test neural recording capa-

bilities in the near future. Although initial capabilities and theoretical limits of

the neural-recording MOTEs are promising, in vivo trials in mice will provide us

with a much better understanding and data with respect to the 1) sensor’s abil-

ity to interface electrically with neurons, 2) length of use possible for the sensor
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while in tissue, 3) biological immune response to the MOTEs, 4) depth of record-

ing into tissue achievable, and 5) integrity of encapsulation layers used to protect

the circuit while implanted. Ongoing efforts after these initial trials will aim to

push the limits of multiplexing possible with MOTEs; how many cell-scale neural

MOTEs can simultaneously be read-out while embedded in tissue? We hope that

this research will demonstrate neural MOTEs to be useful tool to help map and

understand the brain.

7.3 Scaling Up and Expanding Capabilities

To expand the scope of possible applications, we are making significant efforts

to expand the capabilities and increase the complexity possible with the OWICs

platform. Below we describe multiple features of the next OWICs platform under

development.

7.3.1 Full-Wafer High-Resolution CMOS OWICs Produc-

tion

If OWICs are to be developed at scale with modern state-of-the-art tools and

the full capabilities of CMOS, the fabrication process needs to move to full-wafer,

CMOS-integrated production. Such processing requires working with 4- to 8-inch

substrates. With the exception of the microbots, initial efforts for SOI-based OW-

ICs and bulk CMOS-based OWICs described have been done on smaller substrates

for rapid and cheap initial prototyping. Typically, SOI-based OWICs fabrication is

done on 18 mm x 18 mm chips produced entirely at Cornell and bulk CMOS-based

OWICs fabrication is done with post-processing on 5 mm x 5 mm chips received
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from a foundry.

To move towards full-wafer production, one of the critical elements we have

developed is a method to transfer a full-wafer of prepatterned microLEDs with

alignment to a CMOS silicon wafer. This method allows us to make the microLEDs

and silicon CMOS circuits separately and then integrate them afterwards. The

details of this method are to be published in a forthcoming publication.

Another critical component to moving to full-wafer OWIC fabrication is pro-

ducing CMOS circuitry at the wafer scale. To accomplish this, we are currently

pursuing two directions; in-house and foundry production. Here at Cornell we are

lucky enough to have one of best academic cleanrooms in the world: the Cornell

Nanoscale Facility (CNF). CNF has all the tools needed to make a basic CMOS

process. Over the next year, we have a team of researchers and CNF staff devel-

oping a bare-bones ∼180 nm CMOS process (on bulk and SOI) that will allow us

or other researchers to have more rapid, cheap capabilities for prototyping using

all in-house processing. For high-resolution photolithography, CNF is equipped

with a DUV stepper that can produce features at approximately 200 nm. If some

additional features are desired at even smaller scales, CNF is also equipped with

multiple e-beam lithography tools that resolve down to about 10 nm. This in-house

CMOS process will undoubtedly have less reliability and yield than a traditional

foundry since CNF is a shared user facility, not a dedicated billion-dollar rev-

enue foundry. For more sophisticated designs requiring higher yield, reliability, or

resolution, CMOS wafers will be produced externally using a foundry.

Given the cost of foundry production at wafer scale, typically a few hundred

thousand dollars for a few 8-inch wafers, plenty of more basic prototyping and

iterating will be done in-house as first steps toward greater complexity. What ex-
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act designs and ideas are possible for our full wafer in-house CMOS OWICs will

depend heavily on yield and reliability of process. Until the process is developed,

it is unknown what yield to expect and what dividing line will exist separating

what is feasible versus infeasible in-house. However, let’s assume a yield of ∼ 99%

across every transistor built. In such a case, designs with less than 100 transistors

would remain feasible for in-house production. However, designs requiring 1000

transistors would likely be unachievable in-house and need a dedicated foundry.

Similar concerns will exist for replicability (i.e., how repeatable is the exact per-

formance of each component?). So, if the yield were, say, 99%, the real question

for the short term would become: can we still build interesting, useful sensors

and microbots with only ∼100 transistors? I think the answer is confidently “yes”

given that we’ve found some pretty impressive uses for our initial designs with only

∼1 transistor. With clever and simple designs to start, ∼100 transistors should be

plenty of complexity to begin our efforts with.

