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This dissertation presents progress toward theeg@n of functional contact
lenses. Two primary goals of the functional conltews project are to create displays for
augmented reality and to create sensors to mebgurmlecules in tears. First, work on
contact lens displays is described, detailing tepssand process optimization required to
fabricate fully functional contact lenses and culating in the wireless activation of a
single pixel contact lens displayvivo on a rabbit under general anesthesia. Next, solar
cells designed to conform to a sphere for use eatitact lens biosensors are described.
To measure analytes in the tear film using elebieatcal methods, contact lenses would
require embedded sensors, electronics, antenndsis for communication, and power
sources. ldeally, a contact lens biosensor woelduionomous, provide regular
readings, and operate during normal daily actithiys requiring power continuously.
Photovoltaic structures could provide continuous/giofor autonomous contact lens
systems that could store sensor readings and coicatemata when occasionally

queried.
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Chapter 1: Introduction

There are many ways in which information can etiterbrain. Arguably the
most important is that of light reflecting or reftiag off of various objects (books, trees,
people, computer screens, etc.), collected byyhe,eand transmitted to various parts of
the brain for specific processing. The first bpdibject light encounters is the cornea, an
essentially clear layer of cells that is, to fagproximation, spherical in shape and that
provides about two-thirds of the refractive powkthea eye. Light then passes through
the aqueous humor and pupil and is refracted dyaliyiby the crystalline lens.

Finally, light passes through the vitreous humat @re bulk of the retina where it is
absorbed by photoreceptors and undergoes transducto an electrical signal.
Amplification is performed by about 1.2 x®®ds and 5 x 10cones, and the resulting
signal is sent to ganglion cells. Then this infation passes through the million or so
fibers of the optic nerve, into the brainstem, ando the visual cortex. The human
visual system operates over a wide range of ligeinisity (~12 orders of magnitude) and
allows for color vision, judgment of distance andweament, and high resolution tasks
such as reading this dissertation [1], [2].

Unfortunately, despite the complexity and adafiitsttof the visual system, some
people cannot see clearly. Often this results faomisshapen cornea that projects a
focused image behind or in front of the retina.ugkyeglasses were invented and were
the sole means of vision correction for centuriesl the realization of contact lenses,
which were initially blown glass structures fitteder the cornea and part of the sclera.
Corneal lenses were patented in 1950, and thesbifstontact lenses (made from poly-
HEMA) were demonstrated in 1961. Rigid gas perrnee@nses with high oxygen
permeability were invented next, followed by silieohydrogel soft lenses that are now
ubiquitous [3]. Contact lenses are used by temsilibns worldwide in a market
estimated at $6.1 billion in 2010 [4].

Although primarily used for vision correction (aadcasionally for aesthetics),

their location on the corneal surface presentsuen@pportunities for vision



augmentation or biological monitoring [5]. For exale, see-through displays could
overlay computer-generated visual information anréal world, providing immediate,
hands-free access to information. AdditionallyGdogese tears contain many biological
molecules of interest, contact lenses could be tsgdck key biomarkers in tears [6].
Section 1.1 provides an overview of work towardatirey a contact lens display, and
Section 1.2 covers various contact lens sensagstid® 1.3 describes how contact lens
sensors could act as part of wireless body areeonkes, and discusses why energy
harvesting would maximize contact lens biosenstemi@l. Section 1.4 is a feasibility
analysis directed at using solar cells to providegr for the various components

necessary to realize such a system.

1.1 Contact lens displays

Wearable computing and augmented reality will iketovide new ways to
manage information and interact with the world.eTinst step towards always-
accessible, superimposed information will mostljikee implemented in see-through
eyeglass displays, such as those presented by &odygbject Glass team. However, a
much less cumbersome display for augmented raabty take the form of a contact lens.
Like their larger counterparts, contact lens digpleould communicate with internet
enabled devices to retrieve discrete and real-tmails, text messages, reminders, or
navigational information. Pioneering contact ldsplay development has been made by
the Parviz Group at the University of Washingtorthwhe long-term goal developing
systems with pixel arrays, focusing optics, aneganas, as well as circuitry for power

harvesting, radio communication, and pixel contFagure 1).



Figure 1. Concept drawing of a multi-pixel contactiens display. a) A contact lens
display comprising a multi-pixel light emitting diode chip (1), power-
harvesting/control circuitry (2), an antenna (3), &ad interconnects (4). These
subsystems are encapsulated in a transparent polymb), creating a system to
project virtual images (6) perceivable by the eyefdhe wearer. b) LED chip with
100 pixels. LED active layers can be grown atopteansparent substrate. Emitted
light travels through the substrate and is re-imagé using planar Fresnel lenses. c)
Magnified view with one pixel activated, showing Fesnel lenses opposite each LED
pixel.

Integrating displays on contact lenses presenerakghallenges. First, as the
display rests on the eye, power must be providedl@gsly. Second, the lens system
must be biocompatible and meet various safety atiguis for radio frequency (RF)
radiation, thermal dissipation, etc. A third ckalje is mechanical and electrical
integration of heterogeneous micrometer-scale compts (e.g. silicon integrated
circuitry and I11-V optoelectronics) on a polymersstrate. This requirement stems from
the fact that low power systems would require higtfficient subcomponents, which at
this time are necessarily solid state devices miadey semiconductors. Furthermore,
different semiconductors are ideal for differemdtions: LEDs typically require direct
band gap materials, whereas low power circuitiisost exclusively made using high
purity silicon. All components must fit within thelume of standard contact lenses,

~1.0 cnf in area with thicknesses of 2(én or smaller [3]. The optics required for



contact lens displays are also very complex. Turadn eye, with a minimum focal
distance of several centimeters, cannot resolvectdpn resting on its surface. Two
solutions to this problem are envisioned; lightireEDs could be focused using
subsidiary lenses, or alternatively, beams fronticarcavity surface emitting lasers
could be used to create an image. An overviewntdaused single-pixel contact lens
displays is given below, and more detailed prodes®lopment and system integration is
given in Chapter 2:.

First, Harvey et al. devised a fabrication prodesseposit two metal layers and
polymer insulation on a clear polymer substrat@nuwhich an array of micrometer-
scale LEDs was assembled. However, the LEDs farteeh molding the device for
corneal fitting [7]. Next, Pandey et al. usedraikir fabrication process to create single
pixel LED displays on planar polymer discs compigscustom integrated circuits (ICs),
antennas, and LEDs. The on-lens antenna colleatidtion from an external
transmitter, and the power-harvesting IC rectifaad stored energy to duty-cycle an
LED at a frequency sufficiently high as to give #pearance of continual light emission
[8]. The following year, the lenses were improwsgdelectrolessly plating the custom
ICs for flip-chip style assembly, and the polymebstrate fabrication process was
modified to reduce antenna resistance and imprgstes performance [9]. Using flip-
chip style assembly, an operational molded streciuas realized. Building from these
efforts, systems comprising single blue LEDs, amésnand ICs were testedvivoon
rabbits [10].

To the author’s knowledge, the only other attemputeweloping a contact lens
display was by De Smet [11]. A contact lens digfased on liquid crystal modulation
of light was theorized, as well as additional usésh as tunable sunglasses or artificial
irises. Voltage controlled liquid crystals werelmdded between two polymer sheets
separated by photolithographically defined spacéiser spherical molding, an applied

voltage caused the transparent crystals to rotatdbacome opaque.



1.2 Contact lens sensors

Contact lenses have also been used, although adtnizsty in laboratory
environments, to perform a number of sensing fonsti One of the first atypical
applications for contact lenses was to measuremeyement. In 1963, Robinson used a
contact lens containing two metal coils, togethigh&n alternating magnetic field, to
measure the induced voltage in accordance withdagisLaw and thus eye movement.
They were able to measure horizontal, vertical,tanslonal movement at a resolution of
15 arcseconds [12]. In 1975 another group develdpe scleral search coil to improve
upon Robinson’s device. Noting that slipping anthimg was difficult to control with
lenses that were not individually fit, a ring shdpelder of silicon rubber with an
embedded induction coil was fabricated to fit tingbic region (i.e. the cusp where the
cornea connects to the sclera). The ring was dediwith a concave inward surface that
would tightly adhere when pressed onto an anegdttye. However, some subjects
noted irritation from the wires extending from tiveg [13]. The scleral search coil
method has been used in countless studies on t@pigsg from ocular counter-rolling
[14] and motion after-effect [15] to eye movemenmice [16] and other animals [17].
More recently there has been an attempt to creaiestess version of a similar device.
Kim, Lee, and Kim used a contact lens system tlzet @ssentially the inverse of
Robinson’s prototype. A thin, ring-shaped magnas wmbedded into a contact lens and
an eyeglass-shaped PCB board with magnetoress#ivgrs was used to measure eye
movement [18].

Kinn and Tell developed a contact lens to deterrtieeemperature of the cornea
using encapsulated liquid crystals. When illumadatvith white light, the embedded
liquid crystals would reflect in a temperature degent manner and could thus provide
temperature profiles across the cornea. Howelrerdévices required calibration
because contact lenses have an effect on cormepétature due to insulation and
reduction in evaporative cooling [19].

The only commercially available contact lens sefisohome use, to the author’s
knowledge, is a sensor that measures the curvattine eye to determine intraocular
pressure [20—22]. Leonardi spun-off SENSIMED aadedoped the Triggerfish® as a



continuous intraocular pressure monitor commerciehailable in parts of Europe. The
Triggerfish® is a system comprising a contact kerth integrated passive and active
strain gauges and an application specific intedrateuit (ASIC), together with an
adhesive antenna that is worn around the eye amiected to a recording device. The
circuit, measuring 2.5 mm x 2.2 mm x 50 um, recepewer from the external antenna,
provides power to the sensor, and converts theunedpressure response to a digital
signal that is sent back to the recorder.

Glucose sensing is another active area of corgastdensors. Self-monitoring of
blood glucose (SMBG) has been shown to improveeghic control in diabetics,
delaying the onset of serious complications [23}][ Most of the billions of annual
glucose assays are conducted by measuring levelead samples using electrochemical
techniques. These methods are accurate but priexddata points, and additionally
lancing to draw blood can cause discomfort or pdia.overcome these setbacks,
research over the last several decades has beduated to develop less invasive and
more continuous glucose measurement techniquéms lbeen demonstrated that tear
glucose correlates to blood glucose [25], [26h@ligh in lower concentrations and with
a time lag, and therefore glucose sensing corgasek could prove an ideal tool for
SMBG.

Badugu used off the shelf, disposable contact eeasghedded with boronic acid-
containing fluorophores (BAFs) to measure glucaseentrations in tears. Intensity and
wavelength changes were detected in the fluorespaEatrum of the BAFs in the
presence of sugars. However, the fluorescenceptWamd polarity dependent, and in the
contact lens environment the sensing range wagelihj27]. There have also been
attempts to measure glucose in the tear film usolgrimetric sensors based on
reflection from photonic crystals. Again using twic acid-based molecules for glucose
recognition, the spacing of the photonic crystasrdased in the presence of glucose
causing a blue-shift of the reflected light [28].

Chu used electrochemical methods to measure teeogg. Platinum working
electrodes and Ag/AgCl reference and counter eldes were fabricated on flexible

PDMS membranes with glucose oxidase as a recogretement. An oral glucose



tolerance test was performed, revealing a deldyohinutes between blood and tear
glucose. The sensor was wired, and the deviceatichcorporate any additional on-lens
circuitry for readout [25]. Liao et al. also dempéd contact lens biosensors for glucose
monitoring using a glucose oxidase-based appr@achdemonstrated a system
comprising a contact lens substrate with metat@atenects and sensor electrodes,
readout circuitry, and an antenna for wireless baattering of sensor data capable of
measuring glucose concentrations ranging from2raM [29].

1.3 Contact lens sensors for continuous health monitang

Increasing medical problems such as diabetes, tgbeancer, and the associated
physical an economic toll warrant a reexaminatibousrent health care paradigms. As
opposed to addressing illness in a reactionaryidasbne proposed method of reducing
health care costs and managing diseases is to docpsevention and early detection
through the use of continuous health monitoringreWss body area networks (WBANS)
consisting of multiple sensor nodes placed on aurad the body to measure vitals and
environmental parameters have been proposed tongdish this goal. Individuals could
track trends in their vitals and biochemistry atrgoin response to lifestyle changes, for
example, or hospital patients could be monitoredenatosely after surgeries and the
administration of prescriptions [30], [31]. Conténses are unique in that they are the
only commercially available and commonly used patdio intimate contact with tear
fluid, which contains a variety of proteins, ioasd biomolecules that are continually
refreshed. In concert with various other sensrsh as heart rate monitors and blood
oxygen sensors, a contact lens sensor could proveddemical information to help form
a complete wireless sensor network for continu@rsgnal health monitoring.

An active contact lens sensing system would bdagiim concept to the system
described in Figure 1. Like the display systemaeitive sensing system would have an
antenna for communication, an application speaifiegrated circuit, and electrical
interconnects, all contained within a thin polyrters. However, the circuitry required
would be very different, and instead of a pixehgrit would contain a sensor or sensor

array. Although a display would likely require semilliwatts, a sensing system could



potentially operate on orders of magnitude lessgrpapening possibilities for
autonomous sensing. An autonomous system wouldielad because it could most
closely approximate continuous monitoring, provideat an adequate, on-lens power
source could be included along with sufficient driigamemory to store relevant

biological information between times of communioativith an external reader.

1.3.1 Sensor power requirements

Although many different physical phenomena cantilzed to measure the
presence of target analytes, electrochemical trartigoh holds the most potential for
developing contact lens biosensors. Electrochdre@asors combine a biological
recognition element with a transducer to produogasureable current or potential.
Amperometric sensors are those in which a congiatential is applied to a system of
electrodes, and the current responds in propotti@biological reaction. Potentiometric
sensors operate by converting biological recogmiiio a proportional voltage. Both
sensors types can be highly selective and sensitingecan be miniaturized for low
power operation and to fit into small systems. &ample, many amperometric sensors
operate in the hundreds of millivolts, and haveentroutputs proportional to electrode
size and analyte concentration that can be assemtens of nano amps. Liao reported
operation at 400 mV and up to 750 nA (300 nW mag®j pnd Chu reported a full-scale
sensor power of 600 nW (1.5 pA at 400 mV) [25].

In addition to electrochemical sensors locatedcbip, there is a push to integrate
sensors directly with CMOS circuitry. For examp-selective field-effect transistors
and enzyme field-effector transistors operate angps in transistor characteristics in
response to biological reactions near the gatéhofigh work is needed to improve
selectivity and sensitivity, these have been deegdor penicillin, glucose, urea, and
creatinine, among others [32]. On-chip CMOS terapee sensors, simpler than most
electrochemical sensors, have been developed wiitbreely low power consumption as
well. For example, Law et al. developed an ultna-power CMOS temperature sensor

for RFID food monitoring applications with sub-pWésipation [33].

1.3.2 Circuitry and storage power requirements



The readout circuitry for glucose sensing repome@4] required 3 uW. The
circuit consisted of power management, readoutvareless communication blocks, as
well as energy storage capacitors. Yang et akldped a compact impedance-to-digital
converter (IDC) in a 0.5 um CMOS process for ush wnpedance-based
electrochemical sensors. Each operational IDCmiedd00 pm x 600 um area,
consumed 21A on a 3 V supply, and could operate over a widelyying and
configurable input current range (100 fA to 100 nAhe circuit was tested by
measuring the ion transport activity of an artdldsilayer lipid membrane. Although the
design was tailored for sensor arrays, a singleamild operate on very low power [35],
[36]. To make a complete sensing system, thisgtater implemented an on-chip
waveform generator, potentiostat, and amperomegadout in a circuit dissipating 22.5
mW. As more research is directed at ultra-low posystems, design principles and
approaches for sub-threshold VLSI circuits are b@ng better understood [37].

As mentioned above, a contact lens sensor systartdwe optimally beneficial
if it could store data. Analyte concentrationslddee read, stored on-lens, and queried
occasionally, allowing for continuous monitoringora convenience, and less user
compliance. Self-powered wireless devices forréetyaof other applications, such as
sensor networks, wearable electronics, nanorohdtiocsensors, and MEMS, is an active
area of research likely to drive down power requeats of sensors and circuitry in the
coming years [38].

Chen et al. developed a “nearly perpetual” sengstem powered by two series
connected 1 mAsolar cells and a Li thin-film battery with on-phinemory. The system
collected data, performed data processing, anddt@adings during a 7uXV active
state, and then entered a 550 pW sleep statendpime active state, non-retentive
SRAM and retentive SRAM were used, and in the sitafe only retentive RAM was
used with 3.3fW/bit standby-power [39], later reddd¢o 1.85 fW/bit ([40]. An 8 kbit
array of supply feedback SRAM (SF-SRAM) has regenden demonstrated with
standby power of 60 nW (or ~7.3 fW/bit), while re@dwrite 0, and write 1 operations
required 210 fJ, 380 fJ, and 350 mJ, respectivéhyese values were determined for a
400 mV supply, but cells were operational at vatags low as 250 mV [41].
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Nonvolatile FeERAM integrated with CMOS appears ¢can appealing technology to
further reduce standby power for energy-harvesipylications [42], [43].

During periods of communication, the lens systermldde located near a reader,
which would provide additional power to communioatispecific circuitry necessary to
read and transmit stored data. Inductive cougieigveen an external loop antenna and
an on-lens antenna could provide power and exti@et in a manner similar to the

Sensimed Triggerfish®.

1.4 Solar power for continuous contact lens sensors

Providing power to an autonomous contact lensegyst intimate contact with
the eye, a sensitive organ, is a major challeri@garying a transceiver for RF or
inductive power would be cumbersome, while usitigaasceiver only occasionally
would negate the many benefits of continuous sgnsBatteries could be used, but
would either need to be recharged or implementesthigle-use systems. Ideally, the
system would harvest sufficient energy from theiremment. The many reports on
energy harvesting techniques for low power systeeesn to indicate that photovoltaic
generation is the most practical for this applma{i38], [44—47]. Some scavenging
methods are simply not possible for use with cdri@atses, such as generators operating
on ambient airflow, push buttons, or ambulatoryiomt Vibrational devices can
generate power in the low pW/émange, although these require some moving parts,
such as a magnet moving through a coil or a r@gineof mass that winds a spring.
Thermoelectric generators produce tens of p\i/tmt require a temperature difference
of several Kelvin that may not be available in tenagpe climates or office buildings.
Light is readily available and can provide aboud b®\/cnf outdoors and 100 pW/ém
in a normal office. Therefore the best optiongowering autonomous contact lens
sensing systems is using photovoltaics.

Indoor spectra are much different than that ofighil which has a significant
amount of ultraviolet and a somewhat smooth profilecandescent bulbs also have a
smooth profile, but with peak intensity shiftedhgrause of a lower temperature profile.

Fluorescent lighting usually has several large péalan irregular spectrum that gives
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the impression of white light. For example, adkrent light bulb might have large

peaks at 450 nm, 550 nm, and 600 nm. Indoorsgwsidolar cells could generate several
microwatts of power, assuming ~0.5available area (i.e. contact lens area minus that
of the pupil), ambient light of hundreds of pW/ci#4], and power conversion efficiency
of a few percent. In bright sunlight much more powould be available, even without
staring at the sun.

Research in a variety of fields is directed atexiely low power, fully-
functional, autonomous sensing systems poweredbgopoltaic devices. For example,
Smart Dust was developed to determine the fedsilofipacking sensing, computing,
and communication into devices on the order oftaccmillimeter for military uses,
animal or insect tracking, inventory control, amdguct quality monitoring. Systems
were comprised of batteries, solar cells, senshiage storage capacitors, readout and
transmission circuitry, and photodiodes for dateeption. In addition, active and passive
data transmission was described, the former wilser diode and beam steering mirror,
and the latter with a modulated corner reflector2001, a 63 mrhdevice was reported
[48], and more recently a 16 msolar-powered node was described capable of ~12%
power conversion efficiency and power output of m\/mnf and 1 uW/mrhin full
sunlight and bright indoor light, respectively [49]

Also, autonomous contact lens systems are condbpsirailar to computational
RFIDs (CRFIDs). CRFIDs communicate through bactteodag, but also perform
sensing, computation, and storage, and then tradsta instead of an identification
number. Normally, CRFIDs require continuous RF poWwom a nearby reader to
function, but recent focus has been directed towaaking such systems autonomous by
incorporating additional power sources. It hasbd@monstrated that solar energy
harvesting can allow for sensing, data storagejrmsréased RF read range [50-52].

Some amount of additional circuitry is necessargnvhsing solar cells as a
power source. The output voltage of silicon soklls ranges from a few tenths of a volt
to a maximum of about 0.7 volts under differenhtitevels. Stacking solar cells can
provide higher voltages, but for reliable operatioitage converters and regulators

would be necessary. It has been demonstratedpliatal conversion efficiency under
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different input voltage levels can be achieveduulgioreconfiguration of charge pump
circuits [53].

1.5 Summary

Autonomous contact lens sensors could be intedjrate continuous health
monitoring systems to provide data pertaining teearer’s health. Such devices would
require at least several uWs for sensors, readi@uiitty, and data storage, and
photovoltaic devices are a plausible means of mgehis need. Before discussing solar
cells, functional contact lens process developrfargingle pixels displays, including
improvements on lens substrate fabrication, compioinéegration, and molding
procedures, is covered in Chapter 2:. Chaptee&cribes solar cell theory, with
emphasis on the mechanisms related to solar askk#) as well as a review of relevant
solar cells. Finally, the design, simulation, &aldrication of solar cells to conform to
the shape of contact lenses is presented in Chépter
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Chapter 2: Contact lens process development

The major steps in active contact lens developraenas follows: 1)
microfabrication of substrates with antennas, efeadtinterconnects, sensor electrodes,
and component receptor sites, 2) assembly of ¢&remd optical components, 3) and

substrate molding.

