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This dissertation presents the progress to miniaturize and integrate optics and optoelectronics
for two applications. In the first segment, latest progress in wireless powering of several
single pixel displays embedded in a contact lens platform would be demonstrated. Then in
order to extend display capabilities, design and fabrication of micro LED-Fresnel Zone Plate
display components will be described, which pave the way for constructing a contact lens
display that is capable of producing in-focus images on the retina surface.

In the second segment, a vision for a universal identification system to include physical
objects into the cyberspace will be introduced. The approach includes a wirelessly read-
writeable tag that holds a unique ID while a cloud-based service manages the global
assignment and storage of codes and object definitions. Fundamental scaling limitation of
conventional identification tags is a major motivation to utilize an optical alternative to RF
for power and data transmission. As an initial proof of concept, an end-to-end prototyping of
the envisioned optical identification system comprising of hardware and software
infrastructure design and development would be presented, followed by preliminary
packaging process development applicable for encapsulating autonomous optical

microsystems.
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Chapter 1 Introduction

One of the major trends in industry is to miniaturize systems and improve their capabilities.
A good example of such a trend is the size shrink of semiconductor integrated circuits that
happens every few years, popularly known as Moore’s law. But no complex system is solely
comprised of compact circuits. There usually are various forms of sensors, transducers, and
non-electronic components utilized in the system that need to be miniaturized as well, to
achieve the certain goal of a compact system. Optical and optoelectronic devices are of great
importance for telecommunications and sensing applications. Components such as Light
Emitting Diodes, Photodiodes and Micro-lenses are among the important subsystems
juxtaposed to microelectronic circuitry in today’s multifunctional products.

Through this manuscript, we will describe our effort toward miniaturization and integration
of optoelectronic components for two major applications: contact lens embedded display
(Chapter 2) and wireless communication (Chapter 3).

Chapter 2 begins with an overview of work toward creating wirelessly controlled contact
lenses embedding a single element display. Then the rest of the chapter covers our effort
toward overcoming the optical challenge of contact lens display, which entails creating an in-
focus image of the display on the retina. A detailed description of design, fabrication and
testing of GaN LED structures integrated with diffractive elements, Fresnel Zone Plates, is
the main focus of Chapter 2.

In Chapter 3, we envision utilizing optical paths for power and data transmission to establish
a universal identification system based on a miniature tag. The feasibility fabricating a
monolithic tag in miniature sizes with available technologies and the basic infrastructure of
such a system are covered at the beginning. Then our effort toward prototyping the

infrastructure comprising development of proper hardware and software layers is fully



described. In the last section, a novel cost effective packaging process, compatible for
encapsulating miniature autonomous optical systems, is developed and presented thoroughly.
Finally, in Chapter 4, after a brief review of the accomplishments, future plans to improve the

results of each segment are presented.



Chapter 2 Contact lens embedded display

Arguably one of the most important ways of receiving information for us is through vision.
The light reflecting or refracting off of various physical objects is collected by the eyes and
transmitted to various parts of the brain for specific processing. The first bodily object light
encounters is the cornea, an essentially clear layer of cells that is to first approximation
spherical in shape, and which provides about two-thirds of the refractive power of the eye.
Light then passes through the aqueous humor and the pupil and is refracted dynamically by
the crystalline lens. Finally, light passes through the vitreous humor and the bulk of the retina
where it is absorbed by photoreceptors and undergoes transduction into an electrical signal.
Amplification is performed by about 1.2 x 10° rods and 5 x 10° cones, and the resulting signal
is sent to ganglion cells. Then this information passes through the million or so fibers of the
optic nerve, into the brainstem, and on to the visual cortex. The human visual system operates
over a wide range of light intensity (~12 orders of magnitude) and allows for color vision,
judgment of distance and movement, and high-resolution tasks'”.

Unfortunately, despite the complexity and adaptability of the visual system, some people
cannot see clearly. Often this results from a misshapen cornea that projects a focused image
behind or in front of the retina. Thus eyeglasses were invented and were the sole means of
vision correction for centuries until the realization of contact lenses, which were initially
blown glass structures fitted over the cornea and part of the sclera. Corneal lenses were
patented in 1950, and the first soft contact lenses (made from poly- HEMA) were
demonstrated in 1961. Rigid gas permeable lenses with high oxygen permeability were
invented next, followed by silicone hydrogel soft lenses that are now ubiquitous’. Contact

lenses are used by tens of millions worldwide in a market estimated at $6.1 billion in 2010 *.



Although primarily used for vision correction (and occasionally for aesthetics), their location
on the corneal surface presents unique opportunities for vision augmentation or biological
monitoring’. For example, see-through displays could overlay computer-generated visual
information on the real world, providing immediate, hands-free access to information®.

Wearable computing and augmented reality will likely provide new ways to manage
information and interact with the world. The first step towards always-accessible,
superimposed information will most likely be implemented in see-through eyeglass displays,
such as those presented by Google’s Project Glass or Fraunhofer IPMS head mounted
display’. However, a much less cumbersome display for augmented reality may take the form
of a contact lens. Like their larger counterparts, contact lens displays could communicate
with Internet enabled devices to retrieve discrete and real-time emails, text messages,
reminders, or navigational information. Pioneering contact lens display development has
been accomplished by the Parviz Group at the University of Washington, with the long-term
goal of developing systems with pixel arrays, focusing optics, and antennas, as well as

circuitry for power harvesting, radio communication, and pixel control (Figure 2.1).



Micro-LED display with integrated FZP

RF circuitry chip
Contact lens platform

Figure 2.1 Conceptual drawing of a multi-pixel contact lens display. A contact lens
display comprising a multi-pixel light emitting diode chip, power- harvesting/control
circuitry, an antenna, and interconnects. These subsystems are encapsulated in a
transparent polymer, creating a system to project virtual images perceivable by the eye
of the wearer.

Integrating displays on contact lenses presents several challenges, which our group has been
working on for some time. First, as the display is standalone, power must be provided and
stored for system operation without a wired connection. Environmental photovoltaic
generation from the sun or fluorescent lighting may be appropriate for sensing, where power
requirements are very low. In the other hand, radio frequency power can be a suitable option
to provide sufficient energy for wireless operation of the display. Second, the contact lens
system must be biocompatible and meet regulations for radiofrequency (RF) radiation. For
example, LEDs made of toxic materials (inorganic crystalline or organic amorphous) must be
enveloped in a biocompatible substance for safe operation. Additionally, safety standards
place limits on incident radio frequency radiation. Therefore, the energy efficiency of the
electrical and optical subcomponents is of the utmost importance. In order to minimize
losses, inorganic single-crystalline components (for display LED) and metal structures

(interconnects and antenna) are the best candidates. Utilizing organic materials for display



LED, despite their acceptable efficiency, is more challenging because they are more difficult
to integrate and are sensitive to oxygen and moisture. The third challenge is the mechanical
and electrical integration of heterogeneous micrometer-scale components (e.g. silicon
integrated circuitry and III-V semiconductor optoelectronics) on a polymer substrate.
Furthermore, all components must fit within the volume of standard contact lenses, ~1.0 cm”
in area with thicknesses of 200 um or smaller’. Additionally, the human eye, with its nearest
focus point (closest point of accommodation) ranging from 7 to 40 cm for teenagers to
middle-aged adults®, cannot resolve objects on a contact lens display. This raises the optical
challenge of creating an in-focus image of displayed pixels on the eye.