7.3.2 Si, GaAs, and InGaN Material System Integration

We would like the materials available in the OWICs platform to include the three

most relied-upon semiconductor material systems: Si, GaAs (AlxGa1−x)0.52In.48P

and AlxGa1−xAs), and InxGa1−xN. We’ve already seen that by integrating the

GaAs material system, we were able to achieve some truly impressive feats includ-

ing remote bi-directional NIR communication with a 0.0001 mm3 device and neural

sensors powered by a dual-purpose GaAs PVLED. By having access to these two

heterogeneously integrated material systems, each with their own unique optical

and electronic properties, we were able to quickly enable, imagine, and produce new

and interesting wireless device designs. The possible OWICs designs would be even
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greater with the addition of the InxGa1−xN material system. Using this material

system, efficient light-emitting components can be realized that emit wavelengths

ranging from the UV to green.

The combination of all three of these systems would allow for us to make

use of all of the optical properties outlined in Figure 7.3. Efficient 500 nm-thick

photovoltaics could be realized with GaAs. MicroLEDs, resonant-cavity LEDs,

and lasers could be integrated into OWICs for multiplexing with any wavelength

from UV to NIR. Up-conversion from NIR light to blue light could be achieved

efficiently with a cell-sized device. The potential of these three material systems

integrated on the same platform is immense.

The only challenge currently standing in the way of the above being achieved

is the integration of InGaN components. Again, the basic challenge is one of

achieving microscale heterogenous integration of dissimilar materials; we will have

to remove the InGaN components from their substrate and transfer them to the

OWICs substrate. Two existing methods are currently being explored in our lab

as options to achieve this goal. The first method demonstrated in [Kim et al.,

2011] relies on selective etching techniques similar to those developed for GaAs.

If InGaN structures are grown on silicon, KOH can be used to selectively remove

the InGaN devices from the substrate. Alternatively, widely used “laser lift-off”

of InGaN structures could be used when the structures are grown on sapphire

substrates [Wong et al., 1999] [Delmdahl et al., 2013] [Kim et al., 2012] [Lee et al.,

2012]. Laser lift-off consists of shining an excimer laser through the bottom of

the sapphire substrate and freeing the device through thermal ablation. The laser

causes significant heating at the interface of the InGaN and sapphire where it

is absorbed by the InGaN, which effectively ablates away the first few hundred
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Figure 7.3: Optical properties of Si, GaAs, and InGaN material systems. Ab-
sorption and responsivity of (a) Si, (b) GaAs, and (c) Al0.2Ga0.8As for various
thickness. Data generated using open-source software available from Filmetrics
[https://www.filmetrics.com/reflectance-calculator]. (d) Luminous efficiency and peak
wavelengths for various compositions of InGaN and GaAs material systems. Adapted
from [Schubert et al., 2005]
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nanometers at the interface, freeing the InGaN component to be transferred. In

either case, tools such as elastomer stamp transfer or alternative approaches will

be used for transferring the InGaN components to the OWICs substrate after their

release.

7.3.3 Encapsulation

One of the key components of our OWICs platform is the ability to completely

encapsulate sensitive components of our devices from their surroundings. In the

case of the SOI-based OWICs, we have a high-quality, 500 nm-thick, thermal oxide

as an encapsulation layer on the underside of the devices as well as a 5 µm-thick

SU-8 epoxy layer serving as an encapsulation layer on the topside of the device.

These two layers protect the OWICs electronics from the outside world, allowing

them to function in water, salt-solutions, and even in living tissue.

Requirements for OWICs’ encapsulation layers will be heavily dependent on

the intended applications. For example, if OWICs are to be used for long-term

recording in the brain or body, the electronics will need to be protected from the

fluids and chemical species present that can gradually deteriorate materials. Simi-

larly, if OWICs are to be useful for monitoring environmental changes outside, they

will need to have sufficient encapsulation to survive the elements; rain, humidity,

temperature changes, etc.

To help expand the potential environments that OWICs can employed in, we

are exploring various encapsulation layers at our disposal. Because of the planar

fabrication methods of OWICs, all of the following encapsulation layers are possi-

ble: thermal, PECVD, and ALD oxides and nitrides, polyimide, parylene-C, and

SU-8 epoxy. All of these encapsulation layers are being explored and stress-tested
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to enable studies in various environments.