2.1 Contact lens development overview

The substrate material for contact lenses wasnetjto be optically clear,
biocompatible, and thin. Also, because microfadiran on curved surfaces presents
many challenges, processing was performed on pla@der-shaped substrates
compatible with standard microfabrication equipmepoly(ethylene terephthalate)
(PET) was used because of good chemical resistdmaeal stability, transparency, and
also because of its previous use with flexible teteics [54-56]. Although not ideal
because of low oxygen permeability (diffusion cansD ~ 4 x 10~° cnf/s [57]), it was
sufficient to study the feasibility of creating sis1s on contact lenses.

The process used by Ho [7] was replicated and tatelified and improved as
necessary for different projects. The processldped by Ho anticipated a large number
of LED pixels on a contact lens, and therefore Ir@idges were incorporated to allow
for close packing of LEDs. Standard 100 mm wafexped discs with major and minor
flats were cut from 25.4 cm x 25.4 cm x @@ sheets of PET (Policrom, Inc.) using a
CO; laser cutter. After a standard solvent clean, @8204(MicroChem Corp.) photoresist
was spun and soft-baked at low temperature (65 @ontact alignment and exposure
was used with tank development in 4:1 deionizecewdd!):AZ400K (MicroChem
Corp.). An electron beam evaporated was usedgositea metal layer stack of
Cr/Ni/Au. This stack was used to provide good adthe an intermetallic when solder
coating, and high conductivity for interconnectsl good solder wettability. After metal
evaporation, wafers were placed in acetone foraqimately one hour and sonicated for
an additional thirty seconds to facilitate lift-ofSU-8 2 was used as an insulation layer

and for bridging, and then a second metal layerspaster deposited and removed using
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the same lift-off procedure. However, the sputigiprocess was performed in steps to
avoid substrate heating and warping. Next, SU-&@$ used to create component
receptor sites to restrict component movement duassembly and to protect exposed
metal.

It should be noted that lift-off on PET, particljausing positive resists with low
temperature bake steps, is not ideal for creatimgosh metal edges, as positive
photoresists usually have a positive sidewall.stoblem is compounded when using
sputter deposition as it normally is more conforthah evaporating. Additionally,
wafers underwent some amount of warping duringribéallization process which made
alignment difficult. Therefore, feature sizes wkept larger than 25 um, and masks
were designed so functionality could be maintawéd large and unavoidable alignment
errors at the wafer periphery (>10 um).

Assembly was based on methods presented by St&fithAfter fabricating
substrates with contacts and receptor sites, egpos¢al pads were coated with 47°C
In/Sn/Bi/Pd alloy using angled dip coating. Lownggerature indium-containing solders
are often incompatible with standard fluxes, whielve significantly higher activation
temperatures than those used during solderingo, Aldder fluxes often require special
cleaning procedures and can have complicated clrggmithat may or may not be toxic.
Therefore, ethylene glycol (EG) with hydrochlordd(HCI) was used in place of
standard fluxes to remove surface oxides and prmetting. Next, the solder coated
substrates were placed at an angle in slightlyi@eithylene glycol that was heated to
reflow the solder. Silicon transistors were flowmebr the substrate (~100x per binding
site) and self-assembled.

After assembly, planar structures were molded timoappropriate shape and
coated with parylene, a biocompatible and confome#ymer. The remainder of this
chapter is devoted to the methods, iterations vanidus improvements on the processes
described above, in chronological order from th& foperational molded structure and

ending with a wirelessly-powered single pixel I&mst was testenh vivo.
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2.2 System 1. Molded lens with red LEDs and dummy silian
components

PET was used as a flexible substrate for electspbiat to the authors knowledge
it had never been spherically molded with workiegyponents. Therefore, an initial
goal was to show that various components couldsberabled on a planar structure and
molded while maintaining electrical conductivitydsoomponent functionality.
Components chosen for this experiment were red L{@Bscribed in detail in [58]) and
small silicon chips with simple metal traces. @utrfrom test probes would travel along
the substrate interconnects, through solder coimmmscand into traces on the silicon
components, then back onto substrate interconaadtshrough assembled LEDs to

create bright red emission.

AAHNdide, sml-oigend

[] CriNi/Au

AR 4 B AZ4620 resist

Figure 2. Silicon dummy component fabrication procses. This process was used for
two types of dummy components, one with arbitrary netal lines and contact sizes,
and a second with specifically placed electrical atacts mirroring functional
integrated circuits.

Thin silicon components were fabricated using &@fers in the follow manner.
First, a negative lift-off resist (NRZ1000-PY, Fuiex) was patterned using contact
lithography (Figure 2, a). With a single coat apgropriate exposure dosing, this resist
displays a strong negative sidewall conducive By dift-off with clean, rectangular
metal cross sections. (However, high temperatake Isteps are also required, which is
the reason it was not used with PET.) A Cr/Ni/Aetah layer was deposited using
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electron beam evaporation (Figure 2, b), and at sto@tone soak and sonication removed
unwanted metal (Figure 2, c). Then AZ4620 wasepa#td to define component shapes,
in this case 500 x 500 um squares (Figure 2, &g Silicon device layer was etched to
the buried oxide using deep reactive ion etchingI@®) (Figure 2, ), and then chips

were released from the handle wafer in hydrofluadid (Figure 2, f). After release,

chips were rinsed, collected, and soaked in phsisirstripper at 90C. They were again
rinsed in deionized water and finally stored insglaials for later use. PET substrate
fabrication (the bulk of the contact lens) was he@entical that described above by Ho,
except that the second metallization was a siraglerlof chromium used to keep solder
from wetting test pads.

To assemble red AlGaAs LEDs and silicon dummy ghdppseudo self-assembly
process was used; components were placed in receplls manually, but accurate
alignment was provided by capillary forces of thelten solder. First, the 47 °C solder
was immersed in EG in a 100 mL beaker, and heatedlmtplate set to 225 °C. The
solder would take about 20 minutes to fully meltridg which time, a solution of 25 mL
of EG and 1QuL of HCI was prepared in a petri dish and set défedint hotplate under a
stereo microscope. When the solder fully melt@dl6 of HCI was added to remove
any surface oxidation that had formed on the soltiamediately after adding the acid,
the beaker was carefully lifted off the hot platel gartially lowered into an ultrasonic
bath. Immediately, so as to not allow significaobling, the contact lens substrate was
dipped at an angle, removed quickly, and placeterpreviously prepared petri dish.

Silicon dummy chips and micro-LEDs were placedtmcontact lens in
corresponding SU-8 25 wells using a glass pipeltdewiewed through the stereo
microscope. The petri dish was heated to melsthder, at which time components self-
aligned and were electrically and mechanically eated to the substrate metal traces.
The petri dish was removed from the hot plate ayxprately thirty seconds after chip
alignment. After cooling for five minutes, contdehses were removed from the EG

solution, soaked in isopropyl alcohol (IPA), rinseith IPA, and dried with nitrogen.
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Figure 3. Assembled components. a) Assembled re@&D viewed from above (top)
and through the transparent substrate (bottom). b)Assembled silicon dummy
component viewed from above (top) and through thednsparent substrate
(bottom). Solder can be seen extending along theates of the silicon chip.

Next, a hemispherical aluminum mold was used (radi.1 mm convex and
7.225 concave, to account for the lens thickneseptain a curvature appropriate for
New Zealand White Rabbits. Essentially, the salstwas a bilayer polymer structure
with 100 um of PET underneath 25 um of SU-8, eaith afferent glass transition
temperatures. The glass transition temperatuREdTis dependent on manufacturing
and previous thermal treatments. The temperatushigh SU-8 flows is also dependent
on processing (i.e. UV exposure, baking time antptrature, etc. [59]). Therefore,
molding was carried out from 150 °C to 220 °C tpeiwally determine the best
operating temperature. At temperatures below C8@He structure would either wrinkle
badly or it would not hold its shape when remowvedfthe mold. At 190 °C and 200 °C,
molding produced smooth surfaces that retained #tieicture, provided the lens was
allowed to cool sufficiently (<80 °C) before beiregnoved from the mold. If the

structure was removed prematurely, it would flag@mificantly. At 210 °C, and even
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more so at 220 °C, the SU-8 layer seemed to flahtake on the micro-scale
imperfections of the mold. All further molding BET/SU-8 structures was performed at
200 °C.

Lastly, a layer of parylene-C (~10n, Specialty Coating Systems, PDS 2010
Labcoater® 2) was conformally deposited over th&act lens for biocompatibility and
mechanical strength. The contacts lenses weriézsdrin ethanol for 10 minutes and
stored in a saline solution prior to testing omaads. To test the fit, parylene coated
lenses were placed on New Zealand White Rabbitsruyeheral anesthesia in the
University of Washington vivariumln vivo studies were performed according to the
guidelines of the National Institutes of Health érse of laboratory animals, and with the
approval of the Institute of Animal Care and Userdttee of the University of
Washington (Protocol # UW4139-01). Female New ZealWhite Rabbits (mean wit.
2.5kg) underwent general anesthesia with 5% indoaif isoflurane and oxygen, which
were maintained at 2% during the studies. Artditears were applied frequently to
insure hydration. Prototype contact lenses weléfitted to the rabbit ocular surface

(Figure 4d), but moved around on the eye signifigan
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Figure 4. System 1 results. a) Planar device witthtee LEDs and two dummy silicon
components. b) Molded structure. c) System 1 tesyy. LEDs could be tested
directly or by passing current through one or two dimmy silicon chips, depending
on which test pads were probed. d) Molded and palgne coated device on
anesthetized rabbit.

2.3 System 2: Single red pixel and wire-bonded integrad circuit

The first fully functional powered devices compdsmetal loop antennas,
interconnects, custom integrated circuits, andlsingd AlGaAs LEDs. An external
transmitter sent RF radiation at ~1 GHz that wdected by the on lens loop antenna
and fed into a small, custom integrated circuits@-f¢tm x 480 pum) for the purposed of
rectification, voltage multiplication, and LED dutycling.

For fabrication of the substrate, a single metgét process with two SU-8 layers
was used (Figure 13, Process 1). However, beaduSElz transmission and the skin
depth of Au at those frequencies, it was determthatia thicker Au layer would
improve the antenna performance. Therefore, Acktigss in the metal stack was
increased to 1 um from the previous thickness 6fris. Additionally, during this
fabrication sequence it was discovered that a gixygen plasma step directly before
evaporation significantly increased metal adhesiathe PET, allowing for long



20

ultrasonic agitation to remove unwanted metal. eBtlise, large vertical Au spikes on
the edges of metal lines of approximately the pfesist height were unavoidable, but
expected because of the suboptimal low tempergtosgtive resist lift-off process.
However, with increased adhesion, longer ultrasagitation could be used to minimize
this problem. Therefore, just prior to metal evapion, wafers were plasma cleaned in a
Branson barrel etcher for 3 min at 300 W.

Although LED assembly was identical to that pregigudescribed (i.e. manual
placement and subsequent heating in a petri disd)solder coating process was altered
significantly. First, because of health concenmd the trend away from lead-containing
solders, a lead-free solder (Indium Corp., Indall®y In/Sn/Bi) with a slightly higher
eutectic temperature of 60 °C was used in platkeof7 °C alloy. Additionally, the
dipping procedure was altered because manual djppiroduced significant and
unavoidable variability: difficulty in controllingolder temperature, dip angle, dip speed,
and energy transferred to the beaker becauserafistawaves in the ultrasonic bath, for
example. In response to these problems and thengngoor reliability (see Figure 5),
an apparatus to more systematically control thpidgpwas designed, consisting of a

linear actuator, ultrasonic agitator, beaker hqldaed tweezer holder (see Figure 6).
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Figure 5. Examples of poor solder coating. Solderating was very unreliable
using manual methods because of difficultly contrdihg any of the variables
affecting the coat, such as temperature, dip timeemoval speed, etc. a) Poorly
coated LED assembly sites. b) Poorly coated dumnsylicon assembly sites.

After failing to hold the solder beaker partiatlyspended in the ultrasonic bath
with a coil of wire and later a U-bracket, a pieéé/.” plastic was laser cut in the shape
of the sonicator lid with a hole slightly largeaththe beaker diameter removed from its
center. This method ensured that the solder beewkein exactly the same position
every time, and allowed for more dips because themtemperature was maintained for
a longer duration. Otherwise, the ultrasonic bsé to the maximum (69 °C), would
only maintain a water temperature of 47 °C, coolimgsolder quickly and eliminating
the possibility of performing many experiments with refilling the hot water. The
linear actuator was later attached to a lockingitnat could be adjusted in increments

of ten degrees.



22

Linear actuator

U-bolt beaker holder

L-bracket to hold tweezers

Solder beaker

Ultrasonic bath
- |_id with beaker holder
4 Hot plate
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Figure 6. Solder dipping setup. a) Initial setuvith a U-bracket to hold the solder
beaker, that was later replaced by a custom lid wit a hole cut for a 100 mL beaker
(b). c) Entire setup, showing dipping assembly, trasonic bath and beaker holder,

and hotplate to melt solder. Later the linear actator was mounted to a locking
hinge adjustable in ten degree increments.

Using this dip setup, solder coating of Au ciradesPET and Au circles
surrounded by Cr were tested extensively with spéemplates. Each test template had
100 circles, with sizes ranging from 10 to 100 phemplates were dipped vertically and
at ten and twenty degrees from vertical. Remaopakds were 366.2, 732.4, 1098.6, and
1464.8 um/s. These seemingly random linear spemdssponded to integer values used
in the scripting language for rotational speede &hsolute coverage for 32 different dips
(3200 circles) was measured, and it was deterntmagidoad sizes down to 60 um could
be coated with near 100% coverage using this dippiathod. Also, the average height
for solder bumps was measured using an opticailpnaéter for a single test template,
dipped at ten degrees (Table 1).
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Table 1. Solder bump heights for coating Au circles

Approximate Height [um]

Pad size [um]| 100 90 80 70 60 50 40 30 20 10

Pad #1 253|229 | 214 ( 209 | 178 | 156 | 13.4 | 10.8 | 9.4 6.9
Pad #2 26.2 | 239 | 209 ( 20.1 | 188 | 156 | 13.2 | 10.6 | 4.4 1.8
Pad #3 24.3 | 235 21 18.7 | 183 | 153 | 13.3 | 11.2 | 6.8 6.4
Pad #4 26 22.6 | 22.6 19 16.9 15 135 | 105 | 91 2.4
Pad #5 264 | 222 | 216 | 198 | 184 | 156 | 13.7 | 104 | 7.9 15
Pad #6 26.1 | 195 | 21.1 | 19.6 18 149 | 13.7 | 11.8 | 6.2 2.9
Pad #7 253 | 21.7 | 21.2 | 19.7 | 182 | 159 | 126 | 109 | 9.2 6.6
Pad #8 261 | 235 | 21.2 ( 20.2 | 178 | 153 | 136 | 11.4 | 9.4 6.6
Pad #9 26.1 23 20 19.8 | 18.8 15 12.9 11 9.1 6.3
Pad #10 26.2 | 25.3 21 20.1 | 185 | 153 | 124 | 109 | 95 6.7
Average [um] | 25.8 [ 22.81| 21.2 | 19.79| 18.15] 15.35] 13.23] 10.95| 8.1 | 4.81

Although red LED assembly was exactly the santeefsre, the process to attach
the custom IC was altered. Contact pads on therwukCs were aluminum, which could
not be directly coated with low temperature soldEnerefore, the LED was assembled
first and then the substrate was molded. FinhllylC was epoxied in place pad-side-up
on the molded lens and wire-bonded to the substiEtées device was operational, but
the reliability and efficiency were poor, in pagdause of the exposed wire bonds the

bond wire inductance.
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Figure 7. System 2 results. a) Assembled AlGaAs [CE b) Wire-bonded custom IC.
c) First, a planar device was assembled and poweredth a dipole antenna (d). e)
Later a device was molded and tested in the same m#er (f). The LED can be seen
lit in the center of the contact lens in (d) and {f

2.4 System 3: Electroplated antenna and flip-chipped IC

Although there were several intermediate systeitts layout changes, the next
major developments were the addition of a thicktetglated gold layer to the substrate
fabrication process, and the exchange of red LEDsbre efficient blue InGaN LEDs
(described in [60], [61]). Also, to address praobdeassociated with bond wires, a flip-
chip method was employed to remove bond wire irehux, decrease contact resistance,
and improve yield after molding.

Although 1 um Au lift-off was possible, it was rideal because of poor Au cross
sections, the long evaporation time required, asd bf Au to the chamber. Therefore,
the next progression in the substrate processheaaddition of an electroplated Au layer
to further increase the antenna thickness, dectbhasesistance and improve efficiency
(Figure 13, Process 2). Initially, a Cr/Ni/Au sdager was deposited over the whole
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wafer, then the antenna and interconnects werér@ptated, and finally the seed layer

was etched. However, catastrophic adhesion faia®observed after even a very short
Cr etch (Figure 8).

Figure 8. Catastrophic adhesion failure after a shi Cr etch observed during the
first attempts at creating electroplated metal antanas. a) Slight nickel undercut
and significant Cr undercut was observed, resultingnost likely from a combination
of poor Cr/PET adhesion and stress in the plated dg. b) Poor adhesion resulting
in an electrode peeling off of the substrate.

To solve this problem, a single metal layer cosipg all the necessary electrical
interconnects and an antenna that was slightlylesmalwidth than the final antenna
were deposited. Then, SU-8 2 was deposited, feitblay a thin (~40 nm) seed layer of
Au across the entire wafer. The electron beamaaipn system, using a rotating
planetary that changed the substrate angle cotiinpeovided for reasonable sidewall
coverage necessary for electrical connection dweSU-8 2 features during
electroplating. Then, AZ4620 was spun at slow d{&800 rpm) to pattern the final
dimensions of the antenna, and ~5 pm of Au wadrelglated using a pulsed process (1
ms on, 1 ms off) in a cyanide-based Pur-A-Gold® #dfnulation (Enthone-OMI Inc.).
Then the seed layer, this time only Au, was etchesljlting in thinner interconnects
(~400 nm) and a thick (~5 pm) antenna. The intameot Au layer thickness was
significantly larger (~400 nm) than the seed lay&0 nm) to ensure that seed layer
etching would not remove all the Au. This substfabrication process, described in
detail in Appendix A:, was used in [9], [10].
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After completing microfabrication, the G@aser cutter used to cut out individual
contacts would generally leave rough edges. Tomme this effect, laser cutter
parameters were optimized and 5 pm grit aluminuideogandpaper was used to polish
the edges. The sanding process was done pritiigaod LED assembly to avoid
damaging or dislodging components and also bedagseerated some amount of dust-

like polymer that required removal with a solvelsamn.

Figure 9. Magnified view of a contact lens edge r to (a) and after (b)
optimization of laser cutter parameters and polishig.

Instead of wire bonding, the integrated circuittfus system was flip-chipped
directly on the substrate in the manner previodslycribed to assemble dummy chips
and red LEDs. Prior to solder coating, the cussdimon IC aluminum pads (from
MOSIS) were electrolessly plated with Ni and Au (€¥.). Although this metallization
scheme worked successfully in previous work, thaddrd method of solder coating
only the substrate pads, placing the chip, andimgelhe solder did not produce any
operational devices. If pressure was applied vthersolder was molten, it would flow
across the pads and cause connections to shawolufion to this problem was to cover
the pads on the chip and the substrate separatelythen perform reflow in acidic EG in
the usual manner.

To cover the chip pads, manual angled dipping Wiéhsonicator and a pair of
small tweezers was attempted. Although soldenmgatas not reliable, when chip pads
coated adequately there was always good conndmtibveen chip and substrate. To

improve solder coating, the chip was held with & phtweezers and a glass pipette was
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used to flow molten solder over the chip. Thisp@mple procedure produced
outstanding results and high repeatability, andhxadly became the method of solder
coating the substrates. The final procedure flatesacoating substrates and ICs is
described below.

First, 60 °C solder was covered with 10 mL EG 08 mL beaker and heated.
In order provide more even heating (previously seMeeakers broke because of uneven
solder expansion), the 100 mL solder beaker wa=edlan a small evaporating dish filled
with water, and then both beakers were placedlwt@ate set to 225 °C (Figure 10a).
After the solder fully melted (Figure 10c), thetdiEG was carefully removed by pipette
(Figure 10d), and 10 mL of fresh EG was poured tivermolten solder. Then 60 pL of
HCl was added (Figure 10e), and molten solder waetted over the substrate and chip
(Figure 10f). Using this method, the solder woiddhain at the proper temperature (~95
°C) as long as the water level was kept sufficiehitjn. After some time, the solder
surface would again lose its luster, at which ttheeEG could be removed, replaced, and
refreshed with HCI. This process could be repemigefinitely.



maintained the solder and overlying ethylene glycat ~95°C. a) Solid solder in a
100 mL beaker, placed in a second beaker filled witwater. b) Partially melted
solder. c) Fully melted solder. d) After removingirty ethylene glycol. e) After
adding 10 mL of fresh ethylene glycol and 60 uL HCIf) Templates were coated
with solder by pipetting molten solder across a teplate. Here, three out of four
large Au pads were coated for easy visibility.

When molding devices that comprising flip-chippetkgrated circuits, the
concave side of the mold could not be used witheooting or breaking the integrated
circuits. This was because ICs were ~250 um tlaiok, the mold was designed so that
the gap between the bottom and top surfaces was iR allowing for the thick SU-8
as well. To solve this problem, a small hole waked through the center of the convex
mold and exited the side, which was connectedvacaum line to hold the lens in place.
Next, the convex mold and a metal ring were heatedotplate set to 200 °C. The
vacuum was pulled, and the contact lens was cehteréhe convex mold. The mold
was placed on an insulating surface, and the haging an inner diameter slightly less
than the contact lens, was used to slowly presshage the lens without disturbing the
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components. After cooling, the contact lens wasoneed from the mold, cleaned with

IPA, and dried with nitrogen.