An overview of our work to make wirelessly controlled contact lens displays with an
unfocused single element is given below; detailed description of our effort to overcome the
optical challenge through co-integration of micro-optics and the display element comes as the

last part of this chapter.

2.1 Wireless powered active contact lenses

First, Ho et al. devised a fabrication process to deposit two metal layers and polymer
insulation on a clear polymer substrate, upon which an array of micrometer scale LEDs was
assembled. However, the LEDs failed when molding the device for corneal fitting’. Next,
Pandey et al. used a similar fabrication process to create single pixel LED displays on planar
polymer discs comprising custom integrated circuits (ICs), antennas, and LEDs. The on-lens
antenna collected radiation from an external transmitter, and the power-harvesting IC
rectified and stored energy to duty-cycle an LED at a frequency sufficiently high as to give
the appearance of continual light emission'’. The following year, the lenses were improved
by electrolessly plating the custom ICs for flip-chip style assembly, and the polymer substrate

fabrication process was modified to reduce antenna resistance and improve system



performance'' (Figure 2.2). Using flip-chip style assembly, an operational molded structure
was realized. Building from these efforts, systems comprising single blue LEDs, antennas,

and ICs were tested in vivo on rabbits reported by Lingley et al.'?

(Figure 2.3). In the most
recent effort, the author successfully assembled a single element LED with pre- determined
text on the contact lens platform, wirelessly controlled utilizing RF system'® (Figure 2.4).

To our knowledge, the only other attempt at developing a contact lens display was by De
Smet'®. A contact lens display based on liquid crystal modulation of light was theorized, as
well as additional uses such as tunable sunglasses or artificial irises. Voltage controlled liquid
crystals were embedded between two polymer sheets separated by photolithographically

defined spacers. After spherical molding, an applied voltage caused the transparent crystals to

rotate and become opaque.

Figure 2.2 a) Contact lens with red LED assembled and molded. b) The LED can be
seen lit in the center of the contact lens, powered with a dipole antenna.



Figure 2.3 Wireless activation of a contact lens display on a live rabbit. a) Photograph of
a completed contact lens system. b) The contact lens display was placed on the eye of a
live rabbit and powered by a dipole antenna, resulting in bright blue emission from the
on-lens pixel. The micro-LED indicator was activated periodically and remained in vivo
for up to 40 minutes.

Figure 2.4 a) Optical microscope image of predetermined text, “AALTO UNIVERSITY,
UNIVERSITY OF WASHINGTON”, fabricated on LED by shaping the electrode
pattern, b) Optical microscope image of the LED emitting the predetermined pattern
upon application of a bias current, ¢) the LED chip assembled on contact lens with
radio and antenna, and turned on wirelessly

2.2 Contact Lens Fabrication Process Flow

11,12,1 : : :
1213 are as follows : 1) microfabrication of

The major steps in reported active contact lenses
substrates with antennas, electrical interconnects, sensor electrodes, and component receptor

sites, 2) assembly of circuits and optical components, 3) and substrate molding.



2.2.1 Template fabrication

Template fabrication process is as follows (Figure 2.5):

The antenna, electrical interconnects, electrical isolation, and pads for solder coating were
fabricated directly on the contact lens. Polyethylene terephthalate (PET) was chosen as a
substrate because of good chemical resistance, thermal stability during photolithography, and
transparency. First, 100 mm wafers with major and minor flats were cut from 25.4 cm x 25.4
cm x 100 um sheets of polyethylene terephthalate (POLICROM, Inc.) using a CO2 laser
cutter. The wafers were cleaned with sonication in acetone, isopropyl alcohol (IPA),
deionized water and then spin-rinse-dried. Next, AZ4620 (MicroChem Corp.) was spun and
soft baked. Ultraviolet exposure was done in an ABM contact aligner. Development was
carried out in AZ400K (MicroChem Corp.). The wafers were plasma cleaned in a Branson
barrel etcher and immediately placed in an electron beam evaporator. A layer of Cr/Ni/Au
(20, 80, 350 nm) was evaporated at 5 x10 ° Torr. Acetone and sonication for ~30 s facilitated
metal lift-off. After lift-off, the wafers were rinsed in IPA, deionized water and put through a
spin-rinse-dry. Next, a ~2 um layer of SU-8 2 was spun, baked, exposed and developed in
SU-8 developer with agitation. Again, the wafers were rinsed in IPA, and sent through the
spin—rinse—dry. Next, a 40 nm seed layer of Au was deposited using electron beam
evaporation, and AZ4620 was patterned using the aforementioned method. Pulsed
electroplating (1 ms on, 1 ms off) was used to plate ~5 um of Au using a cyanidebased Pur-
A-Gold 401 formulation (Enthone-OMI Inc.). This electroplating step is necessary in order to
produce more efficient antennas with thicker metal than is normally achievable with e-beam
evaporation or sputtering. The photoresist was removed in acetone, and the seed layer was
etched in 5:1 (vol:vol) deionized H20:Gold Etch TFA (Transene Company, Inc.). SU-8 25

was spun, exposed and developed. Blue dicing tape was placed on the back of the wafers, and
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individual contact lenses were cut out with a CO2 laser. Aluminum oxide sand paper (5 um

grit) were used to polish the contact lens edges after laser cutting.

(a) (b) (©

59

(d) () (f)

Figure 2.5 Process flow of the lens fabrication'': a) Start with blank PET wafer, b)
Evaporate, lift-off Cr/Ni/Au, ¢) Spin-on and pattern electrical insulating SU-8 2, d)
Electroplate 5 um Au antenna, e) Spin-on and pattern thick SU-8 25 for LED well
(center) and chip well (upper left), f) Cut out contacts

2.2.2 Components Assembly

LED and CMOS circuit were connected to the lens in a manner similar to that presented in
[11]. Prior to solder coating, the custom silicon IC aluminum pads (from MOSIS) were
electrolessly plated with Ni and Au (CV Inc.). Leadfree, 60 °C eutectic solder (Indium Corp.,
Indalloy 19) was used to coat the exposed pads on the template, microchips, and micro-
LEDs. The solder was melted in a 100 mL beaker while immersed in ethylene glycol (EG).
Next, 60 uL. of HCI was added to the ethylene glycol to clean the solder surface. While the

solder was heating, a solution of 25 mL of EG and 10 uL of HCI was prepared in a petri dish.

11



Prior to coating, the EG used during heating was removed from the solder by pipette, and 10
mL of fresh EG was added along with 60 uL of HCl. Next, the IC, micro-LED chip and
template were coated with solder using a pipette (Figure 2.6), and then placed in the prepared
petri dish. The silicon microchip and micro-LED chip were placed on the contact lens in
corresponding SU-8 25 wells using a microscope for observation. The petri dish was heated
to melt the solder, at which time the components self-aligned and connected to the contact
lens interconnects and antenna. The petri dish was removed from the hot plate approximately
30 s after chip alignment. After cooling for 5 min, the contact lenses were soaked in IPA for

20 min, then rinsed in IPA and dried with nitrogen.