7.3.4 Actuation

As mentioned above, adding movement through actuation to OWICs yields mi-

crobots. Multiple candidates for modes of movement are currently being devel-

oped including bimorph SEAs (described above), flagella-based swimmers, and

electrophoretic propulsion. Although we have produced proof-of-principle optical

walking microbots, the full-wafer process we are developing will integrate these

modes of actuation with the full capabilities possible with CMOS electronics, mi-

croLEDs, and III-V PVs. We hope to demonstrate fully autonomous, sensing,

communicating microbots in the near future.

7.3.5 Getting Smaller and Reducing Topography

Topography is an often-overlooked attribute of devices that will become more and

more important as further device miniaturization is sought. Currently, for the

bulk-CMOS based OWICs we are etching some features of the devices down to

depths of about 20 microns and we end up with dimensions of about 50 µm x 50

µm x 200 µm. To achieve smaller devices, at or below say the 10 micron-scale,

these large topography variations introduced from deep etching will need to be

avoided entirely.

Although nanometer scale structures can be readily patterned and fabricated

on very flat substrates, the introduction of topography makes nanoscale resolu-

tion increasingly more difficult to achieve. This difficulty results from three main

culprits: 1) photoresist non-uniformity, 2) etching processes, and 3) conformal

coatings. With respect to photoresist non-uniformity, any significant changes in
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height or steps causes photoresist to be thinner at raised edges and thicker in re-

cessed edges when spun onto the substrate. Hence, different exposures would be

required to achieve optimal resolution of features. With most depths of focus on

photolithography tools limited to a few hundred nanometers to a micron, these

variations severely limit the resolution that can be patterned in a single exposure.

In the case of etching processes, the limits introduced by topography manifest

themselves through the aspect ratios possible with etches. Most basic etching pro-

cesses can achieve aspect ratios of the feature size to etch depth of about 3:1, and

some rare examples, like DRIE, can achieve about 30:1. This means that even with

one of the highest aspect ratio processes for silicon, you physically cannot etch a

200 nm line 6 microns deep into the substrate with existing technology. And for

most basic etch processes, if you need to etch a 3 micron deep feature, your fea-

ture has to be patterned with minimum dimensions of about 1 micron. Lastly,

conformal coating of devices with photoresist, oxides, metals, etc. becomes more

difficult with increase topography for most deposition techniques. So, for applica-

tions requiring good conformal encapsulation or other depositions over changes in

height, topography will again start to limit the process.

Given the limitations associated with increased topography variations, future

generations of CMOS OWICs will likely become increasing thin. At this point

there are many envisioned layers to the OWICs platform: glass encapsulation of

the bottom, device layer silicon, oxide and metal interconnect layers, III-V PVs,

III-V microLEDs, actuators, and an encapsulation layer. For the overall dimensions

of the CMOS OWICs to remain thin with so many layers, the thickness of each

and every one of these layers will need to be kept to a minimum. Most specifically,

the thickest component of our bulk-CMOS based OWICs, the bulk silicon, will be
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Figure 7.4: Projected roadmap for the OWICs platform going to thinner and thinner
designs from (a) bulk-CMOS, to (b) thick SOI and (c) thin SOI.

thinned substantially. Figure 7.4 illustrates our expected roadmap for moving to

smaller and smaller OWIC dimensions.

Currently, we are pursuing making CMOS on SOI with a 3 micron thick

device layer as shown in Figure 7.4 (a). These devices will effectively allow for a

“pseudo-bulk CMOS” design where the SOI is designed to behave as bulk-CMOS

to make circuit design simpler. We are currently in contact with a foundry that

produces such CMOS for designs requiring foundry production in addition to in-

house production. Even for devices at the ∼100 µm-scale, this will make processing
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such as encapsulation much simpler and allow for smaller dimensions. Moving to

the SOI-based platform also enables the use of the toolkit developed for the SOI-

based OWICs and microbots designs.

As the dimensions possible are to be pushed even further, at or below the 10 µm

range, thin device layer SOI will likely be needed as illustrated in Figure 7.4 (c).