Figure 11. Integrated circuit flip-chip results. 8@ Soldered chip (450 um x 480 pm in
area and 250 um thick). b) Assembled chip with et¢roplated antenna shown to the
left. Notice that the chip can be placed very clesto the antenna. c) Eight different
trials of flip-chipping with both the chip and the substrate soldered, showing
extremely good alignment to the substrate intercorects. After molding, the device
remained in place with accurate alignment, shown fsm the top in (d) and through
the substrate in (e).

For this device, wireless activation of an on-leE® was accomplished using

1.05 GHz transmission in free space. The tranantégnna was an SAS-571 double ridge
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guide horn antenna (A.H. Systems, 700 MHz — 18 Gelt)with a +25 dBm signal. The
contact lens was held using polymer tweezers aedted with the maximum directivity
facing the horn antenna. For a small loop antetireamaximum directivity and loop are
coplanar. Under these conditions, the LED washtigidit and visible to the naked eye at
~10 cm. In free space using a +35 dBm signall&#Ie could be activated at distances
of ~1.0 m, as measured from the horn antenna mouth.

Tests on a rabbit cadaver eye showed activatitneoEED at ~10 cm from the
horn antenna and +35 dBm input power, again at G85. However, when a saline film
was applied to the top of the lens, the frequemanged significantly (~1.05 GHz to
~1.8 GHz) and the operational range decreasedse&ahe LED brightly lit, a dipole
antenna was used at close range (~2.0 cm). Iise¢hip, the LED could be activated in a
larger frequency range (~0.8 to 2.0 GHz). Thedafgequency range and closer
operational distance suggests a more inductive [ir&ble 2 summarizes test conditions

and results.

Table 2. Summary system 3 of test results.

Test platform Transmit antenna Input power Frequency [GHz] Operating distance
Free space Horn +25 dBm 1.05 10 cm
Free space Horn +35 dBm 1.05 I m
Rabbit cadaver eye, Horn +35 dBm 1.05 10 cm

w/o saline film
Rabbit cadaver eye,

. e Horn +35 dBm 1.8 I cm
with saline film
Rabbit cadaver eye, Dipole +35 dBm ~08-20 2 em
with saline film
Live rabbit eye Dipole +35 dBm ~0.8-20 2 cm

Next, lenses were tested on a rabbit under geaeesthesia in the same manner
described previously (Figure 12b). The effectsve@iring the contact lens display were
tested using portable slit lamp biomicroscopy aachymetry. Additionally, topical
fluorescein was applied to the corneal surfaceguaidropper and the eye was visually
examined for corneal abrasions, thermal burns oread edemas as a resultiofvivo

testing. Such damage would result in corneal sarfaughness, causing the fluorescein
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to accumulate. A healthy corneal epithelial lag#er testing is displayed in Figure 12c,
showing no fluorescein streaks or cloudiness.

All active systems described above were poweredbyransmission. The
ICNIRP has a basic requirement for exposure ohttaal and trunk for the general public
of 2 Wkg* (up to 10 GHz), or a plane wave power density®¥\m? (2 — 300 GHz)

[62]. The IEEE Standard C95.1-2005 places expdimits at 2 Wkg' (100 kHz — 3
GHz) or 10 Wrif (2 GHz — 100 GHz) [63]. Research contained inlE standard and
a recent ICNIRP review [64] point toward thermahliguced cataracts as the primary
biological concern. RF transmission requires almettansmitter, and therefore is not

ideal for creating a system for continuous healtmioring.
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Figure 12. Wireless activation of a contact lens splay on a live rabbit. a)
Photograph of a completed contact lens system. he contact lens display was
placed on the eye of a live rabbit and powered by @dipole antenna, resulting in
bright blue emission from the on-lens pixel. The mero-LED indicator was activated
periodically and remainedin vivo for up to 40 minutes. c) Subsequent tests using
fluorescein showed no corneal epithelial damage.

Although the system could be powered in free sfi@ee ten centimeters,
operating distances on the rabbit eye were rediecte cm-range. Matching, interface,
and absorption losses were likely causes of thieddhoperational distance.

Improvements could be made by reducing matchingeland ensuring that power
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received by the contact lens was maximized atréguiency of best antenna-to-chip

matching.

2.5 Summary of process development

Process 1 Process 2 Process 3
[ —]
[ —
—
== |
—
PET = |
Evaporated Cr/Ni/Au
[ Su-82
[ Su-825
Electroplated Au I | — |_| | |_-—| |—|

3 Evaporated Ti/Pd/Pt

Figure 13. Evolution of substrate fabrication procsses.

The first contact lens substrate consisted of & feEplate with a single metal
layer and two SU-8 layers (Figure 13, ProcessSiljcon components and red LEDs
were assembled, then the device was molded, aallyfinwas coated with a
biocompatible polymer layer. Next, the antennaaiiickness was increased with an
electroplated Au layer, and soldering techniquesewwaproved so that ICs could be flip-
chipped (Figure 13, Process 2). The last majoitiaddo the substrate fabrication
process was to add another metal layer for enzgreatisor electrodes (Figure 13,
Process 3). Here, directly after the first Cr/Ni/fetallization, a second lift-off was
performed, but with a Ti/Pd/Pt stack. The Cr/NiMas deposited first, because the
electrical contact would be better than if Cr/Ni/vas placed atop oxidized Pt. This

process was used in [34].
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Chapter 3: Solar Cell Theory

The sun is a large fusion reactor, in which hydrogeconverted to helium while
releasing energy. The temperature of the surfatteecsun is about 5900 K, and its
emission is approximately that of a blackbody duthe ionization and broadening of
atomic spectral lines. Some light emitted by tive Bits Earth and is partially absorbed
by various gases (primarily oxygen, water, and @artioxide) before reaching planet
surface.

Solar cells are devices illuminated by light fradme sun to produce electrical
power. A primary distinction between a photodeieand solar cell is that the latter
generates power and is connected to an approjoadewhile the former is normally
kept under reverse bias and used to detect arabpignal. The majority of current solar
cell research is directed at decreasing the costatt to compete with traditional energy
sources. One main route is to reduce materiabdnstising less high-quality silicon or
using lower quality, cheaper silicon. Anotherasrmprove efficiency, but often this is
accomplished with an increase in processing contglexd cost.

Placing solar cells on contact lenses presentsrdiit challenges. Here, the total
output power is of concern, as well as how welldbeices conform to a contact lens,
while cost and complexity are not necessarily migotors. Contact lenses are typically
made from organic polymers, so it might seem |dgizaise organic solar cells.
However, they are typically made using compounds @ne not biocompatible and have
low efficiency [65]. Therefore, silicon solar celvere determined to be the most

practical for contact lenses.

3.1 PN diode

To understand silicon solar cells, it is necessafyrst understand silicon pn
junctions. This topic is covered thoroughly in ssanductor physics textbooks.
Derivations shown in [66], [67], and [68] were udedthe following sections. When a p
doped region is in intimate contact with an n dopeglon, electrons from the n region
will diffuse into the p region, leaving behind pgly charged, stationary atoms.
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Similarly, holes from the p region will diffuse the n region, leaving behind stationary
negatively charged atoms. These stationary chargese an electric field that opposes
additional diffusion, and eventually an equilibriwmndition is reached in which the
electric field formed exactly counters diffusiomhe area containing fixed charges and a
strong electric field is called a space chargeamgibecause of the fixed charges) or a
depletion region (because mobile carriers are hgadiept out).

At equilibrium with no external connections, theiireenergy level of the device is
flat. However, because the Fermi level of the ¢ mmegions are different in relation to
the vacuum level, the valence and conduction bbedd through the space charge
region to maintain equilibrium. Thus, the amouiband bending, or the built-in voltage
Vpi, IS determined by difference between the p andnngic Fermi levels and the

intrinsic semiconductor Fermi level, which are givey
KT /N4
¢l = —In (n—i).and 3.1

KT (N,
|brp| =—1In (n—) 3.2

wherek is Boltzmann’s constant, is temperatureg is the elementary charge, is the
intrinsic carrier concentratioé; andN, are the donor and acceptor concentrations, and

¢rn andep, represent the potential difference between thensit Fermi levels and the

intrinsic semiconductor level. Therefore, the tb@nd banding sz, | + (¢,
Vyi = Vi In (N“—Izvd> 3.3
n;
whereV, is the thermal voltagkT /e. This function relates the device built-in vokstp
the device doping concentrations and allows deteatian of the relative concentrations
of carriers across the junction. Assuming compdeteptor ionization and using the
Law of Mass Action, expressions for the equilibrisoncentration of majority carrier
holes on the p sidey,), as well as the minority carrier holes on thede $,,,) are
given by
2

Ppo = Na and Pno = N_;
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By substituting these into equation 3.3, an expoess found for the minority carrier
concentration (equilibrium hole concentration oa thsidep,,,) in terms of the built-in
voltage and the majority carrier hole concentra{eouilibrium hole concentration on the
p sidepy):

Pno = Ppo €Xp <_TV:”) 3.4
Under forward bias, a positive potential is appliedhe p side with respect to the n side,
and the minority carrier hole concentration ateldge of the n-type space charge region
is

—(Vpi — Vo) Va
Pn = Ppo €XP (T) = Pno €XP (Vt) 3.5
A similar treatment can be used to determine theority carrier electron

concentration on the p side. Therefore, at the edghe space charge region, the
minority carrier concentrations are much largenttieeir equilibrium values, resulting in
diffusion and recombination processes that createay state current. The current
arising from diffusion of minority carrier holes ithe n-type region can be derived using
the one dimensional continuity equation for holes,

5 o) 9P |, Spa _ 9(6pa)
PToxz M Tox I T T Tar 3.6

which contains terms for diffusion, drift, genecatj and recombinationD,, is the
diffusion coefficient for holesy,, is hole mobility,E is the electric fieldg’ is excess
carrier generation rate,, is the hole lifetime, andp,, represents the excess hole
concentration (i.e. the number of carriers aboeeghiermal equilibrium value @f,;). If

it is assumed that there is no electric field aregation outside the depletion region, this
eqguation can be simplified to

02(8pn) _ Opn
dx? D,y

=0. 3.7

Equation 3.7 can be solved with the following deb@undary conditions:

Va
Pn(Xn) = Pno €Xp (Vt) and 3.8

pn(x =Xp + Wn) = Pno> 3.9
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wherex,, is the edge of the depletion region on the n ait#//, is the width of the
neutral region on the n side. f,7,,, = L3, whereL, is the hole diffusion length, the

general solution Equation 3.7 is

B v, sinh[(x, + W, — x)/L,]
5pn(X) = Pno [eXp (E) - ] Sinh(W, /L) - 3.10

This result can be simplified significantly by exaing the relationship between hole
diffusion length and width of the n-type neutragien. If W,, > L, the generalized

solution in equation 3.10 reduces to

V, Xn — X
6pn (%) = Pno [exp <7a) — 1] exp( nL > 3.11
t P

This indicates that the concentration gradient wfamity carrier holes on the n side
decays exponentially to zeroas»> co. The standard equation for hole current density i

d(8pn(x))
dx '

and substituting 3.11 into 3.12 gives the holeentrdensity from a forward biased pn

]p(xn) = _EDp 3.12

junction

erO V,
o) = =122 ewn (57) - 1) .13
) t

In summary, lowering the built in potential wittpasitive applied voltage first
causes holes from the p side to be injected irgothide. This produces an excess of
minority carrier holes, a concentration gradient a resulting diffusion current. The
excess holes recombine with the majority carriectebns on the n side and a constant
current is produced within the device. An analagderivation can be made for the

diffusion current arising from the minority carrielectrons in the p region:

eD.n V
=) = =2 e (57) -1
n t

Note that for positive applied voltage, the curréensitieg,, and/,, both increase

in the positivex direction ad/, increases. In steady state, the current dersibyigh the
device is constant, so that the hole and electworents at any location can be added to
find the total current. If the electron and halerents are continuous and constant

through the space charge region, it is convengédetermine the total current by adding



38

the values derived above in 3.13 and 3.14. Fomei&] = J,(x,) + J,(—x,) where it
is assumed thaf, (x,) = J,(—xp);

eD,p eD,n V. |74
_ pno n'tpo a _ a
1= [ e e oo ) - 1] <o oo () -1 s

where/s_;ong IS the saturation current in the long diode appnation. The same ideal

current relationship can be derived if Equationi8.3olved with the boundary condition
pn(x —» ) = p,,, instead of using equation 3.9.

In reality, the excess minority carrier decay ienfnot exponential because the
neutral regions are not longer than the diffusemgth. This can be true for solar cells
with heavily doped front side emitters, or in satalls with total thicknesses that are thin
compared to the diffusion length. In this caserant density can be computed by setting
L, > W,. Using this assumption, the hyperbolic sine temequation 3.10 are

approximated by their arguments:

nh Wy Wy d

sin L, =~ L, ,an 3.16
,hxn+Wn—x Xp + W, —x

Sin Lp = Lp . 3.17

Deriving the current density using the one dimemsialiffusion equation then results in

eDpPno Va
I, (xp) = —2 [ex <—) — 1].
p\rn Wn P Vt 3.18

If it is assumed that the junction is short on bgitles, as is the case for some thin film

solar cells, the current density is

eD,pno  eDpnyo V, V.
1= B 2o exp (1) = 1] = scser oo () - 1] 3.1

In this case, becaugg > W, andL, > W, the reverse saturation current can be much

higher than in an equivalently doped long diode.

3.2 PN diode under illumination

A semiconductor can produce charge carriers utidemination if, in the simplest
case, the energy of incident photons is greater tifiat of the semiconductor band gap.
For silicon €, ~ 1.12 eV at room temperature), an electron hole pairbeaoreated

from photons of about 1100 nm and less. In dibacid gap semiconductors, the
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absorption of photons with energy above the bampdgaery high. However, the
absorption edge is less sharp for indirect semigotwas because the conduction band
minimum and the valence band maximum do not hagea&ime crystal momentum. This
means that silicon absorption is a strong funatibwavelength; high energy photons
near UV or violet absorb very near the surfacéhefdilicon, whereas red and near
infrared light can penetrate significantly. Foaeyle, the absorption length, defined as
the depth at which the incident intensity drop$ te of its initial value, is about 10 nm
for 400 nm light, and it is over 1 um for 800 nighii [69].

If a long pn junction is illuminated by a near gufed light near the band edge, say
1050 nm, the electron-hole generation can be appedgd as a constant throughout the
device because of the low absorption. Equatiorc&bagain be solved to find a solution
for illuminated junction characteristics, still assing no field in the neutral regions but
taking into account the generation term,

02(6pn)  6pn
- — +
d0x DyTpo

g9 =0. 3.20

The solution to equation 3.20, and the analog praldbr electrons on the p side, are

eD % Xp — X Xp — X
Jp(x) = pPno [exp (—a) - 1] exp [ = —eg'L,exp(— and 321
L, 7 L, L, :

eD,n V. X, +x X, +x
Ju(x) = n—po[exp (—a> - 1] exp( £ ) —eg'L, exp( £ ) 3.22
Ln Vt Ln Ln ’

In addition, because the generation is uniformughmut the device, there must be a
current contribution from carriers generated witthia depletion region. Because of the
large electric field in the depletion region, i thimplest case it is assumed that all the
carriers generated are swept out and contributeettotal current

Jw =eg'Wy, 3.23
where

2¢&5i€9 N, + Ny
Wy = x, + %, =J —— Ui = Va) = N 3.24
a

So the illuminated current response in an ideal ldiode is
Va

J= ]S—long [exp (Vt) - 1] - eg’(Ln + Lp + Wd);
3.25
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] = Js-tong | ex0 (%) 1] -

What this implies is that, for a uniform generatiora long diode, the generation
current/; flows opposite of current induced by a positivéeexal voltagéd/,, and also
that it is independent @f,. Any carriers generated in the depletion regarwyithin a
diffusion length of it, contribute to this curreni other words, the normal dark current
curve for a long diode is moved downward by a camistalue when additional carriers
are generated evenly throughout the device. Tbs shicuit current density can be
easily determined from equation 3.25 by setijpdp zero:

Jsc = —JL- 3.26
The cell open circuit voltag&,,., can be found by setting= 0 in equation 3.25 and

solving forV,:

Voc =V, ln[ - 1]. 3.27
S—long

The power conversion efficiency of a cell is defiress the maximum output
power of the cell over the total optical input pew€ell output power i§1, SO max
output power can be found by determining the ve@tagwhich maximum power occurs
with

= (V (Js-tong [ex (%) -1 —h))/dV ~ 0,

Vm Vm IL
1+—>ex <—)=1+ ) 3.28
( Vt P Vt IS—long

wherel,, is the voltage corresponding to maximum power wutd he corresponding
maximum current is found by substitutiifg into equation 3.25. Note thats current
density expressed in amperes/area,lgnid not actually power but rather has the units
watts/area. However, illumination is usually givenntensity, and therefore efficiency
will indeed be unitless. Itis common to definbaééncyn using a fill factorFF in the

following manner

Vil
FF = :
Voclse 3.29
_ FF - Voclsc
n= : 3.30

Popt



41

3.3 Solar cells

Operating characteristics for the most common itrésolar cells, with an™n
emitter and fbase, can be calculated reasonably well using trallynethods. Cell
structures with a strong 2D and 3D dependence are difficult to describe. In the
derivations above, effects from recombination i deepletion region, resistive losses,
and many other important parameters were not irclud-or example, in real solar cells,
effects from non-uniform generation and bulk andasie recombination drastically
change device characteristics, and can also makergeanalytical solutions more
difficult. Solar cell losses can be broken int@tgeneral categories: intrinsic and
extrinsic. Intrinsic losses are those that arevaitble due to fundamental physical

laws, and extrinsic losses are those that propggdean mitigate or eliminate.

3.3.1 Intrinsic losses

In 1961, Shockley and Queisser presented thetliestry for maximum solar cell
efficiency using the detailed balance limit. Poagly, conversion efficiencies were
determined using empirical values. First, an fodtte efficiency” was calculated using
Planck’s Law for black-body radiation and assunthmgt every photon above the energy
gap produces a single electron hole pair. NeXar sell steady state current-voltage
relationships were derived by equating rates otglgenerated electron-hole (EH) pairs,
cell radiative recombination, non-radiative generaand recombination, and EH pair
removal by the cell pn junction. It was also men&d that recombination centers from
imperfections and impurities could be the primaayse of recombination in
semiconductors [70].

Hirst and Ekins-daukes recently discussed fivansit losses for single band gap
solar cells: below gap loss, thermalisation lossission loss, Carnot loss, and Boltzmann
loss. Below band gap loss refers to losses tieg Aecause incident photons do not
possess sufficient energy to excite and electrde-pair, for example photons with
wavelengths larger than ~1100 nm impinging upanasil solar cells. Thermalisation
loss occurs because electrons excited into theuobioth band with energies greater than

the band gap will quickly lose excess energy aslbetron relaxes to the conduction
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band edge. Emission loss occurs because solartibethselves act as black bodies, and
must emit some radiation. Carnot loss resultsvaleage drop because of thermal
processes. Boltzmann loss occurs because of gritrogases when the absorption and

emission angles differ. Analytical expressionsdach loss were also given [71].

3.3.2 Optical losses

Optical losses are primarily the result of reflentand transmission, and are a
strong factor of device geometry and design. Raéla losses occur because of a
mismatch in index of refraction as light hits aasatell. For normally incident

illumination from one medium onto another, theeefion is given as:

ny —ny|?

T, 3.31

For example, reflection of 550 nm light off an ailicon interface #,;, =
1,ng; = 4.1) is about 37%. Typically, solar cells are des@ynéth an anti-reflection

(AR) coating that is comprised of a either a sirglenultiple dielectric coatings. The

reflection from a single layer AR coating on silicis given by:
_ 1 (air — n51)?(cos ) + (airnsi — ni)?(sin §)?
n{ (Mair + nsi)?(cos $)? + (Ngirns; + n7)*(sin ¢)?

¢ = (2711) nt 3.33

wheren, is the index of the dielectric coating agds the phase accumulated in a trip

3.32

through the dielectric thickness A single layer dielectric AR coating cannot lefpct
for the entire spectrum, so it is normally optingiZer the peak intensity of incoming
AML1.5 spectrum (~550 nm). Additionally, surfac&tteing can reduce reflection and
has been used extensively. The standard PER destribed in detail in 3.6.1)
employed inverted pyramids with a double layer-agfiection coating [72]. A similar
cell was created using random pyramids, achievi¥ 2fficiency on Cz grown silicon
[73].

There have also been more exotic methods for A®®liar cells. Zhao developed
a 19.8% efficient multi-crystalline solar cell bging a hexagonally symmetric, isotropic
etch to create a honeycomb-like structure for eaftection. Although inverted pyramids

trap light better, the fabrication method to pragluverted pyramids requires anisotropic
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wet etching that cannot be achieved in the randametsire of multi-crystalline wafers
[74]. More recently, solar cells have been creatgd nanodome structures to reduce
reflection and enhance absorption on very thinrsms. These cells absorbed 94% of
light ranging from 400-800 nm in a layer of only028m. Domes were formed by
packing SiQ nanoparticles onto a silicon substrate to useraask for reactive ion
etching. Solar cell layers (bottom Ag reflectasftom electron, active region, top
electrode) were grown on the resulting cones, itrgdhe nanodome structure [75].