Figure 2.6 Solder coating process'”. Boiling water in the outer beaker maintained the
solder and overlying ethylene glycol at ~95 °C. a) Solid solder in a 100 mL beaker,
placed in a second beaker filled with water. b) Partially melted solder. ¢) Fully melted
solder. d) After removing dirty ethylene glycol. e) After adding 10 mL of fresh ethylene
glycol and 60 pL. HCL. f) Templates were coated with solder by pipetting molten solder
across a template. Here, three out of four large Au pads were coated for easy visibility.

12



2.2.3 Molding and Packaging

A hemispherical aluminum mold (radius = 7.1 mm) was used to obtain the desired lens
curvature. The mold contained a small hole drilled through the center and exiting the side,
which was connected to a vacuum line. We heated the mold and a metal ring on hotplate set
to 200 oC. The vacuum was pulled, and the contact lens was centered on the mold. We then
placed the mold on an insulating surface, and the ring, having an inner diameter slightly less
than the contact lens, was used to slowly press and shape the lens without disturbing the
components. After cooling, the contact lens was removed from the mold, cleaned with IPA,
and dried with nitrogen. Lastly, we deposited a layer of parylene-C (~10 um, Specialty
Coating Systems, PDS 2010 Labcoater 2) conformally over the contact lens for the purposes
of biocompatibility and mechanical strength. The contacts lenses were sterilized in ethanol

for 10 min and stored in a saline solution prior to testing on animals.

2.2.4 Summary of wireless controlled contact lens display

Such a single pixel or predetermined text system may be deployed for communicating
immediate events to the user; however, it is of limited use for conveying more information.
The custom designed wireless system (known as iChip1) could deliver 12 uW of power to the
display, harvested from a 0 dBm (1 mW) Radio Frequency (RF) broadcast source, and used
3% modulation for power management''. In a single blue pixel display demonstration, the
nominal visibility point for the InGaN LED (60 pA of current at 2.6V for a 260pm wide
pixel'?) translated to approximately 2.94 nW/um?®. This in turn means the system as deployed
could support up to nearly 50 pixels made of 50 um wide LEDs (the sample size we used for

experimentation).
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2.3 Optical challenge for contact lens embedded display

Previously noted, one major challenge of constructing a display wearable in the form of a
contact lens with multiple pixels is producing in-focus images from components that are
placed directly on the cornea. As the closest accommodation point of the human eye ranges
from 7 to 40 cm for teenagers to middle-aged adults®, the output light of micro LED pixels on
the contact lens will not be in focus on the retina. Therefore, optical components are needed
to aid the eye in bringing the image into focus. One approach is to use a micro-lens in front of
each group of LED pixels. The simplest way to collimate the output light of a source is to
position the source at the focal point of a lens, which would theoretically create a ghost image
of the displayed pixel behind the system. Integration of micro-lenses on micro LEDs to

d ''®. The micro-

enhance the extraction of LED optical output has been previously reporte
lenses reported were either based on fabrication by reflow of transparent photoresist patterns

acting as the lens or followed by an extra etch step to transfer the lenticular shape to the

substrate'””’. Another approach to enhance the output extraction of LED is to integrate

21-23 24-26

colloidal microspheres through self-assembly or imprint lithography . There are few
issues regarding refractive micro-lenses for contact lens display application. Based on
patterns resulted from photoresist reflow, micro-lenses fabricated in this manner do not give
sufficient variation of focal distance, nor can their focusing and other optical properties be
easily controlled. Additionally, these approaches would not work when the lens is embedded
in a material with a similar (or very close) index of refraction, which in the case of the

contact lens is the tear film covering the cornea. To minimize these effects and have a better

control on focal distance, diffractive-based micro-lenses can be utilized.

14



2.3.1 Evolution of diffractive lenses

Let us first review a brief history of how refractive and diffractive lenses relate to each other,
then study their basic performance and see how they can be utilized for multicolor display

embedded in a contact lens platform.

2.3.1.1 Fresnel Lenses

A Fresnel lens is an optical component that can be used as a cost-effective, lightweight
alternative to conventional continuous surface optics”. They can be traced back to the work
of Augustin Fresnel, who improved lighthouse optics in the 1820s by segmenting large lenses
to reduce their overall weight*® (Figure 2.7a). Given that the refractive power of a lens is
contained only at the optical interfaces (i.e. the lens surfaces), as much of the optical material
as possible is removed while the surface curvature is still maintained. Another way to
consider it is that the continuous surface of the lens is “collapsed” onto a plane®’.

There are no specific limitations on where zone boundaries need to be placed in a Fresnel
lens, so boundary locations can vary with each application. One choice is to make the step
heights constant, which requires that the zone widths vary (Figure 2.7b). Another choice is to

give the zones a constant width, which requires that the step heights vary* (Figure7c).
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Figure 2.7 a) A large lighthouse lens. b) The underlying concept of a Fresnel Lens: The
original bulk of the dashed lens is reduced, leaving a thin lens whose surface slope
matches the original lens. This example has equal step heights. ¢) A Fresnel lens with
equal zone width. Depicted from [28]

2.3.1.2 Fresnel Zones and the Fresnel Zone Plate

Before creating the lighthouse lens, Fresnel had contributed to the concept of diffraction at a
time when there were questions about whether light consisted of particles or waves®>.
Huygens’s construction, in which each point on a wavefront was taken to be the source of a
new wavelet, was already well known at the time®. Fresnel’s conceptual innovation in 1818
was to incorporate the ideas of amplitude, phase, and interference into the wavelet model of
light propagation. This provided the potential for phase manipulations to have a significant
effect on final wavefront characteristics. Working back from a distant point, the plane
wavefront can be divided into zones by placing a zone boundary wherever the optical path
increases by half a wavelength. If there is no diffracting obstacle, the light continues to
propagate as a plane wave, but the theory indicates that if the central zone is obscured by an
opaque object, a bright spot should appear in the shadow. This was found experimentally and
called Arago’s spot’; it has helped confirm the significance of Fresnel zones.

Fresnel’s recognition of the importance of wavelength increments of the optical path distance
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between 2 points is the fundamental basis for a diffractive lens, but the first focusing
structure, the diffractive Zone Plate, was not described until 50 years later, in the 1870s. At
that time, Lord Rayleigh observed that alternate half-period zones could be blocked to
remove contributions from the second half of the wavelength cycle at the focus, and this led

to the Fresnel Zone Plate structure depicted in (Figure 2.8)*"!

e _._. o IIIIHIIIIIIII

Figure 2.8 Front and cross section view of a Zone Plate. The radius for the innermost
zone r; and outermost radius ry and zone width dr, for the n’th zone are shown.