Many CMOS foundries are producing fully-depleted (FD) and partially depleted

(PD) SOI with device layers at or below about 200 nm, so moving to this type of

platform appears to be a feasible path forward for the future. However, we should

note that there can be substantial differences with designing circuitry with FD-

SOI and PD-SOI compared to bulk CMOS that will need to be optimized. Some

features of thin SOI such as minimal light absorption in the silicon electronics will

likely be beneficial, while others like hysteresis, will likely become a challenge.

Ultimately, which of these platforms will be ideal will depend on the applica-

tion. Bulk-CMOS, thick SOI, and thin SOI OWICs will all likely remain as useful

platforms optimized for different needs related to size, cost, optical properties,

encapsulation needs, etc.



Chapter 8

Conclusions

We began this work trying to address whether it is possible to build a remotely

powered and monitored, untethered, wireless electronic device at the size scale of

a single cell. The ability to build such remotely monitored and powered integrated

circuits could enable an array of new innovations, many of which sound only like

science fiction: voltage sensors as thin as red blood cells, temperature sensors com-

parable in volume to a skin cell, and walking microbots smaller than a single-cell

paramecium. Fortunately, as we conclude this work, we have demonstrated that

these feats no longer need to be relegated to the pages of Sci-Fi novels. Figure 8.1

shows these devices being realized with voltage sensors, temperature sensors, and

walking microbots all made at the size scale of single cells. The central question of

my dissertation turns out to be a resounding “yes”: you can dream up and build

wireless electronic devices at the cell-scale.

To realize these cell-scale OWICs, we had to take different approaches, inte-

grate a diverse set of micro and nanofabrication techniques, and come up with new

methods for using these tiny, tiny devices. To circumvent fundamental physical

limitations of RF, we moved to a platform that relies entirely on light for power and

communication. This enabled the production of cell-scale untethered electronic de-

184
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Figure 8.1: From left to right: optical images of a voltage-sensing OWIC next to cardiac
cells, a temperature sensing OWIC next to cardiac cells, and a walking microbot next
to a single-cell paramecium.

vices that could still receive power and communicate remotely. To heterogeneously

integrate all the microscale components, we built on previous work to develop an

alternative microLED transfer method, permitting integration of microLEDs with

both NMOS and CMOS circuitry. To easily release a 100 micron-scale device from

the substrate on which it was built, we developed release methods for both silicon-

on-insulator and bulk-silicon substrates, enabling us to selectively etch away all

material that once held the device to its large-scale substrate. To use the cell-scale

devices, we developed new manipulation methods, allowing us to pluck the OWICs

from their bulk substrate and place them accurately in a variety of environments.

Finally, to help broaden the scope of this work’s potential impact, OWICs were

fabricated, assembled, and packaged by fully parallel, mass-producible photolitho-

graphic techniques.

With these new tools in hand, we explored experiments and demonstrated

capabilities that would have otherwise been unattainable with wireless electronic

devices. Low power cell-scale OWICs were produced that



186

1. monitored local solution conductivity while sealed inside of a microfluidic
channel,

2. remotely measured the pressure from inside of a sealed vacuum chamber,

3. remained functional while embedded in living tissue for weeks,

4. are capable of resolving and encoding neural signals, and

5. walked upon instruction from optical signals.

From where we currently stand, there are natural research directions being

pursued to address immediate challenges and opportunities ahead. We are (i) in-

tegrating the actuators necessary for smart mobile microbots into our OWICs plat-

form, (ii) preparing for in vivo trials to monitor neural activity, and (iii) expanding

the OWICs platform to combine the benefits of SOI and CMOS, be produced at

larger scale, achieve higher resolution, contain more materials available, and have

a feasible route to further miniaturization.

Now that the tools to design and build cell-scale OWICs are at our disposal,

how will this technology impact the daily lives of individuals outside of the con-

fines of academic research? It’s hard to know in advance (especially while in an

academic setting) where OWICs will have the greatest impact. The answer to

this question will likely be a moving target as the range of capabilities possible

expands. However, whatever more commercial and widespread applications are

pursued, they will likely make use of some or all of three key features of these

OWICs: they are 1) cheap, 2) tiny, and 3) wireless. Consider two examples that

make use of all three key features. Our neural MOTEs allude to the first perceived

application space: implantable electronics for healthcare and medical applications.