Transmission loss occurs when photons with enei@gedo that of the band gap
are not absorbed by the crystal. This is of paldicinterest for thin solar cells, where the
absorption length for longer wavelength light istbe same order as the cell thickness.
Transmission loss can be minimized by using a tivater, but this requires high quality
silicon with high minority carrier lifetimes andffiision lengths that can significantly
increase cost. Alternatively, light trapping sclesngan increase the effective thickness
of the solar cell by forcing light to travel thrduthe thickness several times, thus
allowing the use of thinner, lower quality silicpf6—78].

Lastly, grid finger shadowing can also cause optass, but with careful design
this can be minimized while also keeping contasistance low, for example with the
use of buried contacts. Here, the cell top surfaggooved mechanically or with a laser
to create deep trenches in the silicon that arelyhdjffused and electrolessly plated [79].
Also grid finger shading can be entirely avoidedusing back contact solar cells,
described in 3.6.3.

3.3.3 Bulk recombination

Recombination through trap states was initiallyctiéed by Shockley and Read
[80], and also Hall in the early 1950s . Theaadtand empirical work showed that
recombination in semiconductors is largely dueap tevels within the semiconductor
band gap that arise from crystal defects (e.g.n@ea) or impurity elements. This
theory was developed by examining four processasctm take place involving a trap:

trap capture (1) and emission (2) of electrons ftbenconduction band, and trap capture
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(3) and emission (4) of holes from the valence baflde common expression for

recombinationJ is

_ (np —n})
[tp0(n + 1) + 7o (0 +p)] 3.34
where
, —(E. —Ep)
n' = N, exp (;c—Tt ,and
, —(E; — E,)
p' = N, exp <% .

For an extrinsic semiconductor in low level injectj the lifetime is inversely
proportional to the minority carrier capture cresstion and the density of traps. Thus,
for an n-type semiconductor the recombination v&rsely proportional to the minority
carrier hole lifetime. Recombination due to trapsses currents in real diodes to deviate
significantly from the ideal case in equations 3li&cause it allows for an additional
current path. That is, holes injected from thede-€an recombine with electrons
injected from the p-side in the space charge regidre contribution of current in the
space charge region was described by Sah in 19%71¢&ding to the common two-term
diode model:

] =Js: [exp( Ve ) — 1] +Js2 [exp< Ve ) - 1], 3.35

n,V; n,V;

whereJg; represents the ideal saturation current (for atsirdong approximation)s, is
included to account for recombination in the spatarge region, ana, and n, are
ideally 1 and 2, respectively. Recombination clay g role in reducing carrier
collection in the base, emitter, and depletionaegi In general, high recombination in
the bulk semiconductor will manifest as a low mityocarrier lifetimes, low minority

carrier diffusion lengths, and low current density.

3.3.4 Surface Recombination

The surface of a semiconductor can exhibit higlomgmnation because of the
abrupt break the periodicity of the crystal latticausing a large number of surface states
within the band gap. Reducing the surface recoatiain is an important factor

contributing to high efficiency in solar cells, aas a result the topic has been studied
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extensively [82]. An expression similar to thatoik recombination can be derived for
surface recombination; recombination at the surfeeefunction of the trap state
properties, capture cross sections, doping levdlseasurface, and injection level. In
general, there are two ways of reducing the recoatian at the surface: reduce the
number of trap states or reduce the number ofdaegers at the surface.

The first method to reduce the surface recombinatedocity is to remove the
number of trap states by growth or deposition ofederial that will remove dangling
bonds at the surface. The most common methoeiggé of the thermal oxide. Another
popular coating for passivation is PECVD giNDue to the processing gases used during
SiNy passivation, it contains a significant amount ydiegen that can diffuse into the
silicon and help to passivate surface and bulkaigf@nd increase minority carrier
lifetimes. SiN also has an index of refraction well-suited foti-a@flection coatings.

A more exotic means of surface passivation is \@enending. Depending on
the exposed orientation, <100> or <111> for exanglgle layers of atoms like
selenium can be deposited to remove and danglingsat the silicon surface. Unlike
SiO, and SiN, which are at least a few nanometers thick to ideadequate passivation,
this technique requires only a monolayer. Theeefitircan simultaneously reduce
surface recombination and contact resistance. Menyéhis requires extreme deposition
control, because more than a monolayer will intae@new dangling bonds and less will
leave the dangling silicon bonds exposed. Alse cilrrent deposition method
(molecular beam epitaxy) is too slow and expenfivéndustrial use [83].

Reducing the number of carriers at an interfacebeaaccomplished by
implementing a doping profile {p or n'n junction) to “reflect” minority carriers, or by
using the field-effect from a charged insulatonaatal-insulator. A doping profile used
in this way is typically referred to as a back aud field (BSF) or front surface field
(FSF).
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3.3.5 Resistive losses

As current flows in a solar cell and to a loagritounters resistance from the
metal bus lines, the metal-emitter contact, thettemithe base, and the base-metal
contact. Resistive losses decrease the fill famta@pen circuit voltage, and should
therefore be minimized. For standard solar ceil @ front surface grid, the metal line
thickness is very important. A wider (or thickemgtal reduces the trace resistance, but
also increases the shading loss. Additionallyviftth of the metal-semiconductor
contact is important, and thus there is a tradeefiiveen having high recombination for
ohmic contact, and reducing the unwanted minow@tyier recombination. The base
resistance for standard solar cells, especialtygblar cells, is normally negligible. For

example, a cell with base resistivity ofXtcm, thickness of 300 um, and area of 1 cm

would yield a resistanck = pl/A = 0.03 Q.

x=0 X = d/2
contact[ ] |_
emitter | 4 g — %—> — })

el [TTTTITTTTT
contact

Figure 14. Idealized current flow in a solar celused for calculation of emitter
resistance. Itis assumed that the current in thbase in homogeneous, so that the
current in the emitter increases linearly from thecenter to the emitter contact.

The emitter resistance is more complicated, #seisesistance of the base in an
interdigitated back junction back contact cell @ésed in section 3.6.3). In a standard
cell, the emitter resistance can be calculatednaisguthat current flowing into the
emitter from the base is homogeneous, and theréiatehe lateral current in the emitter
increases linearly from zero exactly between twad fingers ¢ = 0) toJ/2 at the finger
contactst = +d/2, see Figure 14). This means that the currentifigwnto the emitter

regions in terms of distance from the midline betwemitter contacts is
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1) =]Jlx, 3.36
wherel is the length of the emitter contact (i.e. lengtlthe emitter contact normal to the
cross section shown in Figure 14). Next, if theethresistance is defined as the average
resistivity over the junction depth the differehtiasistance of a strip of emitter parallel
with fingers is

R
dRemic = %dx- 3.37

The power loss in the in this thin strip is
R
dP = I(x)2dR = (]lx)2$dx. 3.38
Integrating from0 to d /2 gives the total power dissipated

3
3.39

which is power consumed from the resistance in dfalie emitter. Therefore, the

effective emitter resistance is the power dividgdhe maximum current squared

P Ryd
2= & 3.40

Imax

Rerr =

Intuition also would lead to the same conclustbat decreasing the sheet
resistance and the separation while increasintgetigth of the contacts would minimize
the emitter resistance. Goetzberger covers a lspactrum of losses and has many
effects parameterized for a standard solar celfydesith a highly doped front surface n-
type emitter and a low doped p-type base [67].nydne two diode model and lumped
resistances, a reasonable model for a solar aelbeastablished (Figure 15). Using this
model, the total solar cell current density becomes

J = Jsa [exp (P Rsertes) — 1] 4 i, [exp (Yo Ruertes) _ q| - Talsenies g, gy

nyVe naVe Rshunt

W

Rseries

Rshunt % Rload

Figure 15. Two-term circuit model of a real solar ell.
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3.4 Solar cells at low light intensity

Solar cells are typically characterized at AM1.5pactrum designed to simulate
light that has passed throughanmassl.5 times that of normal incidence light at the
equator (about 41.8 degrees from off the horizdihdwever, solar cells for a contact lens
must be able to produce power indoors, at muchrdigiet intensity with widely varying
spectra. In the simplified case of uniform gerneraaind a long, ideal diode, the effect of
light intensity on efficiency can be estimated gsaguations 3.25, 3.27, and 3.30. Short
circuit current is proportional to the generatiatet orl;, < g', Vy. « In(g") when
I, » Is_1ong (.. Whenly /Is_;,n4 > 1), and it is also reasonable to assume ghat
P,,:- Therefore, to first approximation without takiimo account the variations in fill

factor as a function of light intensity,
_ FF - Voclsc o« In(g") g’
Popt !

Although it is expected that the efficiency of dasaell will drop with decreasing

1 o In(Pope ). 3.42

optical intensity, there are many processing abddation considerations that can keep
this relationship from becoming more detrimentBhere has been limited research
dedicated specifically to solar cell operationregdiance levels on par with indoor
lighting, but design considerations can be gledrad what few research efforts exist.
In response to challenges designing Product Intiegihotovoltaics (PIPV),
Reich et al. measured 41 industrial mono- and rewyistalline solar cells at light levels
ranging from 3 to 1000 W/husing neutral density filters, and assessed tberacy of
several different modeling approaches intendedédipt the low light level performance
from standard PV data. Cell efficiencies at oneweare similar for all cells, but varied
widely at 3 W/M. For example, the relative difference in effigigrof two cells was 1%
at one sun, but increased to over 200% at the mminmtensity measured. After
comprehensive cell measurements, including onevedisured in a wider range (0.04 to
1000 W/nf), various models were examined to determine whiak most effective at
predicting low light level efficiency. They usedexdiode and two-diode models, where
the two diode model more accurately accounted ifterdnt losses in real solar cells.
Diodes with different ideality factors account thffusion-based recombination in the
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neutral regions (n = 1), and a second accountthéspace charge region diode (n = 2),
as discussed in section 3.3.3. In modeling thecefif series and shunt resistance, it was
determined that shunt resistance played a majeratdbw light levels, and should be
high (>10kOhm-crf) to keep efficiency as high as possible at lowtligvels. Although
many different commercial cells were tested, litles known or discussed about cell
fabrication or design (other than mono- or mulistalline). Theoretical explanations as
to why cells behaved better or worse at low lighvels were not included (aside from
shunt resistance), nor were any discussions offithirsolar cells due to more complex
physical phenomena such as voltage-dependent phicgat collection [84].

Randall and Jacot also measured several cellsegusities ranging from 0.1 to
1000 W/nf under AM1.5 and also under fluorescent tubes fteh® W/nf. Twenty-one
cells with areas less than 5 cm x 5 cm were medsimeluding crystalline,
polycrystalline, and amorphous silicon, GaAs, Cthie film, CIGS thin film, and GalnP
cells. Efficiency was modeled using an equatiarved from fill factor, short circuit
current as a function of intensity, and open cirealtage as a function of short and
saturation currents. Again, the role of shuntstasice at low light levels was
emphasized, suggesting a natural log relationstiywden shunt resistance and

efficiency.

3.5 N type silicon for solar cells

Solar cells are commonly made from Cz grown p-sifieon wafers. However,
these cells exhibit a characteristic decay in perémce under illumination. Schmidt et
al. used boron, gallium, and phosphorus dopedsilafers to determine the carrier
lifetimes during illumination and after annealinBoth cell surfaces were passivated with
PECVD silicon nitride, and lifetimes were measuusthg microwave-detected
photoconductance decay. Oxygen content was mehsaigg infrared absorption. In
the boron doped wafers, lifetimes degraded aftelanination time of tens of minutes,
with higher degradation for higher doping concetidres. This behavior was not
observed in the gallium or phosphorus doped wafArmodel was proposed in which
the light-induced degradation and recovery uporealimg results from the competing
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action of boron-oxygen defect centers and borobarapnes. Because of the
degradation, they proposed using n-type waferopmg with another group five
element to avoid boron-oxygen traps. In additlugher resistivity wafers or different
growth methods (e.g. without quartz crucible) woalsb alleviate this problem [85].

It has also been shown that n-type monocrystadiglar cells outperform p-type
cells at low light levels. Gong et al. examined kbw injection level limit of Shockley
Reed Hall recombination and concluded that thepe-tyinority carrier lifetimes are
impacted less by decreasing light levels becausenafler hole capture cross sections.
Deep and shallow defects were considered, andatlbalated minority carrier lifetimes
were higher for n-type cells. N and p-type cedlsricated using similar processing were
tested as a function of intensity, and the n-tyglis performed better. However, the cell
design, base dopant concentration, wafer growtthodetand cell thickness were not the
same for both experiments. For example, the naygifer was Cz grown, 625 um thick,
and 10 Ohm-cm, whereas the p-type wafer was FZu25hick, and 0.5 Ohm-cm [86].

3.6 Review of solar cells

The first report of silicon solar cells was pregehiby Chapin, Fuller, and Pearson
in their 1954 paper, “A new silicon p-n junctiongtbcell for converting solar radiation
into electrical power.” It discussed various chafies associated with increasing the
efficiency beyond the reported 6%, including undeabile losses, such as above and
below band gap losses, and avoidable losses lileetien, recombination, and resistance
[87]. Solar cell technology has since evolved brahched, and now there are crystalline
silicon cells of 25% efficiency, GaAs cells ovelR2&fficient, and even organic polymer
cells of over 8% [88].
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Figure 16. Best research cell efficiencies, compildy Lawrence Kazmerski,
National Renewable Energy Laboratory (NREL).

3.6.1 Standard high efficiency cells

The most common industrial structure for solarsckis a highly-doped, silicon

oxide passivated front side n-type emitter withiak (hundreds of um), lightly-doped p-

type base. The front side has a grid of metalamiaf and the backside is totally

metallized. This basic structure, albeit with mamgre fabrication steps and much more

complexity, is used in the highest efficiency silicsolar cells. Blakers and Green have

been the primary investigators of this cell typed &ave been increasing cell efficiency

steadily since the 1980s. A review of their pregrduring this time is useful in

determining the primary losses in real

solar catid how they can be minimized.

In 1981, Blakers and Green reported the metal-atstiNP junction (MINP) cell,

which is essentially the cell described

above, witlle under the emitter metal contacts

that is sufficiently thin to allow for tunnelingJnder AMO conditions the cell open

circuit voltage was 678 mV. This cell incorporatetight front surface n-type implant,

Al back contact with annealing to form a back sceféield, front surface metal fingers,
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and an evaporated SiO front surface anti-refleatmating. It had an estimated
efficiency of 16% under AM1.0 [89]. Three yeartelathey presented an 18% efficient
cell with an improved front surface metallizatiarn/Pd/electroplated Ag instead of Mg)
and a broadband double layer AR coating (MgF/Zn®)ch allowed for thinner front
side contacts and less optical loss from reflectiespectively. The importance of front
surface passivation for increase the open ciraltage was stressed, including reducing
recombination at the metal-semiconductor interfaceeducing its area and reducing the
recombination in the exposed regions by growinigirathermal oxide [90].

The next major improvement was made in 1984. Ge¢eh reported a 19.1%
efficient passivated emitter solar cell (PESC),threstead of having a thin oxide under
the metal contacts, reduced the contact area dinaiieside by employing localized
contacts. N contacts were made with Ti/Pd usieglfaligned process whereby the
same photoresist that was utilized for oxide efghias also used for lift-off. This led to
a series of passivated emitter cells, each witreasing efficiency. This included an
improved PERC (passivated emitter rear cell) witherted pyramid surface texturing
and an oxide passivated rear surface with locakoedacts. Although the metal
coverage was higher, the metal grids only contatttedolar cells on 0.5% of the top
surface, under which the silicon was heavily diédiso produce good ohmic contact and
low recombination. Because of the passivatedsedace, aluminum layer on the
opposite side acted as a good reflector for lomgarelength light that traveled through
the cell thickness [91]. This led to the passigamitter rear locally-diffused (PERL),
with 24% efficiency. Here, they employed localizezhvy boron doping under the back
contacts, which reduced minority carrier recomborgtallowed for closer contact
spacing, and thus reduced the lateral resistarteeeba contacts. They also were able to
use higher resistivity silicon, while still havingry good ohmic contacts [92]. Itis

worth noting that all of these cells were made gisioat zone wafers.
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3.6.2 Emitter wrap through

Another common solar cell class, the emitter whrapugh (EWT) cell, was
introduced in 1993 by Gee, Schubert, and Basdr@ag designed to eliminate the trade-
off between low grid resistance and low grid ogtloas, while maintaining the front
surface emitter for good collection efficiency.frAnt surface emitter is particularly
important when cell thickness is greater than difin length, because top side
illumination will generate most of the mobile charcarriers near the surface.
Fabrication and assembly complexity can be redbgadking out the requirement of
thin front contacts and front-to-back cell stringjimespectively. This design incorporates
through-wafer vias heavily doped to connect thatfsurface emitter to the emitter
contact on the back of the wafer. Interdigitatadkcontacts are required, but with less
restricted requirements on feature size than tortfgrid patterning. Typically the highly
doped vias are electrolessly plated with nickel tosh copper or silver. EWT cells can
also have a backside emitter, in what is calledubte-junction EWT cell, improving
collection efficiency [93].

Low fill factors have limited efficiency in EWT ds| but in 2010 Ulzhofer et al.
demonstrated that the losses were primarily dwuedombination in the base and could
therefore be minimized by careful selection of bageing [94]. Recently, Kiefer et al.
developed EWT cells on Cz grown n-type wafers wifitiencies up to 21.6%. Instead
of the common three diffusion process necessargntist high-efficiency cells (i.e. n
emitter diffusion, A emitter contact diffusion,"BSF and ohmic contact), they employed
only two diffusions, a phosphorus diffusion for B&#&d boron diffusion for the front,
via, and back regions of the emitter. All emitarfaces were passivated with an@¢
SiNk stack [95].

3.6.3 Back junction back contact

Another type of cell that has been used extensivetpncentrator applications,
and more recently in thin and small solar celle 36.4) is the back junction back
contact (BJBC) solar cell. As with the EWT cdllete are no front contacts, but in this

case the junction is only on the back side of théw This allows for increased cell
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packing density, and less optical reflection l@sg] in most cases lower emitter
resistance losses (as opposed to the standamdeié current flows long distances
laterally through the thin front side emitter). w®ver, the lack of collection at the front
surface means that the bulk minority carrier lifegimust be high and, especially, that the
front surface must be passivated very well [96].

Bock recently created a BJBC cell with using 150 thitk n-type Cz grown
silicon with an efficiency of 19%. The front sucéafeatured a SiNanti-reflection
coating (ARC) over a textured, moderately dopedegion that acted as a front surface
field to repel minority carrier holes. The backfaoe emitter was created by screen
printing aluminum, firing, and then removing excalsminum, the Al-Si eutectic, and 2-
3 um of the underlying silicon. The back surfa@swhen covered in SiNind laser
ablated in regions where the n-type contacts webetmade. After etching in KOH
through the blanket Al emitter, the n-contact regiovere heavily doped. All SiNvas
then removed, and a stack of 10 nm oxide and 7@iNpwas applied to all surfaces.
Lastly, 15 pm of aluminum was deposited and etébedontacts [97].

A similar cell was created using screen-printingdeery metallization. The front
surface was textured, doped, and coated with tHe8i@® and SiN. Instead of a
blanket Al emitter that is etched through as inghevious example, the localized emitter
and contact were created simultaneously by firisgraen printed Al aluminum paste in

a belt furnace [98].

3.6.4 Small area solar cells

Most solar cells are created for large scale paeeeration. However, for a
contact lens system, the cell requirements arefwigntly different because the area and
thickness of the cell must be constrained. Althoomny of these cells were created for
larger scale power applications, their fabricat®ing, and, in some cases, flexibility, are
useful to review before designing solar cells fontact lenses.

Bellew et al. developed solar cells on 50 pmailion-insulator (SOI) wafers
with isolation trenches etched to the buried oxigest, silicon wafers were implanted

with boron to create a’payer that eventually would be a back surfacelffer the solar
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cell. Then a thick thermal oxide was grown, and wafers were fusion bonded at
1100°C. The wafer with the payer was then ground and polished to a finakiméss of
50 um. Trenches were created with DRIE and webpsexyuently coated with a thin
LPCVD nitride and filled completely with intrinsidPCVD polysilicon. Next, three
implants created the p contact region, n emittgiore and n contact region, which were
driven in during a 1050°C oxidation/surface padswa The cells were connected in
arrays with an estimated 14.3% efficiency at AM[29).

Similarly, Ortega fabricated solar cells using S@fers, isolation trenches, and
arrays, but with device thicknesses of 5 and 10 piowever, standard SOl wafers were
used (i.e. without the BSF on the buried oxideg,emitter extended to all sides of the
cell except the backside, and trench etching wesraplished with TMAH. Presumably
the wafers were of <111> orientation. Cells hagharof 0.225 mfopen circuit
voltages between 620 and 660 mV, and were connettaties during microfabrication.
A module of 169 series connected cells (~0.42) @roduced 3.2 mW of power at 103V.
Relating experimental results to PC1D simulatidmsaged that the back surface
recombination of these cells (i.e. buried oxide Si@vice Si interface), had surface
recombination velocities between?khd 16 cm/s. Ten um cells outperformed the 5 pum
cells slightly (10.2% and 8.9%, respectively) [100]the examples presented above, the
cells remained on the handle wafer for mechaniedilgy, hence were not freestanding.