Consider a wave immerging from point source S with wavelength A. By interacting the
wavefront with Zone Plate at a radius 7, each point can be considered a Huygens-Fresnel
secondary wavelet source which contributes to the amplitude at P. Depending on the total
optical path length from S to P, the wavelets will reach P with different phase and amplitude.
The composite amplitude at P can be found by integrating over all optical paths, with
appropriate amplitudes and phases. If we restrict the case where the radius » is much less than
a or b, then the amplitude can be treated as constant, and only the phase differences need to

be considered.
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Figure 2.9 A diagram indicating the optical path length between the source point S and
image point P via a zone boundary pair at radii r, and ry+,

From the optical paths shown in Figure 2.9 it is clear that with increasing radius the phase at
P will oscillate between 0 and 2=, resulting in constructive and destructive interference. By
blocking the contributions having phases between 0 and m with opaque zones, only
contributions adding constructively at P will be transmitted. For this purpose each new zone
must represent an optical-path-length increase of nA/2 compared to the optical path length at

the optical axis. The zone radii can now be determined by the Pythagorean theorem®*>~*.

Nat+r? =a+b+n?/l (2.1)

Solving for 7, :

ni(a+b)ab + LY (3ab +a’+b’ )+ Ly (a+ b)in“)t4
r2 = 4 8 64 (22)

n

1 2
(a +b+ n).)
2
If @ is much less than b, and introducing the focal length of the Zone Plate as

1/a+1/b=1/f, Eq. (2.2) can be simplified to
2192

2= A,n
r. nf+4

(2.3)
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Another important consequence of the optical-path-length calculation is that the requirement
of constructive interference is fulfilled also on other points than P on the optical axis due to
higher diffraction orders. These points represent higher-order foci of order m (m is an integer)
and are located at a distance b/m from O. They can be introduced into Eq. 2.2 just by
replacing n with n*m. For the ideal Fresnel Zone Plate it can be shown that the even orders
(m even) cancel out. Figure 2.10 illustrates how the different orders are located along the

optical axis®.

Figure 2.10 Focusing with a Zone Plate into the first three odd diffraction orders. The
focal length for the first order is denoted f. Negative diffraction orders originating from
virtual foci behind the Zone Plate are also indicated. In the figure, ray paths from the
negative orders are only drawn for the outermost part of the Zone Plate for clarity™.

The fraction of radiation diffracted into different orders decays with increasing diffraction
order. The diffraction efficiency for a certain order is defined as the fraction of the incoming

light that is diffracted into the specific order, which can be calculated by expressing the
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amplitude transmission function of the Zone Plate as a Fourier series where the m™

coefficient of the series represents the complex amplitude diffracted to the m™ focus for an
incoming wave of unit amplitude®. Therefore the diffraction efficiencies are given by the
squares of these coefficients, which are 1/4, 1/7°, 1/(3n)’, ..., 1/(mn)’, for the diffraction of
order 0, =1, £3, ....#m. The energy distribution can be described as: 1/2 is blocked by the
opaque zones; 1/4 is contributed as undiffracted zero-order background; 1/8 is the
background for nonconvergent negative-order diffraction. Only 1/1°=10% of the total energy
contributes to the main focal length®.

Lord Rayleigh provided further insight into diffractive lenses by considering what would
happen if the phase of the light could be delayed in alternate zones by a half wave- length, i.e.
n phase shift, rather than absorbing it using opaque zones. This concept was evaluated
experimentally by Wood’ in 1898 by bleaching a photographic Zone Plate, and it was found
to yield more light at the point of focus. In contrast to amplitude Zone Plate, the zero-order
diffraction from transparent zones and phase-shifted zones are of the opposite phase and
cancel each other out. Therefore all foci gain by a factor of 4. In other words, this Wood Zone
Plate (Figure 2.11c¢), or phase-reversal Zone Plate, can direct about 40% of the light into each
of 2 lens powers, with the remaining light wasted in higher diffractive orders. This is a

predecessor to the modern multifocal diffractive lens.

2.3.1.3 Monofocal Diffractive Lenses

38,39 . .
7, can be achieved if a phase

A monofocal diffractive lens, sometimes named a kinoform
delay of 1 wavelength is introduced at the Fresnel Zone boundaries (Figure 2.11b). The blaze
profile within each zone of the diffractive lens provides perfect constructive interference at
the focal plane for the design wavelength A (i.e., the wavelength that experiences a 2w phase

jump at each zone boundary). Figures 11(c), known as phase reversal Zone Plate, and 11(d)

illustrate different approximations to the desired blaze profile in Fig. 11(b) *.
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Figure 2.11 Diffractive lens construction: (a) conventional refractive lens, (b) diffractive
lens with continuous quadratic blaze profile, (c) phase-reversal (or Wood) lens, (d) four-
level approximation to quadratic blaze profile*.

W.m

The efficiency of such diffractive devices is determined by how closely their stepped-phase
profile approximates a true blaze. The theoretical efficiency at wavelength A of an element

with I steps designed for use at A is

sm IJ'L'O!

(A1) = smc(l/[)

(2.4)
sino

where sinc(x)= sin(mx)/mx and a=( A¢/ 2-1)/I . The efficiency n(A, 1) plot for different numbers

of steps I is illustrated in Figure 2.12 *',
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Figure 2.12 Diffraction efficiency of binary approximation of kinoform lens (continuous
blaze profile) *'.

Thus, a conventional diffractive lens with blaze profile (Figure 2.11b), uses a single
diffraction order in which the optical power of the lens is directly proportional to the
wavelength of light (Figure 2.13a). With white light illumination, every wavelength focuses
at a different distance from the lens. This strong wavelength dependence in the optical power
produces significant chromatic aberration in the image, which is not acceptable for multicolor
display purposes. To overcome such a challenge, more sophisticated version of diffractive
lens, named as Multi-Order-Diffractive lenses (MOD), could be utilized. As illustrated in
Figure 2.13b, with an MOD lens, the various diffractive orders bring different wavelengths to

the common focal point™.
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(a) Conventional
Diffractive Lens

- F

(b) Multi-Order
Ditfractive (MOD) Lens

[

Figure 2.13 a) A conventional diffractive lens is highly dispersive and focuses different
wavelengths of light to different focal positions, b) A MOD lens brings multiple
wavelengths across the visible spectrum to a common focal point and is thereby capable
of forming high-quality images in white light*’.

A MOD lens differs from the standard diffractive lenses described above in that the phase

jump at the zone boundaries is taken to be a multiple of 2, i.e., @(r,) = 2ap, where p is an

integer >2, and the location of the zone radii are obtained by the solution of the equation

@(rn,) = 2mpn, where again @(r) represents the phase function of the emerging wave front.

The number of 2x phase jumps, p, represents a degree of freedom for the designer™.
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Figure 2.14 Cross section of a multi-order diffractive (MOD) lens. The phase jump at
the edge of the various zones is 2wp, where p is an integer. The zone radii, r,, are
obtained by solving the equation ®(r,) = 2npn, where ®(r) represents the desired phase
function for the lens®.