One could imagine a glucose sensor, temperature sensor, or blood pressure sensor

embedded a few millimeters below the skin of a finger. By illuminating the finger

and monitoring minute optical signals at particular frequencies and wavelengths,
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doctors could non-invasively, readily, and continuously monitor these biomarkers.

As another example, one could imagine commercializing a smart Optical Microscale

IDentification (OMID) OWIC that merely provides a unique identification through

light. As hardware for tracking and blockchain, an OMID could be used to keep

track of the movement of all items that are each too cheap to warrant the use

of their own unique, larger, more expensive (∼ $1) RFID chip. This cheap, tiny,

and wireless OMID could enable the traceability of, for example, bags of lettuce

to prevent food contamination outbreaks, the identification of cheap pill bottles

or individual pills to prevent deaths from medical error, or even just prevent the

counterfeiting of money, electronics, and consumer goods.

For applications even further down the line, what challenges exist? It’s a bit

interesting to speculate on this since often it’s the challenges you don’t foresee

that you should really be worried about. And while I could provide my thoughts

on more common concerns related to power delivery, communication distance, and

biocompatibility, I’ll note one less-discussed challenge that I think will come to

matter much future down the line: writeable memory.

With respect to writeable memory, it would be great to have a smart OWIC

that remembers its past. It would be useful to ask: “How hot did it get and

when?” for monitoring food safety. Or “how many times was it read?” to monitor

privacy concerns. Or even, “what chemicals has it been exposed to?” for health or

environmental safety. The OWICs we’ve designed so far live only in the present

moment; they are passively quiet until they “take their first photovoltaic breaths

of life from [light] and start chatting” [Cook et al., 2006]. To have access to an

unknown past, we’ll likely need a memory that is written through the OWICs’

experience. Although smaller and smaller memory is commercially available for
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individual components, we don’t have access to small writeable memory readily

integrated into our CMOS processes, in-house or through foundries. Once again,

the technology exists, but integration will be a difficult task.

Despite the optimism and hope I have for the OWICs platform, I’d be remiss if I

didn’t at least briefly address concerns of privacy and malicious use. When the idea

of Smart Dust was first conjured, people immediately raised some concerns of the

small, nearly invisible intelligent sensors being used for un-knowing surveillance or

even nefarious weaponized purposes. Kristopher Pister, one of the original pioneers

of Smart Dust, has this to say on the subject:

As an engineer, or a scientist, or a hair stylist, everyone needs to
evaluate what they do in terms of its positive and negative effect. If I
thought that the negatives of working on this project were larger than
or even comparable to the positives, I wouldn’t be working on it. As it
turns out, I think that the potential benefits of this technology far, far
outweigh the risks to personal privacy. [Pister, 2019]

I personally, have a similar philosophy with respect to this dilemma. Any

technology can be used for positive or negative purposes. A 3D printer can bring

needed medical tools to an isolated hospital or could be used to print a gun.

RFID can be used to keep track of goods in a global economy or be used to steal

information for identity theft. You could use your shoes for walking through harsh

terrain or take one off to throw at a sitting US president. At the end of the day,

“every technology has a dark side.” [Pister, 2019]. I wouldn’t personally put my

efforts into a project that I saw overly rife with negative risk. I think Pister was

correct that projects like Smart Dust, cell-scale OWICs, intelligent microbots, etc.

have potential benefits that far outweigh the negative possibilities that might, in

theory, be developed. I retain my optimism for people as a whole enough to put

my ideas, tools, and work in their hands in hopes that they too will use that effort
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to see farther, help themselves, and help those around them. I’ve come from a

family heavily touched by violence and the military, so I haven’t done so from a

place of naivety or taking the above concerns lightly. I dedicated 7 years of my

youth to the work in this dissertation because I believe it has immense potential

for positive impact in the world.

With these new tools and possibilities afforded through cell-scale OWICs, there

are both immediate and future applications to be explored. We’ve demonstrated

sensors that monitor solution conductivity in lab-on-a-chip environments, while

dreaming of chemical sensors for small volume point-of-care chemical analysis.

We’ve produced temperature sensors communicating from within a living organism,

while imagining a viable route to integrated circuit sensors small enough to fit

within a cell itself. And we’ve politely asked a cell-sized robot via light to take its

first steps, while envisioning a more sophisticated microbot dialogue in the future.
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