Yoon et al. developed arrays of micro solar cedimg crystalline silicon <111>
wafers using a transfer printing process and passfer metallization to connect cells
into arrays. They doped long and narrow cells, #tehed into the wafer somewhere
between 5 and 50 um, depending on the desirethoethess. The cells were
passivated, and anisotropic wet etching in KOH nezdaall but a small portion of the
silicon underneath the cells called anchors. Asteimeric stamp was used to break the
anchors and transfer the cells to a second, uttietvcurable polymer substrate. After
the stamping processing, cells were connectedanithal metallization. Although this
fabrication method was used to create cells obuarsizes, those that were 15 x 50 x
1550 uni had efficiencies of 7% at AM1.5 and 1000 V§/[h01].
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Knuesel and Jacobs designed and fabricated frelstpand self-assembled solar
cells from 20 um device thickness SOI wafers wittiths varying between 20 and 60
pm. Simple cells, made with one diffusion, oneatligation, a single silicon trench
etch, and buried oxide etch release, were designedrily to test a method of self-
assembly in which parts were connected to a subsitdahe interface between water,
silicone oil, and solder. After assembly, theselkre coated with SU-8, the SU-8 was
etched back to reveal the top contact, and thenskeewtal contact was evaporated. Thus
these cells required post-assembly processingetiearrays, because p and n contacts
were on opposing sides of the cell [102]. Alsthaligh a transparent conductive oxide
could have been used, the top contact was verygtilthwhich created a tradeoff
between low resistance and low optical loss.

Another example of released, small area, back coatdar cells are
Microsystems Enabled Photovoltaics (MEPV). Findtand g implants are performed,
followed by a deep silicon etch to define the agpmate cell shape (hexagonal, ~250
pm width) and thickness (~20 um). Then they passt/the silicon with a LPCVD
nitride, and opened holes for metal contact arekpmse the bottom of the trenches.
After depositing and patterning a tungsten layesytetched further into the trenches (~5
pm) to expose silicon for wet anisotropic etchingimanner similar to that describe
above in [101]. Here, however, the entire cell wesased (i.e. no anchors holding the
cells to the wafer). The primary purpose for drepthese was to reduce silicon use by
reusing a thick wafer several times using the sproeess. After release, the front
surface (previously etched in KOH) had to be padst to produce high efficiency.

They experimented with atomic layer deposited ahanior passivation (3 — 4%
efficiencies with forming gas anneal), and PECVIZan nitride with various
temperatures, ammonia-to-silane ratios, and RF psaténgs. Device assembly was not
discussed thoroughly, nor were any difficultie?lBCVD deposition on such miniscule
parts [103].

Presumably to confront the problem of PECVD on $pelts, they developed a
method to accomplish all high-temperature stepsenthe cells were still on the wafer.

Starting with a p-type SOI and a 1 um buried oxidmeycomb-shaped trenches were
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etched into the silicon, through the buried oxaled] then filled with polysilicon. Next,
chemical mechanical polishing exposed the top sarfand the device layer was etched
through again, exposing the buried oxide while kagghe tethers intact. HF was used
to etch the entirety of the buried oxide, leaviiligen hexagons attached with tethers.
Subsequent LPCVD nitride deposition showed thautiaerside of the hexagons was
sufficiently covered [104].

Other interesting types of small solar cells atséhmade from multi-crystalline
spherical silicon. Minemoto et al. created 1 minesal, multi-crystalline p-type
silicon spheres by forcing molten silicon througénaall aperture at the bottom of a
crucible and that crystallizes during a long frakk fThe resulting spheres were
uniformly doped with phosphorus to create an emsteicture. Then part of the cell was
ground to expose the p-region, contacts were appdied an antireflection coating was
deposited. Lastly, the spheres were mounted inreflgctors, with efficiencies up to
10% using the area defined by the cup aperture][18®nilar cells had been described
earlier [106].
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Chapter 4. Solar cells on contact lenses

There are two primary challenges for designinigail solar cells for use on
contact lenses. First, the solar cells must pewsidfficient power, as discussed in section
1.4. Total output power, not just efficiency ostas the primary concern. Second, solar
cells for contact lenses need to conform to a sphwith radius of 7.8 mm. This is
inherently more difficult than creating structufes cylindrical deformation, because
stretching occurs irrespective of the substratektiess. For example, a thin, planar sheet
of cellophane can easily conform to a cylinder hsas the roll it is normally dispensed
from. However, covering a basketball with the satneet requires that the cellophane
stretch. In summary, efficiency, ease of assemnibtg) area covered, and ability to
conform to a sphere must be taken into accounerelis a wealth of knowledge on how
to produce efficient solar cells and an increagimerest in creating flexible electronics.
The first approach capable of achieving these gedtsuse a multitude of rigid but very
small cells connected by flexible and malleablerobnnects. Another method is to
assemble one or two large, flexible cells.

One advantage of assembling many small solar isettgat adjusting the output
voltage and current can be accomplished by chartg@ggonnections on the contact lens
substrate. Circuit design could be simplified bgviding close to the appropriate
voltage using three sets of solar cells connectesgties, which would give around 1.5V
instead of 0.5 V. Additionally, this would allowfbuilt-in spacing for diffusion of
oxygen and nutrients to the cornea through therpehcontact lens. However,
assembling a large number of cells could be timeseming and unreliable.

Assembling one or two flexible, relatively largells could potentially cover more
area and would certainly be easier to assembleh Wore area, requirements for
efficiency could be lessened along with fabricatomplexity. However, it would be
more difficult to stack cells and tailor the outpoltage, and the tradeoff between cell

efficiency, flexibility, and reliability in termsfahickness would need to be carefully
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examined. Although both methods were exploredmnihdi-cell approach was more

closely related to previous work and was henceyaatgirst.

4.1 Multi-cell design

There have been several examples of arrays of eigictronic devices on
spherical surfaces. Lacour et al. also test tlagacieristics of stiff islands of material on
a stretchable substrate. Islands 200 x 200 priffhfdsamondlike carbon was deposited
onto PDMS substrates, and then interconnects wiGhiand 25 nm Au were deposited
and patterned. The resistance of Au interconnedtsh were 200 pum wide by 1 cm
long by 25 um thick, were tested under 20% striingatheir length. The resistance
increased almost linearly with strain. Cracks wabserved afterward, but never crossed
the entirety of the Au strips [107]. Although nmttional devices were used, this work
demonstrated the ability of Au strips to stretcpragiably and maintain electrical
conductivity.

Hsu et al. fabricated thin amorphous transistaextly on a deformable
polyimide sheet. First, a SiNayer was deposited on the polyimide, followedab@r
gate electrode, a Si\yate insulator, undoped amorphous silicGramorphous silicon,
and finally Cr source and drain electrodes. Tliesesistors were patterned into isolated
islands, connected after spherical deformationiaglew-masked metal evaporation
[108]. Here, the active devices were based on pinoars silicon, which can be used for
solar cells but is not capable of reaching theceficy of single crystalline cells.

Ko et al. developed a hemispherical electroniceayaera with the goal of
reducing aberrations. An array of photodiodes@mgunction didoes were created on
SOl wafers and electrically connected, using destgategies that allowed for
compression and stretching of at least 50%. Fr#tjn PDMS structure was created that
in its relaxed state was dome-shaped, but thatidmiktretched to form a planar sheet
that they called a “drumhead”. The array of siigghotodiodes was created on SOI
wafers, with compressible metal interconnects astgrper posts connected through the
buried oxide to the underlying silicon. The bureedde was etched in HF, leaving an
array of photodiodes that were only loosely conetd the substrate. The sufficiently-
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sticky PDMS drumheads were pressed onto the pratedirrays, which were removed
from the handle wafer. When the drumhead radrediten was released, the PDMS
returned to its hemispherical shape with the dexday attached. Most of the strain
resulting from this deformation would be transfdrte the metal interconnects in the
form of significant outward bowing. The PDMS wilttached silicon photodiodes could
be pressed against a glass mold with a photocusalblesive and connected to external
circuitry to form a camera [109].

Although a process similar to the one describexyalby Ko would have been
acceptable for assembling solar cells onto lertkegjesign approach shown here was
intended to take advantage of previously develgbedegies for assembling components
onto PET sheets without the need for complex PDMSching and relaxing, and with
simpler solar cell processing. Also, a solder-Hasssembly approach allows for easy
integration of different types of components whichuld be necessary when creating a

complete contact lens sensing system.

4.2 Multi-cell fabrication

Solar cells of 500 x 500 x 10 [fiwere fabricated using highly doped p-type SOI
wafers to ensure ohmic contact (Ultrasil Corporgti@.01 — 0.02 Ohm-cm p-type, 10 pm
device thickness (Figure 17a). First, wafers vadganed in 3:1 bE5O;:H,0,, 49% HF,
and then 5:1:1 pO:HCI:H,O,. Then, 350 nm of wet thermal silicon dioxide vgaswn
and patterned using a photoresist mask (MicroCham@mbH, AZ4620) and reactive-
ion etching. The patterned oxide acted as a ddfubarrier for a phosphorus spin-on-
dopant (Filmtronics, Inc., P509), which was usedrtmate n-type emitters (Figure 17b).
Oxide and spin-on-dopant were stripped in 49% Hiid, @r/Ni/Au (15/50/200 nm,
respectively) was deposited for p and n electoaltacts using photolithography,
electron beam evaporation, and lift-off (Figure 1 7€ell widths and lengths (500 pum x
500 um with chamfered corners) were defined withtpiresist (AZ4620), and E isolated
individual cells (Figure 17d). After photoresistigping with oxygen plasma in a barrel
etcher, polydimethylsiloxane (PDMS, Dow Corning @aration, Sylgard 184 Silicon
Elastomer Kit) was spin-coated on the processedv&@dr and onto a bare silicon wafer.
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To minimize thickness variations caused by edgeldaad etched trenches, wafers were
left on a flat surface to planarize for severalrisdeefore curing overnight in a vacuum
oven at 85°C. Next, both wafers were placed ulmeipower oxygen plasma for 30
seconds to prepare the surfaces for bonding. Wgmoval, wafers were immediately
pressed together to form a strong bond (Figure. 1@s)ng DRIE, the entire SOI handle
wafer was etched, and then was etched the burielé osing buffered oxide etchant
(Figure 17f). Lastly, PDMS was etched in 3:1 n-rgegyrrolidone:tetrabutylammonium
fluoride (Sigma-Aldrich Co LLC) and rinsed thorougin deionized water, resulting in a
collection of freestanding solar cells (Figure 17§pr a more detailed process, please

refer to Appendix B:.



a. p-type SOI wafer

b. n-type diffusion

c. Cr/Au metallization

d. DRIE to BOX

e. spin coat SOl and
bare wafer with PDMS

B n-type silicon

f. bond wafers

-

g. flip, etch SOl handle

h. etch SOI BOX

i. etch PDMS to release

—‘\

I p-type silicon [ buried oxide

cr/Au [} PDMS

Figure 17. Fabrication process for freestanding, bek-junction, single-crystalline
silicon solar cells.
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4.3 Multi-cell results and characterization

L EiT

Figure 18. Multi-cell approach fabrication and assenbly results. a) Microscope
image of micro solar cells on a handle wafer aftemetallization and DRIE, prior to
release. On each cell, a central p contact is swunded by four n contacts, ensuring
operation in any orientation after assembly on theontact lens. b) Released solar
cells stored in deionized water. c¢) Microscope ingges of four cells assembled in
parallel and d) four cells assembled in series.

Solar cells were characterized using an Oriel staulator, which comprises a
xenon lamp coupled to a set of filters to approxe@M1.5 illumination. Output
intensity was calibrated to 100 mW/emsing a Hamamatsu S1787-12 photodiode.
Maximum power conversion efficiency of 1.24% occatr810 mV (Figure 19) with a fill
factor of 0.67. The mean short circuit current Wwas$ pA with 1.8 pA standard
deviation. Series and parallel configurationssseanbled solar cell arrays were tested
using the same illumination, the result of which b& seen in Figure 20. Using series
and parallel configurations allows for applicatdependent voltages and currents.
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Figure 19. Measured power conversion efficiency asfunction of voltage at AM1.5
(100mW/cn?).

Current vs. Bias Voltage

single cell
----- two in parallel
— —four in parallel
--------- four in series

— — — — — —

Figure 20. Measured current vs. bias voltage of aays of assembled micro solar
cells at AM1.5.

Responsivity was measured using the setup depictédure 21. White light
from an Oriel 77501 source (shown in yellow forritlg passed through a chopper
(Stanford Research Systems, Inc., Model SRS40rtipgrat 100 Hz and then into a
Czerny-Turner-type monochromator (Action ResearotpGration, SpectraPro-275).
The narrowband output (red) was focused onto agviatiic device under test (DUT).
The DUT output was connected to a lock-in ampli{@tanford Research Systems, Inc.,
Model SR810 DSP Lock-In Amp) triggered at the chaapfpequency. To eliminate
overlapping order effects from the monochromatéralition grating, an order-sorting

filter with a cutoff wavelength of 530 nm was pldaa the optical path when measuring
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525 nm and above. Thus, two scans were perfororetié calibrated diode and for each
solar cell: one ranging from 400 to 600 nm withantorder-sorting filter, and a second
filtered from 525 to 1100 nm.

chopper trigger  input

lock-in amplifier

lens

white
light monochromator DUT

-
source

order sortingfilter

Figure 21. Setup to measure responsivity as a funeh of wavelength. White light
(yellow for clarity) modulated with a chopper was gnt into a monochromator. The
narrowband output (red) passed through an order saiing filter and was focused
onto a device-under-test (DUT). DUT short circuitcurrent was measured using a
lock-in amplifier triggered by the chopper. Measuements were taken from 400 to
1100 nm.

First, the short circuit currents{] [A]) of a known photodetector was measured
(Newport Corporation, 818-SL) at wavelengths frodd 40 1100 nm at 25 nm intervals
and divided by the corresponding calibrated respdpgA/W] to determine light source
optical power at each wavelength [W]. Nextwas measured for several assembled
solar cells using the same experimental setup. tDtieeir small size, each cell was
mounted on a three axis micro positioner and tededluntil L maximum was reached,
and then kept in place for the remainder of eaahn.s¢inally, solar cell responsivity was
calculated by dividing measureg by the previously determined optical power andahthe

normalized (Figure 22).
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Responsivity versus Wavelength

—<— unfiltered

—e— filtered
05

Normalized
Responsivity

400 600 800 1000
Wavelength [nm]

Figure 22. Normalized cell responsivity. Peak respsivity was at approximately 725
nm; shorter wavelength light absorbed near the sudce, far from the depletion
region, and longer wavelength radiation passed thiagh the cell.

In preparation for further testing of complete @mttiens systems with embedded
sensors and circuitry, a 2 x 12 array of solarsogths molded and parylene coatedirfior
vivo fitting on a rabbit cornea. Experiments were cateld in a manner similar to that
presented in section 2.2.4 (Figure 23).

™

Figure 23. Image of a contact lens with a 2 x 12Iso cell array placed on a live
rabbit eye.

4.4 Flexible solar cell design

The multi-cell approach described above was dedigméest an assembly and
integration scheme, without significant attentiorpbwer conversion efficiency. Hence,
fabrication was as simple as possible: three masks used, a single oxidation, one

diffusion process, and one metallization. In additmodeling was not used to
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determine the effect of doping levels, cell thicksieor surface recombination. This
approach resulted in poorly performing solar ceikh low output power (essentially
zero at low light levels). Additionally, althoughis verified that solar cells could be
assembled onto a polymer substrate, yield was selgproportional to the number of
cells assembled. The process described in sezdiowas very reliable for one or two
components, but decreased as the number of comisanereased. Furthermore, to
cover a large area, the cell spacing would necéssi@crease, making manual assembly
more difficult. Although self-assembly of chipstbfs size is achievable, a single, large
cell would be more appropriate for this applicatimtause of the area coverage and the
ease of assembly.

Before fabricating solar cells, several shapeslicba pieces were etched and
released from SOI wafers and wrapped around a (@aldnm radius of curvature) to
ensure they were sufficiently flexible. Three desiwere tested: 1) concentric rings, 2)
single meander, 3) double meander, at 10 and 2himckness. The 10 um devices
were more flexible and had better yield when detmtraver the mold, while the single
meander devices were vastly more reliable thanlthikle meander devices. From these
experiments, it was determined that the rings hedingle meander devices would be
used for the solar cells. The single meander wagded to allow for spherical
deformation by essentially transforming a three-ahsional stretching problem into a
two dimensional bending problem. Each radial fmgends easily in two dimensions
provided the thickness is limited. After generalBtermining device design, cells were
simulated to determine which parameters would hlagéargest impact on cell

performance.

4.5 Simulation using Synopsis Sentaurus

Interdigitated back contact solar cells requirkeast two dimensional models to
determine even the most basic functionality becafisgteral currents in both the emitter
and base. Synopsis Technology Computer Aided Deemjs were used for simple 2D

solar cell simulations. Knowledge gained from theadeavors, coupled with the
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availability of processing technology and persangderience, led to the fabrication

process presented in section 4.6.

45.1 Back contact solar cell simulation review

Lu et al. used Sentaurus device to model intewtignt back contact silicon
heterojunction cells. The effects of front surfpessivation and also of n to p strip width
were examined. As expected, low front surfacemdmnation velocities were required
for high efficiency, as most of the carriers wereated near the front surface. Also, the
efficiency increased with increasing emitter cogeraver the simulated range, because
light impinging over the base (in this case n-tyggions) created carriers requiring
lateral and vertical diffusion to reach a junct[@tO].

Kluska et al. presented a modeling approach tatatk the effect of design
parameters on loss mechanisms of one sun indusaichkl contact back junction cells.
Specifically, they modeled approaches for detemngjrshort circuit current density, non-
intrinsic saturation current density, and seriesstance. In doing so, it was found that
electrical shading loss, or “shading-like” loss abbase regions, was minimized with a
greater fraction of emitter coverage. For theil @esign, it was determined that the
electrical shading could be avoided with base veid#iss than 100 pm. It was
determined that maximum efficiency with a set miaimfor base width (600 um) was
strongly determined by pitch and a tradeoff betwelentrical shading and series
resistance. For example, it was determined tipach of 3000 um was acceptable for
the lower resistivity silicon of 1 Ohm-cm, while@Dpm was better for 8 Ohm-cm
silicon.

Nichiporuk et al. used DESSIS to perform 2D andrgiinerical simulations of
IBC solar cells while varying width of doped n+dgot+ regions, depth of doping,
distance between diffused regions, substrate nagysind recombination, and surface
recombination on both surfaces. SRH recombinaband gap narrowing, doping-
dependent lifetime, Auger recombination, and dopieagendent mobility were used in
conjunction with AM1.5G solar spectrum for simuteti Emitter doping greater than

10*cn? was required to keep the pn built-in potentiahhidt was also found that dark
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current can increase because of strong recombmatithe contacts if the emitter and
BSF regions are thinner than around 1 um. Addifignthe importance of emitter

coverage and the spacing between emitter and basemphasized [111].

4.5.2 Simulation setup

Sentaurus Process (SProcess) is a multidimenssonalator for device
fabrication. It can simulate oxidation, etchingpdsition, annealing, photolithography,
and diffusion, and outputs files that contain mestpeometries, materials, doping
profiles and other pertinent information for usesiactrical and optical simulations.
Command files contain an initial simulation domagmeshing strategies, and various
processing steps. By properly preparing a comnfiggdsimulation can mimic real
processing.

Sentaurus Device (SDevice) takes input about acesmatuctor and uses various
physical models to simulate electrical and optatealracteristics. SDevice takes mesh
files, parameter files, and spectrum files as ispWesh files contain information from
SProcess about device geometry, material typesngl@pncentrations, etc, and
parameter files included specific information abmaterials and interfaces. For this
simulation, n-k parameter files were included wehl and imaginary absorption
coefficients, as well as files to define the suefaecombination at various material
interfaces.

Sentaurus Workbench (SWB) allows for optimizatoynparameterizing variables
in SProcess and SDevice. Two major simulationgwenducted, one in which a large
number of parameters were varied using a broacerahgeasonable values with a
representative BJBC cell designed for fast simohatiln SWB, cell wafer doping,
thickness, implant energies, implant doses, anat fiad back surface passivation were
varied. A second simulation was conducted to wécific values from the first
experiment, and applied to a realistic cell of digiens that were constrained by
fabrication in the MFF cleanroom. The basic celbigpetry used in both experiments

comprised a front surface SiGoating (shown on the bottom), an n-type baseaand
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boron-doped emitter, with metal point contacts tigito silicon nitride backside

passivation (Figure 24).
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Figure 24. Example of simulated cell structure fomultivariable parametric sweep.

4 5.3 Simulation results

The first experiment verified that the primaryttars affecting efficiency in a
back contact cell are the front and rear surfassipation, as demonstrated in Figure 25.
With reasonably good front and rear surface passivasimulated efficiency reached
nearly 10% for a variety of other processing caodg. Cells of 20 um in thickness were
on average slightly more efficient than 10 um ce8sibstrate doping (0.1, 1, @cm
phosphorus), implant energies (10, 40, 80 keV fargphorus, 10, 40 keV for Boron),
implant doses (Id/cm®, 10*/cm® for both boron and phosphorus), and diffusion §me
had less of an effect. However, the cell simulated unrealistically small in lateral
dimensions, and also tighter meshing near the implaay have revealed a larger

dependence.
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Base Implant Energy vs Efficiency
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Figure 25. Base implant energy versus efficiencyror a cell with a specific thickness
and base doping, the major factor affecting efficiecy was determined to be the
front surface recombination, and the second most iportant factor was the rear
surface recombination. Parameters not specificalllisted were: emitter implant
dose, emitter implant energy, and diffusion time, \Wwich account for the closely
bundled data points within the larger groupings.

Using a more realistic cell structure (i.e. largeparation between pads, larger
area, and much tighter meshing), front and redaserecombination were varied with
other processing parameters as constants. Reagbingtb cell efficiencies were
observed for cells with front surface recombinatiefocities below 1bcm/s, even with
very poor rear surface passivation. The valued irsthis experiment were identical to

those used in device fabrication (Table 3).
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Efficiency vs Front Surface Recombination
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Figure 26. Efficiency vs front surface recombinatn. With exceptional front

surface recombination (100 cm/s), the efficiency dhis cell could be above 5%, with
up to 10% achievable with good back surface passitian. As the front surface
recombination increased, the effect of rear surfacpassivation was lessened and the
cell efficiency dropped substantially.