First-order properties of paraxial MOD lenses within the framework of the scalar diffraction
theory were presented by Falkis et al*’, which we quote accordingly. The construction of the
diffractive zone structure for Fresnel full-period zones is defined such that the optical path
difference across the jth zone is equal to (Fy + jpAg), where A is the design wavelength, Fj is
the focal length when the illumination wavelength A = Ay, and p is an integer that represents

the maximum phase modulation as a multiple of 2n. In the paraxial region, the locations of

the zones in the plane of the lens are given by*’
rj2 =2jpAF, (2.5)

The optical phase introduced by the diffractive element is given by™*

2
r

2pAF,

D(r) = 2mxp(j - ),rj sr<r, (2.6)

where a is defined as the fraction of 2m phase delay that is introduced for illumination

wavelengths other than the design wavelength and is given by™

AO

n(1)-1
a=7

W (27)
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where n is the index of refraction of the material in the grating region. The maximum height

of the surface relief is given by*
hmax (r) = ( ) 1 (2 8)

In a manner similar to that used in Ref. [44], the amplitude transmission function of the

. . . . .40
diffractive lens can be expanded as a Fourier series to give

t(r) = i exp[—iﬂ(ap - m)]x sinc(ap - m)exp(— ZZ’:;Z) (2.9)

m=-o0

where sinc(x) = sin(mx)/(nx) and m denotes the mth diffraction order. It is important to note
that the transmission function in Eq. (2.9) represents a diffractive lens within the paraxial
approximation and that transmission functions that describe other diffractive lenses (e.g.
anamorphic or aspheric) are possible. It is interesting to compare Eq. (2.9) with the

transmission function of a conventional refractive lens* given by

2

Ltr
- ) (2.10)

t(r) = exp(—

where F is the focal length, which depends on the material properties of the lens. A
comparison of Egs. (2.9) and (2.10) suggests that there are an infinite number of focal lengths

given by*°

Where A is the designed wavelength, Fy the desired focal length and m, the diffraction order.

It is interesting to note that when the quantity in Eq. (2.11), pA¢/mA, is set equal to unity,
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several wavelengths within a given band can come to a common focus. Clearly p is a
construction parameter and is usually constant across the lens radius, and the wavelengths
that are focused to a common point are chosen from a set of diffraction orders (i.e. MOD
lenses). Although a diffractive lens with a maximum phase modulation of 2m (i.e.
conventional diffractive lens) can allow a mutual focus for simple harmonics of the design
wavelength, the parameter p now offers a mechanism to control specific wavelengths in a
given band or bands that will come to a fixed focus. This property allows the design of

achromats and apochromats by the use of a single diffractive surface.

The scalar diffraction efficiency, n,, of the mth diffracted order is given by the squared

modulus of its Fourier coefficient in Eq. (2.9), i.e.,
n,, =sinc’(ap -m)(2.12)

The diffraction efficiency given by Eq. (2.12) is unity when the argument of the sinc function
is equal to 0. This condition can allow for high diffraction efficiency for several wavelengths.
For example, consider the case of a MOD lens operating in the visible region with p = 10.
Figure 2.15 illustrates the wavelength dependence of the diffraction efficiency for a range of
diffracted orders, with material dispersion neglected. The peaks in diffraction efficiency
occur at precisely those wavelengths that come to a common focus [see Eq. (2.11)], i.e.,

A, pA’O

eak =
r m

(2.13)

Also note that the material dispersion [see Eq. (2.7)] is an important parameter that must be

retained in a detailed optical design.
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Figure 2.15 Diffraction efficiency of the mth diffracted order versus wavelength for a
MOD lens*’ with p = 10.

Using Eq. (2.13), one can choose the parameters p and m that can allow high diffraction
efficiency for certain bands in a given spectrum. The center wavelength of each of these
bands comes to a focus a distance F behind the lens. To illustrate the spectral characteristics
of a MOD lens, Faklis*” designed and fabricated an optical element for operation in the
visible spectrum at p = 2 and m = 2, 3 with design wavelength of 640 nm, which gives a
third-order wavelength of 427 nm. For this particular case, the integrated diffraction

efficiency of the element was measured to be 91% for m =2 and 3.

Thus to create an in-focus image of a high resolution multicolor pixel on retina, MOD
elements could eventually be co-integrated with display chip, but the first step toward
realization of contact lens embedded display with in-focus pattern would be to test the

feasibility of collimation of a single color display element using the basic diffractive lens, i.e.
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Fresnel Zone Plate (FZP). So we tried to design and integrate an LED/FZP system, which is

described in the following section.

2.3.2 LED-FZP System, Experimental

2.3.2.1 Design

To collimate the LED light output, the source needs to be positioned at the main focal point
of the FZP. In our design FZPs were intended to be integrated on the opposite side of
sapphire wafers supporting the LED epitaxial layers on the surface; hence, the wafer
thickness determined the required focal distance of the lens. With successful results of
wireless powering and control achieved with GaN LEDs, we decided to continue the optical
design utilizing same structure. Hence, with a measured peak wavelength of 475nm for the
LED structure'?, Fresnel Zones were calculated by applying equation (2.3). We conducted
two simulation approaches in ZEMAX-EE to check our design: first, we simulated the FZP
and its focusing behavior, and second, we simulated the LED structure with integrated FZP.
In the first approach, in order to model diffractive effects, we used Physical Optics
Propagation (POP) analysis of sequential mode ZEMAX. We implemented our opaque zones
of FZP as concentric obscurations (Figure 2.16a) and used a coherent Gaussian beam with
475 nm wavelength as an illumination source. The Zone Plate created a high intensity point

at a designed focal distance (Figure 2.16b)

28



Figure 2.16 a) An FZP implemented as obscurations in ZEMAX; the scale bar is 20 pm.
b) Physical Optic Propagation analysis of FZP: 60 pm waist Gaussian beam,
illuminated through the designed FZP focuses at the desired 275 pm; the scale bar is 10
pm

To model the InGaN LED structure, we used the Non-Sequential mode of ZEMAX. The non-
sequential mode is not capable of modeling amplitude FZP, although it can model phase type
FZP using Binary2 Surfaces. As phase and amplitude type FZPs are analogous in focal
distance measures, we implemented the FZP as a Binary2 Surface to determine the light
distribution pattern.

Considering the dimensions we calculated for fabrication, we implemented the LED p-metal
contact, p-GaN region, n-GaN region, sapphire substrate, and FZP using a mirror layer, a
GaN cylinder with embedded source volume, a GaN rectangular volume, a sapphire
rectangular volume, and a Binary?2 surface, respectively.

Positioning the LED active region at the FZP’s first order focal distance would collimate the
largest fraction of incident light, while subsidiary focal points would converge smaller
fractions. Having multiple focal points, the functionality of the LED/FZP system can be
tested by tracking the footprint of subsidiary focal points using regular optical microscopes,
while measuring the beam angle of collimated output caused by main focal point requires
more complex side-view microscopy. Hence, to simplify the required equipment for testing

we aimed for detecting the image created by the f/3 subsidiary focal point. Following the
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same strategy in the simulation, the /3 subsidiary focal point creates a high-intensity spot at a
distance of 250 um from the surface (Figure 2.17a), while the LED output without integrated

FZP created a non-focused result at the same distance (Figure 2.17b).