Table 3. Parameters used in the simulation of a rdiatic solar cell. The parameters
given below used in simulation were very close those of the fabricated solar cells.

Parameter | Value Unit

SOI Device Layer Thickness 15 pum
Substrate Resistivity 5 Q-cm
Phosphorus Implant Energy 65 keV

Phosphorus Implant Dose | 7.0E+15 P/cm3

Boron Implant Energy 23 keV

Boron Implant Dose | 7.0E+15 B/cm3

Implant Angle (B and P) 7 degrees

Diffusion Time 2,6 minutes

Diffusion Temperature 1100 Celsius
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45.4 Simulation limitations

Unlike many solar cell applications, where liginéls are reasonably constant or
at least predictable, a solar cell on contact Weitihave a highly variable environment.
First, while wearing a contact lens, the amounigbit impinging upon the solar cell will
vary across the cell. In most common situatiortsetiver indoors or out, the direction of
highest intensity is up. Therefore, it could beented that the top of the solar cell would
receive the most light. However, this may be dffseocclusion from the eyelids or
lashes, and certainly would change depending oditketion of the wearer’'s gaze.
Therefore, simulating a small portion of the cellhauniform illumination may neglect
many effects from partially illuminated cells.

Additionally, output from solar cells placed on #ne would vary because of the
constantly changing conditions of the eye its€lér example, the natural response to
increasing light levels is to squint, which wouésbult in more cell occlusion. However,
this would only occur in very bright light whereficient power would probably be
available from a smaller area. Additionally, thenptration depth of red to near IR light
in the skin, particularly the thin eyelids, is digrant, and this would likely correspond to
the highest responsivity of the thin crystallindlseFurthermore, in addition to a
biocompatible coating, the tears would cover tms i@ a non-uniform manner, which
makes simulation of a dielectric anti-reflectioggdamoot. The index of refraction of
human tears is about 1.33 — 1.34 [112] and haglanidss of ~10 um [113]. However,
the thickness can vary significantly (4-10 um),exsally between those who normally
wear contact lenses and those who do not [114JcEl the reflection from the solar cell
front surface is highly variable, and the primawypgose of the front surface dielectric
should be surface passivation.

A last practical reason why simulations will notfrecise is that it is difficult to
exactly match the fabricated parameters to thelation. For example, when etching
through the handle wafer of the SOI, loading efe@n cause uneven etching of the Si,
and non-infinite Si/SiO2 selectivity means thatdexwill be thinner for devices on the

edge of the wafer than in the center. Therefdwe réflection and optical generation will
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be different. Metal-semiconductor interfaces dse &ard to predict unless the

cleanroom laboratory and deposition conditionsvegk controlled.

4.6 Flexible solar cell fabrication

SOl wafers were purchased from Ultrasil, nominaHyQ-cm, with a measured
average resistivity of 3.2-cm. The wafers underwent a standard RCA clean and
alignments marks were etched into the silicon, seme/ because implants often do not
give rise to significant contrast for use with amttlithography systems. The 275 nm
alignment etch was carried out in a reactive i@het (RIE) for good visibility in contact
aligners.

After etching alignment marks, the resist wagpped and wafers were cleaned
before a second lithography for implant maskingplbnt processing is convenient
because oxide growth is not necessary. Normallyiralayer of photoresist (~1.5 um) is
sufficient to mask a low energy, shallow implanheseas diffusion processes often
require thick thermal oxide. Patterned wafers veergt to Core Systems for
implantation. High implant doses and low energiese used, because previous
experience annealing the Ti/Ni/Au layers resultedery poor results and complete
degradation of assembly reliability. Thereforayéts necessary to have high surface
concentrations to ensure good ohmic contact withonealing. After the'rimplant,
wafers were again cleaned and patterned, and aekittd Core Systems for emitter
implantation. During both implants, bare n-typeeava with similar starting resistivity
(~6.5Q-cm vs 3.90-cm) were included for ease of measuring the siesettance using
a four point probe. After rapid thermal annealfiogdopant activation, sheet resistivity
for the phosphorus implant was 186q, while the boron emitter measured 28/2q.

The back surface was passivated with PECVD niindemanner similar to that
used in [103]. The temperature was set to 35M¥Caaratio of either 2:1 or 6:1 ammonia
to silane was employed during a 10 minute depasdichigh frequency. After via
etching, the wafers were cleaned and patterned asiregative resist specifically
designed for lift-off processing (NR71-1000PY, Fuéx). Then wafers were dipped in
buffered oxide etchant for 30 seconds, dump rindadd, and immediately placed under
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vacuum in the electron beam evaporation deposifi@mber. A metallization of
Ti/Ni/Au was chosen to provide low resistance, ahoontact, and a surface for low
temperature solder assembly. After depositionymhbgrity of the metal was removed in
acetone, while a small fraction around the edgesrgvthe SOI device layer met the
handle wafer required sonication to remove. Adtamication, small bits of metal
remained on the wafer and were removed in deionizgdr with a small amount of
surfactant.

The device layer was etched using DRIE masked aaih620. The cell was
etched to the buried oxide, and then the buriedepinitially 500 nm thick, was partially
etched to a thickness of ~150 nm in a paralleleg®E using a standard oxide etch. The
150 nm of oxide was left so that the ICP etcherld/owt be exposed to the PDMS.
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Figure 27. Fabrication process for flexible solacells. a) N-type SOI wafer. b)
Photoresist mask and fiimplant. b) Photoresist mask and pimplant. d) Nitride
growth. e) Drive-in and via etch. f) Ti/Ni/Au depsition and patterning. Q)
Photoresist mask and DRIE etch to buried oxide. hipartial etch of buried oxide. i)
PDMS bond to silicon wafer and flip over. j) SOI landle wafer etch. k) Buried
oxide thinning, which also totally etches previouglthinned oxide. 1) PDMS etch to
release devices.
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Next, PDMS was spun on a bare silicon wafer arat the solar cell device layer,
and then wafers were set on a horizontal surfac24dours to planarize, after which
time the wafers were baked at 65 °C for 2 hourlterAdaking, the wafers were placed in
a low power barrel etcher (25 W) for a short tirBeé §). Immediately the wafers were
pressed. Initially, wafers were sandwiched betwaenglass plates while applying a
significant amount of pressure. However, becatfiskeeoedge bead, this method did not
produce good bonding across the wafer, and matheafevices cracked or broke after
the handle wafer etch step. To achieve a betted litbe SOI wafer was placed face up
on a glass plate, and the bare wafer with PDMSplaaed face down. A cleanroom
mask wipe was place on the back surface of thewafer, and pressure was applied
primarily to the center of the wafer. Then the evafwere placed in a vacuum oven at 80
°C overnight to ensure void-free bond.

Reactive ion etching was selected to etch the leandfer of the SOI. Although
normally this is not used for etching an entirepasked wafer, it was determined that
this was the most reliable and simplest methodaivia. Initially a standard silicon
DRIE was used, but this resulted in extremely pooformity across the wafer because
of loading; the etch rate at the center was apprately 80% the etch rate near the wafer
periphery. Therefore, for a 450 um etch, the hemdifer, the buried oxide, and the
device layer were etched completely at the edgisdéhe handle wafer in the center
was completely removed. Therefore, an etch pros@hsan extremely high oxide
selectivity was developed, the details of whichmesented in Appendix D:. One option
to achieve better Sielectivity is to use cryogenic etching withg®P-based high
density plasma [115]. This was not feasible duthéoPDMS bond layer. The high
pressure (35 mTorr), high flow $Fecipe achieved that was developed achieved an etc
selectivity of greater than 1000:1 for Si:3iDespite the excellent oxide selectivity, the
thickness across the wafer varied significantlg(ie 28). After the handle wafer was
completely etched, the oxide was thinned to ~10@amremove the all oxide between the
cells while leaving an AR coating over the siliabevices. Oxide thicknesses afterward
ranged from ~40 to ~120 nm.
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Figure 28. Solar cells after etching the SOI hand| prior to oxide thinning. a) On
the wafer scale, the variation is oxide thickness iapparent from the color of the
reflection. The wafer oxide is substantially thiner on the edges (blue) than in the
center (red). b) Inset showing a magnified view dhe concentric ring design. c)
Inset showing a magnified view of the single meanddesign.

As with the multi-cell process, components weteaged in 3:1 NMP:TBAF.
However, unlike the small parts that could be gdgiered, the larger parts (~1 cm
diameter), would stick together, interweave witle @mother, or stick to the filter paper.
Therefore, a release assembly was designed uslity\®woks that was machined by the
University of Washington Physics Machine Shop. d@haeice consisted of a thick PTFE
base with ridges to hold a standard wafer, pyramigctly under each component, and
two screw holes to attach handles. The systemhaddwo handles for easy removal
and a lid to hold the released components in pMdake rinsing Figure 29. After rinsing,
cells were dried, placed in individual containensg assembled using pseudo self-
assembly methods presented earlier. For a defaitettation process for the flexible

cells, please refer to Appendix C:.
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Figure 29. SolidWorks model and machined PTFE holer to catch cells released
from 100 mm wafers. The assembly base held wafeece down, with solar cells
directly over PTFE pyramids. When the solar cellsvere released from the wafer, a
heavy, wafer-shaped lid held them in place duringinsing. Screw-on handles were
included for easy carrying.

4.7 Flexible solar cell testing

Four designs were incorporated into the solarweafer: two slightly different
meandered designs and two sets of concentric ramgsyith four rings and another with
six. Each design had a minimum radius of 2 mmeawe the pupil unobstructed) and a
maximum radius of 5 mm (to fit within a contact$¢n The area of each concentric ring
was designed to be equal, such that the radiahvaitieach cell decreased toward the
contact lens periphery. Ideally, each cell woulent produce equal current. The first
meandered structure (Type 1) was designed suclafleatmolding the gap between
radial fingers would be 200 um, and the seconddeagyned with slightly more room
between fingers (Type 2). After release, meanddestites were easy to handle and
store, but concentric rings were unusable. Preblynteecause of stress in the deposited
films, the concentric rings either bent signifidgnmaking it impossible to assemble, or
they broke or stuck together. Therefore, all celited were of the two meandered

designs.
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4.7.1 One Sun efficiency

First, the solar simulator was calibrated to AMasing a calibrated photodiode.
A total of eight meandered cells were assembledestdd, from two slightly different
processes and two cell designs (Table 5). Forlddtdifferences in the processing and
design, see Appendix B:. Briefly, in Processldapermal annealing for dopant
activation took place in an oxygen environmentatlyeafter implant and cleaning, and
afterward the back surface nitride was depositad?rocess2, the back surface nitride
was applied first, and then the wafers were andeats mentioned above, the primary
difference between types was that the spacing legtwiicon meanders was larger for
Type 2 cells. Some other variations in the cedligie by type are given in Table 4.

Table 4. Cell area and percent coverage of base, gter, via, and metal.
Typel |Area [cm2]|Coverage [%]| [Type2 [Area[cm2]|Coverage [%]
Area 0.55680 | 100.000 Area 0.50640 | 100.000

Base 0.22473 40.362 Base 0.16444 32.472
Emitter| 0.19558 35.125 Emitter| 0.21263 41.989
Via 0.03800 6.825 Via 0.06749 13.327
Metal 0.42029 75.483 Metal 0.37707 74.461

Averages for short circuit current density, fdkctor, and efficiency were 3.15
mA/cn¥, 0.557, and 0.36%, respectively. The efficienasied substantially, from
0.28% to 1.32%. One reason for the low efficiemag very poor open circuit voltages.
As shown in Table 5, the average open circuit galtaeas 362 mV, with an 8.7 mV
standard deviation. Normally, poor open circuiltages are attributed to unacceptably
low shunt resistance, meaning that there is a topedance leakage path to ground. This
could be the result of shunting across the junaiotie silicon surface. Also, although a
cursory examination of the short circuit curremsley and the open circuit voltage in
Table 5 shows little correlation between open ¢ireoltage and current density, the low
values of current density could cause low operutinmltages. Lastly, low open circuit

voltages could also be indication of very high sation current.
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Table 5. Cell measurements for all flexible cellsnder AM1.5 conditions.

Voc [V] | Isc [mA] |Pmax [mW]|Jsc [mA/cm2] | Fill Factor |Efficiency [%] [Normalized Eff.

Process1 Typel Celll| 0.3570 | 0.6920 0.1560 1.2428 0.6314 0.2802 0.2125
Process1 Typel Cell2| 0.3535 | 1.0930 0.2380 1.9627 0.6158 0.4273 0.3240
Process1 Typel Cell3| 0.3576 | 0.7680 0.1230 1.3802 0.4493 0.2218 0.1682
Process1 Type2 Celll| 0.3568 1.7140 0.3620 3.0778 0.5917 0.6498 0.4928
Process1 Type2 Cell2| 0.3649 | 3.0880 0.6680 6.0980 0.5926 1.3186 1.0000
Process2 Typel Celll| 0.3708 | 1.1900 0.2590 2.1364 0.5881 0.4659 0.3534
Process2 Typel Cell2| 0.3786 | 1.9540 0.3720 3.5096 0.5033 0.6688 0.5072
Process2 Type2 Celll| 0.3737 | 2.9410 0.5350 5.8082 0.4868 1.0567 0.8014
Total Ave.| 0.3641 | 1.6800 0.3391 3.1520 0.5574 0.6361 0.4824

Total Stdev| 0.0087 | 0.8690 0.1750 1.7712 0.0631 0.3562 0.2701

The fill factor and open circuit voltage are mgstidependent of cell process or
type (although Process2 has slightly higher opssuttivoltage), so the large variation in
efficiency is primarily due to short circuit curtashensity. One explanation for the
differences in short circuit current density is faet that oxide thickness was not well
controlled. To determine this effect, the refleci at normal incidence for light from
300 to 1100 nm was calculated with oxide thickreesa parameter ranging from 50 to
150 nm using realistic values for the index ofaefion of air, oxide, and silicon as a
function of wavelength. Then the total transmissibthe AM1.5 spectrum was
calculated using these reflectance values. Thdtseshown in Figure 30, indicate that
the difference in oxide thickness could changedked transmission of light into the cell
from about 75% to 85% in reference to a perfedtefigction coating (Figure 30). Thus
the worst short circuit current density would b&%8of the maximum if only oxide
thickness were considered. Therefore, differenteside thickness cannot completely
account for the large variation in short circuitremt density.
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Figure 30. Normalized total transmission into silion calculated from reflection.

We can further break down the differences betveedls by separating them into
cell type and process. The primary differencefficiency is in relation to cell type, as
seen in Table 6; in almost every case, the effayidar Type 2 cells was higher than
those of Type 1. This was likely due to largertgnicoverage (41% vs 35%, shown in
Table 4) and corresponding higher short circuitentrdensity. Ideally, the emitter
coverage should have been designed to be muchr targow for better current
collection and higher current density. Aside frthra emitter coverage, the differences
between cells types were minor. Cell Type 2 wasghed to be more forgiving of
alignment errors and designed with slightly largeps between the silicon meandered

structure for easier bending.
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Table 6. Cell measurements organized by cell desigmype2 cells had higher short
circuit current densities and efficiencies, likelyresulting from higher emitter

coverage.
Voc [V] | Isc [mA] [Pmax [mW]|Jsc [mA/cm2] | Fill Factor |Efficiency [%] [Normalized Eff.
Process1 Typel Celll| 0.3570 | 0.6920 0.1560 1.2428 0.6314 0.2802 0.2125
Process1 Typel Cell2[ 0.3535 | 1.0930 0.2380 1.9627 0.6158 0.4273 0.3240
Process1 Typel Cell3| 0.3576 | 0.7680 0.1230 1.3802 0.4493 0.2218 0.1682
Process2 Typel Celll| 0.3708 1.1900 0.2590 2.1364 0.5881 0.4659 0.3534
Process2 Typel Cell2| 0.3786 | 1.9540 0.3720 3.5096 0.5033 0.6688 0.5072
Typel Ave.| 0.3635 | 1.1394 0.2296 2.0463 0.5576 0.4128 0.3131
Typel Stdev| 0.0096 | 0.4486 0.0872 0.8057 0.0699 0.1566 0.1188
Voc [V] | Isc [mA] |Pmax [mW] |Jsc [mA/cm2]| Fill Factor | Efficiency [%]|Normalized Eff.
Process1 Type2 Celll| 0.3568 | 1.7140 0.3620 3.0778 0.5917 0.6498 0.4928
Process1 Type2 Cell2| 0.3649 | 3.0880 0.6680 6.0980 0.5926 1.3186 1.0000
Process2 Type2 Celll| 0.3737 | 2.9410 0.5350 5.8082 0.4868 1.0567 0.8014
Type2 Ave.| 0.3651 | 2.5810 0.5217 4.9947 0.5571 1.0084 0.7647
Type2 Stdev| 0.0069 | 0.6160 0.1253 1.3606 0.0497 0.2751 0.2087

A slight difference in cell performance was obseras a function of the

fabrication process. In every case, the openitivoltage was higher for Process 2, as

shown in Table 7. Again, the main difference betmprocesses was the order in which

the back surface nitride was deposited. In Protettse dopants were activated in an

RTA prior to nitride deposition, and in Proces$h dopants were activated after nitride

deposition. In Process 2, it is possible thatitréde acted to reduce out diffusion to

keep the dopant concentrations at the surface higha in Process 1. To first

approximation, the built-in voltage is a functiointloe total dopant concentratioig and

N,.
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Table 7. Cell measurements by organized by procesi Processl, the back surface
nitride was deposited after annealing, and in Pro@s2 the nitride was deposited

before annealing. Process2 showed slightly highepen circuit voltages.
Voc [V] | Isc [mA] [Pmax [mW]|Jsc [mA/cm2] | Fill Factor |Efficiency [%] [Normalized Eff.

Process1 Typel Celll| 0.3570 | 0.6920 0.1560 1.2428 0.6314 0.2802 0.2125
Process1 Typel Cell2[ 0.3535 | 1.0930 0.2380 1.9627 0.6158 0.4273 0.3240
Process1 Typel Cell3| 0.3576 | 0.7680 0.1230 1.3802 0.4493 0.2218 0.1682
Process1 Type2 Celll| 0.3568 1.7140 0.3620 3.0778 0.5917 0.6498 0.4928
Process1 Type2 Cell2| 0.3649 | 3.0880 0.6680 6.0980 0.5926 1.3186 1.0000
Processl Ave.| 0.3580 | 1.4710 0.3094 2.7523 0.5762 0.5795 0.4395
Processl Stdev| 0.0037 | 0.8852 0.1974 1.7936 0.0652 0.3980 0.3018
Voc [V] | Isc [mA] |Pmax [mW] |Jsc [mA/cm2]| Fill Factor | Efficiency [%]|Normalized Eff.

Process2 Typel Celll| 0.3708 | 1.1900 0.2590 2.1364 0.5881 0.4659 0.3534
Process2 Typel Cell2| 0.3786 | 1.9540 0.3720 3.5096 0.5033 0.6688 0.5072
Process2 Type2 Celll| 0.3737 | 2.9410 0.5350 5.8082 0.4868 1.0567 0.8014
Process2 Ave.| 0.3744 | 2.0283 0.3887 3.8180 0.5261 0.7305 0.5540
Process2 Stdev| 0.0032 | 0.7168 0.1133 1.5148 0.0444 0.2451 0.1859

4.7.2 Lightintensity dependence

Light intensity dependence was testing using an A\vblar simulator and a set
of absorptive neutral density filers (Thorlabs,28 SM1-Threaded Mount). Neutral
density filters were mounted directly in front bktsolar cells with minimal space in
between. Three cells were tested using neutraityefiiters that ranged from ~80%
transmission to 0.01% transmission, that were naltyimeutral from 400 to 700 nm. To
determine the actual intensity, AM1.5 spectral infation ranging from 300 to 1100 nm
in 5 nm increments was multiplied by the filter pgwiransmission data in the same
spectral range (Figure 31).
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Figure 31. Calculated intensity vs. wavelength foselected filters.

As seen in Figure 31, the intensity reduction i 700 to 1100 nm range was less
than in the 400 to 700 nm range. The total intgrggven as the x axis for figuresFigure
32, Figure 33, Figure 34, and Figure 35 does rikeat itato account the fact that the
responsivity is better for deeper penetrating weivgdhs. However, this method of total
intensity integration was more accurate than oslpgithe nominal filter values as the

independent variable.

Short Circuit Current vs Intensity
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Figure 32.Normalized short circuit current vs normdized intensity, three cell
average.
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As expected from equation 3.26, the short circuiitent showed a very close
linear relationship with intensity. However, thedationship was different when
examining only the normalized intensities from ab@001 to 0.1.

Open Circuit Voltage vs Intensity
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Figure 33. Normalized open circuit voltage vs normi&ed intensity, three cell
average.

The open circuit voltage showed a logarithmic retethip with intensity, with a
reasonable correlation for the full rand# (= 0.9752) and a very close correlation from
the minimum measured intensity to 10% of AM1RS & 0.9911).

Fill Factor vs Intensity
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Figure 34. Normalized fill factor vs normalized inensity, three cell average.
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Efficiency vs Intensity
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Figure 35. Normalized power conversion efficiencyssnormalized intensity, three
cell average.

The open circuit voltage and the fill factor, dodh lesser extent the efficiency
and short circuit current, showed a strange dendtiom linearity at the low side of the
intensity range. By examining the effects of titterls more closely, it was noticed that
intensities at various wavelengths did not decreaseilly, as eluded to above. The
“bumps” in operating characteristics at the lovemngity end were also seen in the
variation in intensity at 400 and 600 nm wavelesgthFigure 36, indicating

wavelengths in this range had a dominant effegeformance.

Intensity vs Integrated Intensity
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Figure 36. Intensity at specific wavelengths asfanction of total intensity. Because
the initial AM1.5 spectrum intensity varies as a fuction of wavelength, each
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wavelength investigated was normalized to its peahktensity (i.e. no filters) for easy
side-by-side comparison. The same step-like behaviexhibited for 600 and 400 nm
light at low intensity can be seen in figures 32 tiough 35.

4.7.3 Indoor testing

Flexible cells were also tested using off-the-shgtht bulbs at distances from 10
cmto 1.5 m in an otherwise dark room. The bulissen were 75 W incandescent bulbs
with 850 Lumen outputs at a 3000 K color tempeedyF 75A/D/4) and compact
fluorescent (CFL) bulbs rated at 75 W (18 W actisalge) with 1170 Lumen and color
temperatures of 2700 W. Lumens measure light gnyscaled with the sensitivity of
the human eye, as opposed to radiant flux whicloiscaled.

Max output power vs Distance
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Figure 37. Solar cell output power as a function oflistance from a standard 75 W
incandescent bulb.

The maximum power output from the solar cells &sation of distance from an
incandescent bulb closely followed optical powenira point sourcel(r?), as shown
in Figure 37. The power from the CFL significandigviated from this relationship,
likely due to the fact that the bulb was less bkpgoint source at close distances. At 1.5
m, the CFL bulb could be approximated as a poiate® but at 10 cm that
approximation is very inaccurate because of thiedalass tubing. Lastly, the cells
were measured at 2 m from a white wall in a noratadratory room with fluorescent

tube lighting. The cells were not pointed at therbead lighting, but rather were parallel
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with the wall as if staring at it. Despite the pedficiency, about 400 nW of power was
produced in these conditions. The average powalymed as a function of distance
from CFL and incandescent bulbs was plotted in rH@9.

Max output power vs Distance
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Figure 38. Solar cell output power as a function oflistance from a standard 75 W
equivalent CFL bulb.
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Figure 39. Average power produced by solar cellsdm CFL and incandescent
bulbs, plotted alongside the power produced at 2 ftom a white wall in an office
building. The office lighting power was not measugd as a function of distance, but
was included to show the actual power generated swell lit room.
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4.7.4 Flexibility testing

Initially, solar cells were assembled onto plaR&T substrates for testing.
However, when assembled onto lenses and moldedeskaring force of the fingers was
sufficient to break the connection between theesodshd cell when the solder was

molten, as shown in Figure 40.

Figure 40. Assembled meander type solar cells. Assembled solar cell on a planar
surface. b) Solar cell on a molded substrate. Theolder forces were not sufficient to
withstand the restoring force of the bent fingers.Several fingers broke while
attempting to manually reattach the fingers to thesubstrate.

To solve this problem, cells were first coatedwépproximately 15 um of
parylene and then molded. The resulting curvadtsires (Figure 41) were tested under
AML1.5 conditions. A summary of cell characteristiefore and after molding is given
in Table 8. The average short circuit current dgrisopped significantly (~25%), and
the average fill factor also decreased (~8%), reduthe efficiency. However, the Type
2 cell only had a 2% reduction in efficiency. lasvdetermined that the restoring force of
the silicon beams likely broke the connection betwthe substrate and the inner contact
in Type 1 Cells, as shown in the red circles inurégdl. Although the differences
between Type 1 and Type 2 cells were not substamiipe 2 cells had a larger gap
between silicon meanders and allowed for easiedibgn Therefore, the drop in short

circuit current density was likely not due to aregdadation in cell performance as a



function of strain, but more likely to do a redoctiin short circuit current from

individual fingers that were not electrically conte.

Table 8. Solar cell characteristics before and aftanolding.

Before Molding

P1Ti1* Cell | P1T1 Cell2 P1 T1 Cell3 P1 T2 Cell2 Average
Voc [V] 0.357 0.354 0.358 0.365 0.358
Isc [mA] 0.692 1.093 0.768 3.088 1.410
Jsc [mA/cm2] 1.243 1.963 1.380 6.098 2.671
Fill Factor 0.63 0.62 0.45 0.59 0.57
Efficiency [%)] 0.28 0.43 0.22 1.32 0.56

After Molding

P1TiCell | P1T1Cel2 | P1T1Cel3 | P1T2Cel?2 Average
Voc [V] 0.371 0.388 0.365 0.387 0.378
Isc [mA] 0.396 0.919 0.429 3.109 1.213
Jsc [mA/cm2] 0.710 1.650 0.771 6.139 2.318
Fill Factor 0.63 0.40 0.41 0.54 0.50
Efficiency [%] 0.17 0.26 0.12 1.29 0.46

Percent Difference [%]

P1T1Cell | P1T1Cel2 | P1T1Cell3 | P1T2Cel2 Average
Voc 4.0 9.9 2.0 6.1 5.5
Isc -42.8 -15.9 -44.1 0.7 -25.5
Jsc -42.8 -15.9 -44.2 0.7 -25.6
Fill Factor -0.4 -34.6 -8.4 -8.6 -13.0
Efficiency -40.8 -39.6 -47.8 -2.3 -32.6

*P1 T1 = Processl Typel

This result was significant because it showed tthattype of single crystalline
silicon cell could be bent without changing thefpenance significantly. In the simplest

case, the axial strain in a beam bent around k@faadiusr is given by

sz;,

wheree, is axial strain and is distance from the neutral surface of the bedierefore,

4.1

the strain for a given bending radius changes idedist depending on the thickness of the
cell. To determine an approximate value for th&imam strain, the inner surface of the
cell can be taken as the neutral surface. Thandtrathese solar cells, assuming

r = 7225 um (lens inner curvature and thickness of PET/Sth&tire) and = 15 pm,

the strains, = 0.21 %.
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Figure 41. Two examples of solar cells on molded FEsubstrates. The cells were
assembled, wired, parylene coated, molded, and théested under AM1.5
conditions. Red circles highlight potentially disonnected fingers that could have
contributed to reduced short circuit current density and efficiency.

Flexibility in general was more than sufficien¢lls were embedded into PDMS
with radius of curvature of 7.1 mm, less than tifahe human eye (7.8 mm). When
encapsulated, the cells were very robust, and csitlgtand repeated folding and

bending without fracturing. Molded and encapsulaelar cells are shown in Figure 42.
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Figure 42. Flexible solar cell encapsulated in PDMSa) PDMS encapsulated before
being peeled from mold. A razor blade was used tut the excess PDMS, which
resulted in edge imperfections. Also, the spacifgetween the concave and convex
molds was initially 125 um, but increased when theolds were polished for a
smooth surface. b-c) PDMS encapsulated solar cébm various angles. d) The
encapsulated cells could be bent and folded witholreaking the silicon.
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Chapter 5: Conclusions

Significant progress has been made toward devejdpimctional contact lenses.
First, a single pixel contact lens display powdrgademote radio-frequency transmission
was demonstrated in free space and on a live rakhith verified that antennas, radio
chips, control circuitry, and micrometer-scale tigburces could be integrated into a
contact lens and operated on live eyes. This whewaed by optimizing processes for
fabrication on PET templates, solder coating, admonent assembly. Although the
display had only a single pixel, it was the firsb@f-of-concept technology
demonstration of the long term goal of producindtiapixel and in-focus images using
micro-LED array chips and micrometer-scale Fretedes on transparent substrates.

Although many challenges remain, two prominentessueed to be addressed before a
multi-pixel contact lens display can be develop@&te first is the optics required to focus
light from single pixels onto the retina. The optipower necessary to see a pixel in
various light conditions needs to be determinediaately, as well as the how much
power can be collected and focused by very smbBidiary lenses. The second major
challenge is the determination of an acceptabldoaeto provide power to the system.
Although the LED efficiency could be improved, altipixel system would likely
dissipate more power because of increased ciroaiptexity and more pixels, and the
LED of the single pixel system demonstrated in i8ac2.4 could only be activated at 2
cmin vivo. Because the eye contains many ions and proieias)ot the ideal location
to receive RF power on an antenna. Essentially similar to placing a loop antenna on
a ground plane, which can significantly reducesfteciency. Although solar power
would not likely provide sufficient power for a giay, eventually it may be possible to
embed a battery for system operation that coulceblearged wirelessly in a periodic
fashion.

In addition to single pixel systems, two typesas cells have been designed for
assembly onto contact lens platforms. First, mater-scale freestanding cells were

fabricated, assembled, and tested. Such a coafigarallowed for variable output
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voltages, which could be beneficial for providingwer to CMOS circuitry. However,
the assembly was difficult and somewhat unreliasléhe number of cells assembled
increased. To cover an area of 0.5,c200 cells (0.25 mfreach) would have to be
assembled. This would require a significant amadititme for a pick-and-place
machine, or would require a reliable and robudtastembly procedure.

To cover more area and for easier assembly, fkexiblls were developed that
allowed for spherical deformation. Although thesds still exhibited low efficiency,
they produced vastly more power because of thetagga covered. Similar back
contact back junction cells have demonstrated daraf magnitude higher efficiency, so
it is believed that design improvements (i.e. higtraitter coverage), and better control
of surface passivation (i.e. front surface SilNstead of SOI buried oxide) could
substantially increase the efficiency. After imygrg efficiency through this additional
optimization, similar solar cells could provide fstient power for biosensors in ambient
indoor lighting, or they could increase the reamyeof contact lens sensing systems.
With advances in non-volatile memory, it might eteedly be possible to power sensors
and store data for long periods of time on-lens|endn periodic query could retrieve
stored data during a single transfer. Such asystild provide unprecedented
measures of health and a wealth of data on thendigsaof biochemistry for researchers.

Improvements are necessary to produce fully funeliacemotely powered, contact
lens based biosensors as well as displays. PiESt,has been used as the contact lens
substrate thus far due to the ease of performingesuicrofabrication processes;
however, PET has poor oxygen permeability andxtsreled use could lead to lactate
build up and corneal swelling. It will be necegstaradapt this work to more common
rigid gas permeable or hydrogel contact lens malteriNext, the tradeoff between the
area covered by the solar cell (i.e. power gendyated oxygen permeability needs to be
closely examined. To produce the maximum power sthlar cell should be large, but to
maintain a healthy cornea the oxygen permeabilitgtrbe high. Lastly, much more

work needs to be conducted to ensure the feagibilitletecting analytes in the tear film.
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Appendix A:  Final template fabrication process
Step Description Detalils
Clean
Sonicate in acetone 1 minute
Soak in IPA 1 minute
Rinse in water Dip in and out 10x
SRD

Photolithography

For interconnects, antenna
adhesion

AZ4620
Spread
Spin

Soft bake

Expose
Develop (watch!)

rpm, rpm/s, time
500/100/10
4500/1000/30
35°C->70°C

10 minute hold at 70 °C

70°C ->35°C

35 seconds in ABM
1.5 minutes in 4:1 AZ400K:DlI

Evaporate Interconnects and antenna adhesion
Barrel etch 30 seconds at 100W
Deposit Cr/Ni/Au 20/80/200 nm
Lift-off Remove lift-off resist
Soak in acetone 1-2 hours
Sonicate 10 - 60 seconds
IPA rinse, manual dry, SRD
Option 1 Repeat steps 2 - 4, evaporate 50 nro @rask solder wetting
Option 2 Repeat steps 2 - 4, evaporate 10/20it®Ti/Pd/Pt for sensor

Photolithography

Descum in barrel etch
SuU-8 2

Spread

Spin
Soft bake

Expose
Post exposure bake

Develop

30 seconds at 75W

500/100/10
3000/300/40
35°C->70°C
15 minute hold at 70 °C
70 °C ->35°C

20 seconds in ABM

35°C ->70°C

10 minutes hold at 70 °C
70 °C ->35°C

1.5 minutes in SU-8 developer
Rinse with IPA, blow dry, SRD

10 minutes in air for rehydration

Option 3

Repeat steps 2 - 4, evaporate 5/200 ri&kuGor bridges over SU-8 2
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6 | Evaporate Seed layer Au
Descum in barrel etch 30 seconds at 75 W
Deposit Au 40 nm
7 | Photolithography| For electroplated antenna
AZ4620
Spread 500/100/10
Spin 1500/1000/30
Soft bake 35°C->70°C
1 hour hold at 70 °C
70°C ->35°C
Expose 45 seconds in ABM
Develop 3 minutes in 4:1 AZ400K:DI
8 | Electroplate For thick, low resistance antenna
Electroplate calculate exposed area
calculate plating charge in A-
min
(use 0.8 A-min for contact leng)
60mA, 1 ms on, 1 ms off
Rinse in water DI
9 | Resist strip
Soak in acetone 5 minutes
Soak in IPA 2 minutes
Rinse in DI, use SRD
10 | Au etch Etch seed layer
Dilute 10:1 DI:Gold etch TFA Watch until etchedl min
Rinse with DI, SRD
11| Photolithography| For part receptors

Descum in barrel etch
SU-8 2

Spread

Spin
Soft bake

Expose
Post exposure bake

Develop

15 seconds at 100W

500/100/10
2000/300/40
35°C->70°C
Hold 15 minutes
70 °C ->35°C

30 secconds in ABM

35°C->70°C

30 minute hold at 70 °C
70 °C ->35°C

3.5 minutes in SU-8 developer
Rinse with IPA, blow dry, SRD
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Appendix B:  Multi-cell fabrication process
Step Description Details
1| Clean

SC1 or 4:1 Pirhana, dump rinse
SC2, dump rinse
49% HF, dump rinse, SRD

10 minutesC75 °
10 minutes, 75 °C
2 minutes

2 | Oxide growth

Oxide to mask diffusion
Furnace tube
Bubbler

30 minutes, 1050 °C
98 °C
~345 nm

3 | Photolithography

Mask for oxide etch
HMDS oven
AZ1512

Spread

Spin
Soft bake
Expose
Develop (watch!)
Dump rinse, SRD

rpm, rpm/s, time
1000/100/10
4000/20000/30

1:30 minutes, 110 °C

3.5 seconds in EVG

1 minute in 4:1 DI:AZ315

4 | Oxide etch
Trion RIE "Descum" recipe
6.25 minutes in "Oxide" recipe
5 | Resist strip
02 plasma 150 W, 5 min
EKC 830 85°C, 10 min
Dump rinse
6 | Clean
SC1 or 4:1 Pirhana, dump rinse 10 minutesC75 °©
SC2, dump rinse 10 minutes, 75 °C
10:1 BOE, dump rinse, SRD 30 seconds
7 | Diffusion Create emitter regions
Spin Filmtronics P509 Use polymer lining in ideay
Spread 500/100/5
Spin 3000/1000/10
Prebake 175°C, 10 min (use foil)
Diffuse 1 hour, 1100 °C
12% mfc 02, 36% mfc N2
Remove oxide and spin-on-
8 | Oxide strip dopant
49% HF 10 minutes
Dump rinse, SRD
9 | Clean

SC1 or 4:1 Pirhana, dump rinse
SC2, dump rinse

49% HF, dump rinse, SRD

10 minutesCr5 ©
10 minutes, 75 °C
2 minutes
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10 | Photolithography| Lift-off resist for metallizati
Futurrex NR71-1000PY rpm, rpm/s, time
Spread 500/100/5
Spin 4000/1000/30
Soft bake 150°C, 1 min
Expose 30 seconds in EVG
Post exposure bake 100 °C, 1 min
Develop (watch!) 50 seconds in 3:1 RD6:DI
Dump rinse, SRD
11 | Evaporate Deposit metal stack
Barrel etch 30 seconds, 100 W, 1 Torr
BOE etch, dump rinse, SRD 15 seconds
Deposit Cr/Ni/Au 20/80/200 nm
12 | Lift-off Remove lift-off resist
Soak in acetone 20 minutes (or until metal sheff)
Sonicate 10-60 seconds
IPA rinse, dry, SRD
Surfactant soak NCW-1001 (Wako) in DI bath
Dump rise, SRD
13 | Photolithography| Define component shape
AZ4620 rpm, rpm/s, time
Spread 500/100/10
Spin 4500/1000/30
Soft bake 5 minutes, 110 °C
Expose 45 seconds in EVG
Develop (watch!) 5 minute in 4:1 H20:AZ315
Dump rinse, SRD
Barrel etch 300W, 3 min
Hard Bake 110°C, 30 min
14 | Silicon etch Bosch to buried oxide
Oxford DRIE "Standard Bosch" recipe
32 loops
15| Resist strip Remove tough resist
02 plasma 18.5 minutes, 150 W
16 | PDMS bond

Bond SOI to handle wafer
Mix
Sylgard 184, 10:1
Use NTUF shaker
PDMS on SOI and handle
Spread
Spin
Planarize
Plasma treat, barrel etcher
Press together
Vacuum bake

10 minutes at 1500 rpm

1500 rpm, 1 min
500/100/10
1500/1000/30
24 hours on flat surface

30 seconds, 1 Zbivwy

~20 - 40 Ibs of force in center

2 hours, 80 °C
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Silicon etch Remove SOl handle
Oxford DRIE

Strike 5 seconds, 30 mTorr
50 W CCP, 2000 W ICP
200 SF6 [sccm]

Etch (watch at end!) 2.67 hours, 30 mTorr
50 W CCP, 2000 W ICP
200 SF6 [sccm]

PDMS etch*

Place wafer in glass beaker face down with 3:1 NNBAF. When parts
are released, remove handle wafer. Pour solutidrparts through filter
paper in funnel into polymer waste container. Rifiker paper into
waste container several times, then into sink féeast 20 minutes.
Rinse parts into polymer scintillation vial.

* \Wear proper personal protective equipment




Appendix C:  Flexible-cell fabrication process
Step Description Details
1| Clean

SC1 or 4:1 Pirhana, dump ring

SC2, dump rinse, SRD
49% HF, dump rinse

e

10 minutes, 75°C
10 minutes, 75°C
2 minutes

2 | Photolithography

Mask for base implant
HMDS oven
AZ1512

Spread

Spin
Soft bake
Expose
Develop (watch!)
Dump rinse, SRD

rpm, rpm/s, time
1000/100/10
4000/20000/30

1:30 minutes, 110 °C

3.5 seconds in EVG

1 minute in 4:1 DI:AZ315

3 | Base implant

Base finger implant
Send to Core Systems

n-type, phosphorus
65 keV
7E15/cm2
~ surface doping 5E20/cm3

4 | Resist strip

Remove tough resist
02 plasma
EKC 830
Dump rinse

150 W, 5 min
85°C, 10 min

5| Clean

SC1 or 4:1 Pirhana, dump ring

SC2, dump rinse, SRD
49% HF, dump rinse

e

10 minutes, 75°C
10 minutes, 75°C
2 minutes

6 | Photolithography

Mask for emitter implant

HMDS oven
AZ1512

Spread

Spin
Soft bake
Expose
Develop (watch!)
Dump rinse, SRD

rpm, rpm/s, time
1000/100/10
4000/20000/30

1:30 minutes, 110 °C

3.5 seconds in EVG

1 minute in 4:1 DI:AZ315

7 | Emitter implant

Emitter finger implant
Send to Core Systems

p-type, boron
23 keV
7E15/cm2
~ surface doping 5E20/cm3

8 | Resist strip

Remove tough resist
02 plasma
EKC 830

150 W, 5 min
85°C, 10 min
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9 | Clean
SC1 or 4:1 Pirhana, dump ringe 10 minutes, 75°C
SC2, dump rinse, SRD 10 minutes, 75°C
49% HF, dump rinse 2 minutes
10 | Nitride For backside passivation
Oxford PECVD Opt - SiNx
10 minutes, 1 Torr, 20 W
30 NH3, 15 SiH4, 980 N2 [sccm]
~115 nm
11 | Clean
SC1 or 4:1 Pirhana, dump ringe 10 minutes, 75°C
SC2, dump rinse, SRD 10 minutes, 75°C
10:1 BOE, dump rinse, SRD 2 minutes
12 | Drivein Drive in both implants
Clean RTA 2 min, 1100°C
3x
13 | Photolithography| Mask for via etch
HMDS oven
AZ1512 rpm, rpm/s, time
Spread 1000/100/10
Spin 4000/20000/30
Soft bake 1:30 minutes, 110 °C
Expose 3.5 seconds in EVG
Develop (watch!) 1 minute in 4:1 DI:AZ315
Dump rinse, SRD
14 | Via etch To contact emitter and base
Vision RIE MFF - Nitride
3 minutes, 40 mTorr, 225 W
10 CHF3, 40 CF4 [sccm]
15| Resist strip
02 plasma 150 W, 5 min
EKC 830 85°C, 10 min
16 | Photolithography| Lift-off resist for metallizati
Futurrex NR71-1000PY rpm, rpm/s, time
Spread 500/100/5
Spin 4000/1000/30
Soft bake 150°C, 1 min
Expose 30 seconds in EVG
Post exposure bake 100 °C, 1 min
Develop (watch!) 50 seconds in 3:1 RD6:DI
Dump rinse, SRD
17 | Evaporate Deposit metal stack

Barrel etch
BOE etch, dump rinse, SRD

Deposit Ti/Ni/Au

30 seconds, 100 W, 1 Torr
15 seconds
10/80/200 nm
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18 | Lift-off Remove lift-off resist
Soak in acetone 20 minutes (or until metal sheff)
Sonicate 10-60 seconds
IPA rinse, dry, SRD
Surfactant soak NCW-1001 (Wako) in DI bath
Dump rise, SRD
19 | Photolithography| Define component shape
AZ4620 rpm, rpm/s, time
Spread 500/100/10
Spin 4500/1000/30
Soft bake 5 minutes, 110 °C
Expose 45 seconds in EVG
Develop (watch!) 5 minute in 4:1 H20:AZ315
Dump rinse, SRD
Barrel etch 300W, 3 min
Hard Bake 110°C, 30 min
20 | Nitride etch To expose silicon
Trion RIE "Nitride" recipe
1 minute, 130 mTorr, 75 W
15 SF6 [sccm]
21| Silicon etch Bosch to buried oxide
Oxford DRIE "Standard Bosch" recipe
32 loops
To etch majority of buried
22 | Oxide etch oxide
Trion RIE "Oxide" recipe
10 minute, 75 mTorr, 50 W
25 CHF3, 5 O2 [sccm]
23 | Resist strip Remove tough resist
02 plasma 18.5 minutes, 150 W
24 | PDMS bond

Bond SOl to handle wafer
Mix
Sylgard 184, 10:1
Use NTUF shaker
PDMS on SOI and handle
Spread
Spin
Planarize
Plasma treat, barrel etcher
Press together
Vacuum bake

10 minutes at 1500 rpm

1500 rpm, 1 min
500/100/10
1500/1000/30
24 hours on flat surface

30 seconds, 1 26wy

~20 - 40 Ibs of force in center

2 hours, 80°C
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25 | Silicon etch Remove SOl handle
Oxford DRIE
Strike 5 seconds, 30 mTorr
50 W CCP, 2000 W ICP
200 SF6 [sccm]
Etch (watch at end!) 2.67 hours, 30 mTorr
50 W CCP, 2000 W ICP
200 SF6 [sccm]
26 | Oxide etch Thin buried oxide
Trion RIE "Oxide" recipe
10 minute, 75 mTorr, 50 W
25 CHF3, 5 O2 [sccm]
27 | PDMS etch Etch all PDMS
3:1 NMP:TBAF 24 hours
Use specially designed holder
In 6" evaporating dish
28 | Rinse/store

Deionized water
Store

10 minutes with with lid on dhet
Individually in plastic containers
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Appendix D: Handle wafer etch development

With 100% exposed silicon and no masking, aspéict, lateral etching, and
aspect ratio dependent etching (ARDE) were notg@myneconsiderations. However, etch
rate, uniformity, and selectivity were crucial. elbasic DRIE process in the MFF
cleanroom resulted in an etch rate at the centappfoximately 80% the etch rate near
the edges. Therefore, for a 450 um etch, the katitd buried oxide, and the 15 pm
device later were completely etched at the periphefore the center was etched to the
buried oxide. Normally to achieve high aspectratructures, sidewall passivation must
be employed to decrease lateral etch rates. Howierea bulk wafer etch, sidewall
passivation was not required. Therefore, ag@fy etch was developed in an
inductively coupled plasma etcher, with the purpofsachieve excellent oxide selectivity
and high etch rates.