Figure 2.17 Simulated light intensity maps. a) LED structure modeled in non-sequential
ZEMAX with integrated Binary2 surface as FZP gives a focused spot caused by
subsidiary f/3 focal point at 250 pm distance from the surface, b) while the LED without
integrated Binary2 surface does not have the focusing behavior. The scale bar is 100
pm.

2.3.2.2 FZP fabrication:

A nominal FZP is comprised of concentric rings with progressively increasing radius and
decreasing width moving away from the center. As the outermost ring in design was in
submicron range, we used electron beam lithography to create the structure with high fidelity.
To develop the process we made our first attempts on a blank C-plane sapphire substrate.
After a standard cleaning procedure of Acetone/IPA/DI rinse and dry, to remove residual
water off the surface we baked the wafer at 180 C for 3 minutes. For better lift-off results we
used a bilayer stack of E-beam resist with a more sensitive layer at the bottom that requires a

lower exposure dose. Hence when exposed as a part of a bilayer stack, the bottom layer gives
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a wider line width for the same dose than the top layer, which results in an undercut profile
that aids the lift-off. For the bottom layer we spin coated the wafer piece with 7% P(MMA-
MAA) copolymer (MicroChem Corp., MA) for a preferred thickness of 200 nm and baked it
at 180 C for 3 minutes, followed by spin coating of 2.5% 495PMMA A resist (MicroChem
Corp., MA) in Anisole for a thickness of more than 100 nm as the top layer, followed by the
same baking steps. As sapphire is not conductive, in order to prevent charging up the surface
during the E-beam lithography step, we sputtered a very thin layer of Pd/Au (less than 10 nm)
using a small sputtering machine (Quorum, Q150RS). Then the piece was loaded on the
electron beam lithography machine (JOEL JBX6300).

To choose the optimum exposure dose, we conducted a few test runs with different doses.
Higher doses resulted in overexposure for larger patterns at the center while underexposure of
outer most rings was observed for lower doses (Figure 2.18) Once the parameters were
optimized, electron beam writing was conducted. Then we etched the thin PD/Au layer by
dipping the sample in TFA Gold etchant (Transene Company, Inc.) for 10 seconds. The
sample was developed in standard PMMA developer,1:1 mixture of Methyl-Isobutyl-Ketone
(J.T Baker Inc.) and IPA, then rinsed with IPA/DI water and air dried. Prior to depositing the
metal layer the sample was attached to a 4-inch silicon wafer as a holder. To get minimal step
coverage, we mounted the wafer on a custom-made vertical wafer holder in the deposition
chamber of an E-beam evaporator. 100 nm of chromium was deposited and the piece was
then soaked in acetone for lift-off, leaving metal rings as opaque zones of FZP (Figure 2.19h,

Figure 2.20).
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Figure 2.18 Different doses can overexpose larger features (innermost rings) and
underexpose smaller features (outermost rings). Lift-off result of different exposure
doses in uC/cm?: a) 500, b) 475, ¢) 425, d) 325, e) 275, f) 150.

2.3.2.3 Blue micro LED fabrication:

We started with epitaxial layers of InGaN/GaN grown on standard 2 inch, 435 um thick c-
plane sapphire wafers by metal organic vapor phase epitaxy (MOVPE) with the same
characteristics reported in [12] (Figure 2.19a).

First, we defined the size and shape of each LED by evaporating a 120 nm thick layer of Ni
to protect the p-GaN region (circular shape of 60 um diameter in this case) during the
chlorine-based Inductively Coupled Plasma Reactive Ion Etching (ICP RIE). We used

AZ5214E (MicroChem Corp., MA), an image reversal photoresist, to gain sloped sidewalls
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and good lift-off results. The photoresist was spun coated, prebaked, exposed under a mask,
hard baked, and finally flood exposed and developed resulting in a ~1.1 pm thick pattern.
After development, the Ni layer was deposited by E-beam evaporation. The wafers were
soaked in acetone for lift-off and then rinsed with isopropyl alcohol (IPA) and air dried
(Figure 2.19b). To reach the n-GaN region and make metal connections, we used a chlorine-
based ICP RIE to remove about 800 nm of top surface- p-GaN/multi quantum well stacks/
and partially the n-GaN layer. After etching, the Ni layer was removed by soaking the wafer
in a mixture of 1:3 HCI:HNO3 (Figure 2.19¢). To make metal connections for p-GaN, we
used patterned AZ5214E photoresist, E-beam evaporated Ni:10nm /Ag:70nm /Au:150nm
layer, and performed a lift-off (Figure 2.19d). P-GaN contacts then were annealed at 500 C
for 5 minutes in nitrogen ambient. After a similar photolithography step, the n-GaN metal
connections were deposited and lifted off as Ni: 20nm/Al: 300nm/Au: 200nm (Figure 2.19¢).
After the completion of LED metallization, the wafers were lapped and polished (Valley
Design Corp., CA) in order to make the final LED chip thin enough to be embedded in a
contact lens template, which resulted in an actual thickness of 273 um — 276 pm (Figure
2.191).

As the FZP must be fabricated on the lapped and polished side of the wafer, we needed to
fabricate alignment marks for electron-beam lithography. We need to fabricate the marks
from a material which can be imaged easily by scanning electron microcopy (SEM) and
which has good adhesion to sapphire. Chromium was a good option as was reported in a
process to mask sapphire during anisotropic etching and for making the alignment marks*.
The alignment marks were designed large enough (~10 um) to allow photolithographic
fabrication. Negative photoresist, nr7-1000 (MicroChem Corp., MA), was spun coated and
patterned through a standard lithography process resulting in a 1.2 pm thin film. A 100 nm

thick layer of chromium was evaporated. Then the wafer was soaked in acetone for lift-off,
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rinsed with IPA and de-ionized (DI) water and air dried (Figure 2.19g). The wafer contained
more than 2000 LED chips. To minimize losses during different tests the wafer was saw-
diced into smaller pieces by the following process: The sapphire wafer was mounted on a 4
inch silicon wafer as mechanical support by applying Crystal Bond. Using diamond resin
blades (Thermocarbon Blades) mounted on K&S dicing machine, we cut small 9 mm
squares. Conducting 5 pairs of perpendicular cuts, the wafer was soaked in acetone to release
the pieces from the handle wafer. Pieces were then IPA/DI water rinsed, air dried, then
prepared for Electron Beam Lithography (EBL) following the process developed earlier.
Then a piece was loaded on the electron beam lithography machine (JOEL JBX6300) and,
after proper alignment of the FZP pattern in front of the LED mesa, it was exposed. Then the

pattern was developed and the 100nm Cr layer was evaporated through the lift-off procedure.
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Figure 2.19 LED and FZP fabrication process, a) Sapphire substrate with epitaxially
grown layers of p-GaN/InGaN MQW/n-GaN/GaN buffer, b) Ni deposition as etch mask,
¢) Chlorine-based ICP RIE etching of top layer (p-GaN/ InGaN MQW) to reach the n-
GaN region, then removing the Ni mask, d) p-contact metallization Ni/Ag/Au, e) n-
contact and cross shape mark for backside alignment deposition, f) sapphire side lapped
and polished down to ~270 mm, g) Aligned to front side cross marks, L-shape alignment
marks deposited using Cr, h) FZP opaque rings deposited after Electron Beam
Lithography.
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Figure 2.20 SEM image of a 275um foci Fresnel Zone Plate

Each wafer piece contained 100 LED chips that had to be separated for individual testing.
Because of the fragility of sapphire and the crystal orientation used in our design, mechanical
dicing/scribing would cause unacceptable chipping through the dicing path (Figure 2.21). To
minimize the damage to the chips and fragile metal lines, we used a laser to scribe the pieces.
The pieces were scribed down to ~200 um using a DPSS laser at 266 nm (JPSA, Inc.,NH)

and separated to single chips by applying manual pressure to the edges.
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Figure 2.21 Severe chipping of sapphire resulted from saw dicing due to crystal
orientation.

2.3.2.4 Template Fabrication and assembly

As we will eventually assemble the LED chips on a flexible contact lens template, we used
transparent polyethylene terephthalate (PET) to make templates for testing our chips.
Simplifying the previously described template fabrication process by omitting the Antenna
seed layer deposition and electroplating steps, we fabricated testing templates with a housing
for the LED/FZP integrated system and 2 metal interconnects to access the LED pads for
power injection.

Following the process, described in section 2.2.2, we assembled the FZP/LED integrated

system on the templates.

2.3.2.5 Testing and Results

In addition to integrating Zone Plates in front of LED structures, as described earlier, we also
fabricated Zone Plates on bare sapphire substrates to optimize the fabrication parameters for
the E-beam lithography that we utilized to conduct several tests.

One of the first tests was to see the wavelength dependency of FZP focusing behavior. An
aperture with a custom pattern was located in front of a white color illumination source, far
from (~20 cm) FZPs with 325um focal distance designed for 475nm wavelength. As
expected, the lens creates a real image of a far field pattern at 1% and 3" order foci by

diffracting the respective wavelength (Figure 2.22).
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Figure 2.22 Far field image of a custom pattern white source diffracted at designated
focal distance of an FZP with 325um foci for 475nm (blue) at different distances of its
surface image created by /3 subsidiary focii a)84um and b)103um. Images created by
main power of lens at c¢) 236um, d) 261um, e) 282um, f) 300um, g) 325um, h) 345um.

In another test we put a sapphire wafer with 450um focal FZP patterns 5 mm away from an
illuminating LED chip with a complex pattern (Figure 2.23a) under an optical microscope
(ML7000, MEIJI TECHNO Co., Japan). Initially we focused on the FZP surface, and then by
moving the microscope objective, we changed the objective focal plane and were able to

detect an upside-down image of the LED chip in front of the FZP (Figure 2.23b).
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Figure 2.23 a) Optical microscope images of the rectangular test LED chip with pre-
determined illumination pattern. The scale bar is 200 pm. b) FZP creates an upside-
down image of the LED chip (which is ~Smm away from the FZP) approximately at the
focal point. The FZP is visible as shadowed blue circle and the LED chip image is
recognizable as the rectangle with a bright illuminated pattern (we flipped the image to
make the object and image comparison more convenient). The scale bar is 50 pm.

As the simulation results of the LED with integrated FZP indicate, we expect the Zone Plate
to focus the light at a point in front of the structure while the LED without a Zone Plate
should have a diverging output. The assembled LEDs were put under the microscope
objective, while current was fed by probe-station needles. The LED pixel (Figure 2.24a), with
integrated FZP, produces a bright spot resulting from the f/3 subsidiary focal point at ~230
um from FZP surface (Figure 2.24b). This positioning concurs with the thin lens formula
approximation and simulations prediction of 250 um.

With subsidiary foci creating a real image in front of the FZP, the main focus creates a
magnified hovering ghost image behind the chip, in front of the eye (Figure 2.24c¢, d). These

results verify the functionality of the Zone Plate in collimating the pixel output.
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Figure 2.24 Testing of 2 different LEDs with an integrated FZP under an optical
microscope: a) 50 pm wide LED pixel #1. b) Real image of LED pixel #2, focused at 230
pm from FZP surface in front of system, created by f/3 subsidiary focal point. c)
Upright ghost image of LED pixel #1 created in the back plane of system. d) Ghost
image of LED pixel #2 in the back plane of the system. Scale bars are 50 pm.

2.3.3 LED-FZP Discussion and Summary

We were able to verify the functionality of the designed Zone Plates and detect the LED
output focused by the f/3 subsidiary focal point at the expected location and hovering ghost
image behind the lens. However, there are several parameters that could be optimized in
future implementations to make the LED/FZP system output more efficient and applicable
for multicolor display purposes. Noted previously that there is a 10% limit for the diffractive
efficiency of the amplitude-type Zone Plate, which could be increased to 40% by using a

phase-type FZP. This is achievable by adding a sapphire etch step of 308 nm to make a ©
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phase shift. This etch could be performed after deposition of chromium layers (exactly as in

the amplitude—type design) and utilizing them as sapphire etch masks™. @ would be the

phase shift occurring®’ using a wavelength of 1 after passing a layer of material with

thickness of ¢ and refractive index of n :

Q=2n n-D)t/1 (2.14)

The efficiency could still be enhanced by increasing the m phase shift quantization illustrated
in Figure 2.11c, d. For example, increasing the phase change quantization from two levels (0
and ) to four levels (0, n/2, m, 31/2) would increase the efficiency up*™* to 81% (Figure12).
This approach adds two more Electron Beam Lithography/etch mask deposition/anisotropic
sapphire etching steps to the process, compared to a two-level phase type FZP. It also
requires precise alignment. Note that special care is needed to protect the phase pattern
during the molding process in the contact lens — for example, by bonding a flat transparent
thin glass layer to the Fresnel Zone after etching. No matter how close we are able to
approximate the ideal blaze pattern with binary step phase Zone Plate, the lens
focusing/collimation behavior is highly dependent on the wavelength; this is a major
deficiency for contact lens embedded multicolor display. As introduced in section 2.3.1, by
utilizing an MOD component, one can make several wavelengths to a mutual focus.
Fabrication of a binary approximation of an MOD through e-beam lithography increases
writing/masking/etching steps by a factor of p, which is not practical for large values. For
example, an MOD with p=10, 4;=550nm which has mutual focusing/collimation for peak
wavelengths of 460nm,540nm,650nm at diffraction orders of m=5, 6, and 7 requires a surface
relief of ~7um calculated by Eq.(2.8). Such structures can be directly transferred on substrate
through Focused Ion Beam (FIB) milling™*>’.