For an Sk etch, the primary means of oxide erosion is frombombardment.
Therefore, after determining the max flow rate, tteximum ICP power, minimum
capacitively coupled power (CCP), and max chambessure while maintaining plasma,
an average etch rate of over 3 pm/min and averdde selectivity higher than 1000:1
was achieved. Increasing the flow and the pressareases the etch rate and decreases
the erosion, respectively. However, the uniformigs still poor, so the buried oxide was

not perfectly uniform after etching.

Table 9. Handle wafer etch parameters.

Strike Etch
SF6 flow [sccm] 200 200
ICP Power [W] 2000 2000
CCP Power [W] 20 0
Pressure [mTorr] 35 35
Time 5s 150 min
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Appendix E:  Sentaurus Simulation Files

sProcess command file for parametric sweep or septative cell
# Andrew Lingley
# Solar Cell Process Simulation

# 2D grid definition

line x location=0.0 spacing= 100<nm> tag=DeviceTop

line x location=2<um> spacing= 1<um>

line x location=@<Thick-1>@ spacing= 0.5<um>

line x location=@<Thick>@<um> spacing= 0.1<um> tBgviceBottom
line x location=@<Thick+0.094>@<um> spacing= 0.1sutag=BoxBottom
line y location=0.0<um> spacing= 1<um> tag=CellLeft

line y location=10<um> spacing= 1<um> tag=CellRight

# Initial simulation domain, SOI wafer 15 um devibekness
region oxide xlo=DeviceBottom xhi=BoxBottom
region silicon xlo=DeviceTop xhi=DeviceBottom

# Initialize simulation
init resistivity=@<BaseDope>@<ohm-cm> field=Phospiso

# Define masks for fast simulation
mask name=base_mask left=1<um> right=3<um>
mask name=emit_mask left=5<um> right=9<um>
mask name=via_mask \
segments= {1.5<um> 2.5<um> 6<um> 8<um>} negative
mask name=metal_mask \
segments= {1<um> 3<um> 5<um> 9<um>}

# Refine interface and implant regions
refinebox interface.materials = { Silicon Oxide fde Ti }
refinebox min={0 0.8} max={1.5 3.2} \

xrefine={0.1 0.25 1} yrefine= {0.25 0.25 0.25}licon
refinebox min= {0 4.8} max={1.5 9.2} \

xrefine={0.1 0.25 1} yrefine= {0.25 0.25 0.25}licon

# Implant base

photo mask=base mask thickness=1.5<um>

implant Phosphorus energy=@<PkeV>@<keV> dose=@<€B@3cm-2>
tilt=7.0<degree>

strip resist

# Implant emitter
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photo mask=emit_mask thickness=1.5<um>
implant Boron energy=@<BkeV>@<keV> dose=@<BDose>@<2¢ tilt=7.0<degree>
strip resist

# Deposit nitride
deposit nitride type=anisotropic thickness=120<nm>

# Diffuse dopants
diffuse temperature=1100<C> init=0.001<s> time=@fDine>@<min>

# Etch vias
etch nitride type=isotropic etchstop= {Si} thickised 20<nm> mask=via_mask

# Deposit and lift-off metal layer stack
photo mask=metal _mask thickness=3

deposit material=Ti thickness=10<nm> type=anisatrop
deposit material=Ni thickness=80<nm> type=anisatrop
deposit material=Al thickness=200<nm> type=anigutro

strip resist
# Define contacts
contact name=nContact x=-190<nm> y=2<um> point

contact name=pContact x=-190<nm> y=7<um> point

# Check structure
struct tdr= n@node@_TSC1_Final

# Define structure for sdevice
struct smesh= n@node@_TSC1lmesh
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sDevice command file for parametric sweep or rergive cell
# Andrew Lingley
# Solar Cell Device Simulation

# Set dependence on previous node
#setdep @previous@

# Set input and output files

File

{
* Input files
Grid = "n@node|-1@_TSClmesh_fps.tdr"
llluminationSpectrum= "spectra/am15g.txt"
Parameter="@parameter@"

* Output files
Plot = "n@node@_des.tdr"
Current = "n@node@_des.plt"

}

# Select contacts for simulation
Electrode
{
{ Name="nContact" Voltage=0.0 }
{ Name="pContact" Voltage=0.0 }

}

# Set physical models to employ

Physics

{
AreaFactor=1e10 * Gives mA/cm”2 for a 10 x 1"@moell
Mobility (DopingDependence HighFieldSat Enormal)
EffectivelntrinsicDensity (BandGapNarrowing (Sldtboom))

Optics
(
ComplexRefractivelndex (WavelengthDep(Read
OpticalGeneration
(
QuantumYield (StepFunction (EffectiveBaagd))
ComputeFromSpectrum
TimeDependence (Wavetime= (1,2) WaveTSidpe5)
)

Excitation

(



Theta= 180 * From cell front
Polarization= 0.5 * Unpolarized light
)
OpticalSolver
(
TMM
(

NodesPerWavelength= 100 *TMM mesh oint

IntensityPattern= StandingWave

Stripe

(
Left=0
Right= 10
)
)
)
)

Recombination
(
SRH(DopingDependence)
Auger
)
}

# Account for front surface recombination
Physics (Materiallnterface="Silicon/Oxide")

{

Recombination(surfaceSRH)

}

# Account for back surface recombination
Physics (Materiallnterface="Silicon/Nitride")

{

Recombination(surfaceSRH)

}

Plot
{

* Bands and fields
Potential SpaceCharge ElectricField EffectivedBaap
* Carrier densities, lifetimes, mobilities

eDensity hDensity eLifeTime hLifeTime eMobilibMobility

* Current densities
eCurrent/Vector hCurrent/Vector TotalCurrent/¥ec
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}

* Generation
OpticalGeneration
* Recombination

SurfaceRecombination TotalRecombination

Math

{

}

Extrapolate
Derivates
RelErrControl
BreakCriteria

{

Current(Contact="pContact" maxval=0)

}

Solve

{

}

* |nitial solution
Poisson

* Ramp up optical generation
Transient
(
InitialTime=0 FinalTime=1.0
InitialStep=1 MaxStep=1 Minstep=1e-5
)
{ Coupled { Poisson Electron Hole } }

* Ramp pContact voltage
Quasistationary
(

MaxStep=0.01

Goal{ Name="pContact" Voltage=0.7 }

)
{ Coupled { Poisson Electron Hole } }
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Inspect command file for parametric sweep or repregive cell
# Andrew Lingley
# Solar Cell Parameter Extraction and Plotting

# Set node dependence
#setdep @previous@

# Set up some variables to extract
#set Jsc x

#set Voc x

#set Pmpp x

#set FF X

#set Efficiency x

# Create some variable numbers
setn @node@
seti @node:index@

# Load data from SDevice into a project called PIM _
proj_load n@node|sdevice@_des.plt PLT_JV($n)

# Define a few constants
set Ps 100.0

# Plot illuminated J-V and characteristics in figstadrant

# Current was converted to J using "AreaFactoShrevice

cv_create J($n) "PLT_JV($n) pContact OuterVoltat/®d"T_JV($n) nContact
TotalCurrent”

# Plot illuminated P-V and characteristics in fgstadrant

cv_create V($n) "PLT_JV($n) pContact OuterVoltatel.T_JV($n) pContact
OuterVoltage"

cv_createWithFormula P($n) "<V($n)>*<J($n)>" A A

# Extract short circuit current density, Jsc [mA/@h
set Jsc($n) [cv_compute "vecvaly(<J($n)>,0.0)" AA]

# Extract open circuit voltage, Voc [V]
set Jmin [cv_compute "vecmin(<J($n)>)" A A A A]
if {$Imin <= 0} {
set Voc($n) [expr [cv_compute "veczero(<J($n)>)AMA Al
} elseif {$Imin <= 1e-6} {
set Voc($n) [expr [cv_compute "vecvalx(<J($n)>,$drhA A A A]]
}
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# Extract fill factor (FF), maximum power outpuiniBp [mW/cm2]) and efficiency [%]

set Pmpp($n) [cv_compute "vecmax(<P($n)>)" A A A A]
set FF($n) [expr $Pmpp($n)/($Voc($n)*$Isc($n))*100]
set Efficiency($n) [expr $Pmpp($n)/$Ps*100]

#; Write Extracted variables to SWB

ft _scalar Jsc [format %.2f $Jsc($n)]

ft_scalar Voc [format %.4f $Voc($n)]

ft_scalar Pmpp [format %.2f SPmpp($n)]
ft_scalar FF [format %.2f $FF($n)]

ft_scalar Efficiency [format %.2f $Efficiency($n)]

puts "Done"



sProcess command file for front surface recombonagiweep of realistic cell
#Andrew Lingley

#Solar Cell Simulation

#Front surface recombination sweep

# 2D grid definition for real cell

line x location=0.0 spacing= 100<nm> tag=DeviceTop

line x location=5<um> spacing= 2<um>

line x location=10<um> spacing= 2<um>

line x location=15<um> spacing= 100<nm> tag=Devict&m
line x location=15.085<um> spacing= 100<nm> tag=Battom
line y location=0.0<um> spacing= 2<um> tag=CellLeft
#line y location=10<um> spacing= 1<um>

#line y location=25<um> spacing= 5<um>

#line y location=40<um> spacing= 1<um>

#line y location=50<um> spacing= 5<um>

#line y location=60<um> spacing= 1<um>

#line y location=100<um> spacing= 10<um>

#line y location=140<um> spacing= 1<um>

line y location=150<um> spacing= 2<um> tag=CellRigh

# Initial simulation domain, SOI wafer 15 um devibekness
region oxide xlo=DeviceBottom xhi=BoxBottom
region silicon xlo=DeviceTop xhi=DeviceBottom

# Initialize simulation
init resistivity=@<BaseDope>@<ohm-cm> field=Phospiso

# Define masks for fast simulation

mask name=base_mask left=10<um> right=40<um>

mask name=emit_mask left=60<um> right=140<um>

mask name=via_mask segments= {20<um> 30<um> 80<@0r=im> 110<um>
120<um>} negative

mask name=metal_mask segments= {10<um> 40<um> 68<44fi<um>}

# Refine interface and implant regions
refinebox interface.materials = { Silicon Oxide e Ti }
refinebox min= {0 8} max= {4 42} \

xrefine= {0.01 0.2 1} yrefine= {0.2 2 0.2} silan
refinebox min= {0 58} max= {4 142} \

xrefine={0.01 0.2 1} yrefine= {0.2 2 0.2} silan

# Implant base
photo mask=base_mask thickness=1.5<um>
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implant Phosphorus energy=@<PkeV>@<keV> dose=@<€B@3cm-2>
tilt=7.0<degree>
strip resist

# Implant emitter

photo mask=emit_mask thickness=1.5<um>

implant Boron energy=@<BkeV>@<keV> dose=@<BDose>@m-2¢c tilt=7.0<degree>
strip resist

# Deposit nitride
deposit nitride type=anisotropic thickness=75<nm>

# Diffuse dopants
diffuse temperature=1100<C> init=0.001<s> time=@fDine>@<min>

# Etch vias
etch nitride type=isotropic etchstop= {Si} thickise80<nm> mask=via_mask

# Deposit and lift-off metal layer stack
photo mask=metal_mask thickness=3

deposit material=Ti thickness=10<nm> type=anisatrop
deposit material=Ni thickness=80<nm> type=anisatrop
deposit material=Al thickness=200<nm> type=anigutro

strip resist
# Define contacts
contact name=nContact x=-190<nm> y=25<um> point

contact name=pContact x=-190<nm> y=100<um> point

# Check structure
struct tdr= n@node@_TSC1 _Final

# Define structure for sdevice
struct smesh= n@node@_TSC1lmesh
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sDevice command file for front surface recombinasaveep of realistic cell
# Andrew Lingley

# Solar Cell Device Simulation

# Front surface recombination sweep

# Set dependence on previous node
#setdep @previous@

# Set input and output files

File

{
* Input files
Grid = "n@node|-1@_TSClmesh_fps.tdr"
llluminationSpectrum= "spectra/am15g.txt"
Parameter="@parameter@"

* Output files
Plot = "n@node@_des.tdr"
Current = "n@node@_des.plt"

}

# Select contacts for simulation
Electrode
{
{ Name="nContact" Voltage=0.0 }
{ Name="pContact" Voltage=0.0 }

}

# Set physical models to employ

Physics

{
AreaFactor= 666666666 * Gives mA/cm”2 for ceddain um”2
Mobility (DopingDependence HighFieldSat Enormal)
EffectivelntrinsicDensity (BandGapNarrowing (Sldtboom))

Optics
(
ComplexRefractivelndex (WavelengthDep(Readm
OpticalGeneration
(
QuantumYield (StepFunction (EffectiveBaad)
ComputeFromSpectrum
TimeDependence (Wavetime= (1,2) WaveTSidpéb)
)

Excitation



(
Theta= 180 * From cell front
Polarization= 0.5 * Unpolarized light
)
OpticalSolver
(
TMM
(
NodesPerWavelength= 100 *TMM mesh point
IntensityPattern= StandingWave
Stripe
(
Left=0
Right= 150
)
)
)
)
Recombination
(
SRH(DopingDependence)
Auger
)
}

# Account for front surface recombination
Physics (Materialinterface="Silicon/Oxide")
{

Recombination(surfaceSRH)

}

# Account for back surface recombination
Physics (Materialinterface="Silicon/Nitride")
{

Recombination(surfaceSRH)

}

Plot

{
* Bands and fields
Potential SpaceCharge ElectricField EffectivedBaap
* Carrier densities, lifetimes, mobilities

eDensity hDensity eLifeTime hLifeTime eMobilibpMobility

* Current densities
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}

eCurrent/Vector hCurrent/Vector TotalCurrent/iec
* Generation

OpticalGeneration

* Recombination

SurfaceRecombination TotalRecombination

Math

{

}

Extrapolate
Derivates
RelErrControl
BreakCriteria

{

Current(Contact="pContact" maxval=0)

}

Solve

{

}

* |nitial solution
Poisson

* Ramp up optical generation
Transient
(
InitialTime=0 FinalTime=1.0
InitialStep=1 MaxStep=1 Minstep=1e-5
)
{ Coupled { Poisson Electron Hole } }

* Ramp pContact voltage
Quasistationary
(

MaxStep=0.01

Goal{ Name="pContact" Voltage=0.7 }

)
{ Coupled { Poisson Electron Hole } }
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Inspect command file for front surface recombinaaveep of realistic cell
# Andrew Lingley

# Solar Cell Parameter Extraction and Plotting

# Front surface recombination sweep

# Set node dependence
#setdep @previous@

# Set up some variables to extract
#set Jsc x

#set Voc x

#set Pmpp x

#set FF X

#set Efficiency x

# Create some variable numbers
setn @node@
seti @node:index@

# Load data from SDevice into a project called PIM _
proj_load n@node|sdevice@_des.plt PLT_JV($n)

# Define a few constants
set Ps 100.0

# Plot illuminated J-V and characteristics in fistadrant

# Current was converted to J using "AreaFactoShrevice

cv_create J($n) "PLT_JV($n) pContact OuterVoltati®d"T_JV($n) nContact
TotalCurrent"

# Plot illuminated P-V and characteristics in fgstadrant

cv_create V($n) "PLT_JV($n) pContact OuterVoltatyelLT_JV($n) pContact
OuterVoltage"

cv_createWithFormula P($n) "<V($n)>*<J($n)>" A A

# Extract short circuit current density, Jsc [mA/@h
set Jsc($n) [cv_compute "vecvaly(<J($n)>,0.0)" AA]

# Extract open circuit voltage, Voc [V]
set Jmin [cv_compute "vecmin(<J($n)>)" A A A A]
if {$Imin <= 0} {
set Voc($n) [expr [cv_compute "veczero(<J($n)>)AM A]]
} elseif {$Imin <= le-6} {
set Voc($n) [expr [cv_compute "vecvalx(<J($n)>,8I¢hA A A A]]
}
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# Extract fill factor (FF), maximum power outpuiniBp [mW/cm2]) and efficiency [%]

set Pmpp($n) [cv_compute "vecmax(<P($n)>)" A A A A]
set FF($n) [expr $Pmpp($n)/($Voc($n)*$Jsc($n))*100]
set Efficiency($n) [expr $Pmpp($n)/$Ps*100]

#; Write Extracted variables to SWB

ft_scalar Jsc [format %.2f $Jsc($n)]

ft_scalar Voc [format %.4f $Voc($n)]

ft_scalar Pmpp [format %.2f $Pmpp($n)]
ft_scalar FF [format %.2f $FF($n)]

ft_scalar Efficiency [format %.2f $Efficiency($n)]

puts "Done"
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Example parameter file for sweep, including n-kgilnot shown) and materials
properties

# Andrew Lingley

# Solar Cell Device Simulation Parameter File

Material = "Nitride" {
#include "SiN-nk.par"

}

Material = "Silicon" {
#include "Si.par"
#include "Si-nk.par"

}

Material = "Oxide" {
#include "SiN-nk.par"

}

Material = "Titanium" {
#include "Ti-nk.par"

}

Material = "Nickel" {
#include "Ni-nk.par"

}

Material = "Aluminum" {
#include "Al-nk.par"

}

Materiallnterface = "Silicon/Oxide" {
SurfaceRecombination {
SO = @Sfront@, @Sfront@ * [cm/s]
Sref = 0 * [1], no doping dependence
}
}

Materiallnterface = "Silicon/Nitride" {
SurfaceRecombination {
S0 = @Shack@, @Sback@ * [cm/s]
Sref = 0.001 * [1], doping dependence
Nref = 1e15 * [cm-3] for ~5 Ohm-cm Phosphorus
}
}



Appendix F:  Pseudo self-assembly process
Step Details
1 | Turnon hotplate 1

set to 225°C

Clean substrates

spray with acetone/IPA 2x
dry with nitrogen

Polish edges

cut small bit of 5 um grit
hold in fingers and polish edges

Clean substrates

spray with acetone/IPA 2x
dry with nitrogen

Prepare solar cells

Pipette cells into vial with DI
Remove as much DI as possible
Add 10 mL EG, swish thoroughly

Prepare petri dish

pour 25 mL of EG in petri dish
add 10 pL HCI, mix
place dish on cold hotplate 2 under microsco

pe

Heat solder

place solder beaker in water beaker
place beakers on hot plate

when solder reaches 90 add 60 pL HCI
wait 1-2 minutes, pipette all EG out
add 10 mL EG

add 60 pL HCI

Coat template

pick up substrate with broad tweezers
pipette solder over template*

check in microscope, repeat coat if necessar
place in petri dish

Place cells and reflow

use pipette to place components

turn heat up to 5

after ~2 min, solder should melt (but watch)
turn on spinner (to cause vibration) ~15 seco

nds

10

Cool

take petri dish off hot plate

wait ~5 minutes

rinse with IPA, dry with nitrogen

place substrates on fluoroware with blue tapg

*Change angles and flow rate if necessary
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