Another point to consider is that a lens can do an excellent job of collimating an idealized

point source located at its focal distance. In real life, no source is a true point, as LEDs can be
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quite small, so with enough distance between the lens and the LED, the lens may be
approximated as a point source. Thus a Fresnel lens can be used to collimate the LED output.
A rule of thumb for the distance at which the LED die can be approximated as a point emitter
is given according to the far field region convention™:

z>a*/ L (2.15)

where z is the LED to lens distance, a is the pixel size and A is the wavelength of the light.
For the current structure with 275 um LED-lens distance and 475nm wavelength, proper
pixel size would be less than 11 pm, which is achievable through conventional
photolithography. Decreasing the LED size not only makes the LED more similar to a point
source that gives more uniformity in the collimated output but also increases the pixel count
on the limited size display chip. This consequently decreases the electrical power required

per pixel, as is preferred for such a wireless powered system.
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Chapter 3 Universal Basic Identification

Tag

3.1 Introduction

It was noted earlier that the dominant trend in industry is toward smaller products with more
capabilities. With available miniaturization techniques and the ubiquity of the global
network, we envision assigning a digital identity to physical objects in order to include them
in cyberspace. The approach is to attach a tag that can be mass-produced at a low cost and
can communicate wirelessly with each object. The tag is read-writable and holds the unique
ID of the physical object. Further information about the ID can be stored in the cloud so that
the tag itself does not need to have a very large permanent memory. In order to seamlessly
integrate the tag in physical objects of various sizes, the tag must to be very small. The
infrastructure of such a system can be illustrated as in Figure 3.1. Data can be assigned to and
readout from tag by a custom Reader circuit-controlled by a conventional smartphone.
Information such as technical specs, manufacturing date and corporation, vendors,
current/previous owners or any other relevant data about the object (ID) can be stored on the

cloud database.
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Figure 3.1 UBITag infrastructure: A miniature generic tag attached to a physical object
loaded with information such as ID, assigned and readout by a custom Reader,
controlled through a use interface on a conventional mobile device. Information about
the ID is stored in the cloud.

Establishing the infrastructure illustrated in Figure 3.1 can be accomplished by utilizing
conventional identification tags such as RFID. But because of their fundamental
miniaturization limit, the range of the object sizes they can be seamlessly attached to would
be limited. The general achievable harvesting efficiency through an RF pathway is usually
higher than that of other transducer technologies (Table 3.1) >, but this efficiency drops
precipitously if the antenna is much smaller than the electromagnetic wavelength™. Antenna
efficiency is the measure of the antenna’s ability to transmit the input power into radiation®”.
The total antenna efficiency is the multiplication of different types of efficiencies, which is
affected by the losses within the antenna itself and the reflection due to the mismatch at the
antenna terminal. The radiation efficiency of the antenna can be computed as the ratio of the
radiated powers to the input power, which is only related to the conduction losses and the

dielectric losses of the antenna structure:

R

=— (3.1
na Rrad+R ( )

ohmic

While the total efficiency of the antenna with presence of a matching network would be’®”’:

M.
77s~ Q
1+=%
Q,

(3.2)
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Where Ryaq and Ronmic are radiation and ohmic loss resistances, Q, is the radiation quality
factor and Qy, is quality factor of matching network.

Electrically small antenna (ESA) is usually defined as one whose maximum dimension is less
than /2w and may be enclosed in a sphere of radius @, defined by H. A. Wheeler’> This
relation is often expressed as ka<0.5, where k is the wave number and equals to 2n/ A. The

ESA situation is illustrated in Figure 3.2.

Table 3.1 Characteristics of various energy sources available in the ambient and
harvested power M,

Source Source power Harvested power
Ambient light

Indoor 0.1 mW/cm? 10 pW/cm?

Outdoor 100 mW/cm? 10 mW/cm?
Vibration/motion

Human 0.5m @ 1 Hz 1 m/s? @ 50 Hz 4 pW/cm?

Industrial 1m@5Hz 10m/s?@ 1 kHz 100 pW/cm?
Thermal energy

Human 20 mW/cm? 30 pW/cm?

Industrial 100 mW/cm? 1-10 mW/cm?
RF

Cell phone 0.3 pW/cm? 0.1 pW/cm?

Radian Sphere

Non-radiating _:
Energy o

o Antenna Sphere

Figure 3.2 The antenna and radian sphere view of an electrically small antenna *
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Electrically small antennas are known to be inefficient radiators due to the relative
magnitudes of the radiation and ohmic loss resistances””. It also has been established that for
an ESA contained within a given volume, the antenna has an inherent minimum quality factor
(Q.), which places a limit on its attainable impedance bandwidth. For sizes much smaller
than design wavelength, O, is inversely related to &’a’. Thus, the smaller the size, the higher
the antenna Q,, which results in smaller impedance bandwidth and total efficiency®”®'. Figure
3.2 shows the minimum radiation Q for 100% radiation efficiency versus ka from different
literature formulations. Even though it has been shown that the optimal power transfer
frequencies for mm sized coils is in the GHz range®, achieved power transfer efficiencies for

mm-sized coils are less than 0.1% %%,

Radiation Q

10° 10’ 10° 10° 10
log, (ka)

Figure 3.3 Comparison of classical fundamental limits for Q,

On the other hand, miniaturization limitation of the RF antenna results in a non-monolithic

fabrication process for RFID tags that adds inevitable extra expenses to the mass-production
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costs of silicon IC. Thus, by replacing RF pathway with a more scalable and monolithically
manufacturable alternative, the cost and size of the tags can be tremendously reduced. By
using an optical pathway to transmit power and data, the tag can in principle be made much
smaller than RFID as LEDs and detectors do not face the fundamental scaling limitation of
the RF antenna. This allows not only miniaturization of the tag down to sub-mm range but
also reduction of the final cost nearly down to the semiconductor fraction of the finished
RFID tag cost. For ease of reference, the name “Universal Basic Identification Tag
(UBITag)” is chosen for the envisioned optical tag, which would be referred to through the
rest of this script.

The compelling point about UBITag is the potential to miniaturize and mass-produce the
generic tag through a monolithic fabrication process. Existing CMOS infrastructure can make
high-density and efficient core circuitry for data storage and processing, while CMOS-
compatible optical detectors and illumination sources can replace the RF antenna for optical

power scavenging and data transmission.

Optical Power Harvesting

For optical detection and power harvesting, research in a variety of fields is directed at
extremely low-power, fully functional, autonomous sensing systems powered by photovoltaic
devices. For example, Smart Dust was developed to determine the feasibility of packing
sensing, computing, and communication into devices on the order of a cubic millimeter for
military uses, animal or insect tracking, inventory control, and product quality monitoring.
Systems comprised batteries, solar cells, sensors, charge storage capacitors, readout and
transmission circuitry, and photodiodes for data reception. In addition, active and passive
data transmission was described, the former with a laser diode and beam steering mirror, and

the latter with a modulated corner reflector. In 2001, a 63 mm® device was reported64, and
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more recently a 16 mm’ solar-powered node was described, capable of ~12% power
conversion efficiency and power outputs of 1.0 mW/mm? and 1 pW/mm? in full sunlight and
bright indoor light, respectively®.

Autonomous UBITag systems are conceptually similar to conventional and computational
RFIDs (CRFIDs). CRFIDs communicate through backscattering, but also perform sensing,
computation, and storage, and then transmit data instead of an identification number.
Normally, CRFIDs require continuous RF power from a nearby reader to function, but
recently focus has been directed toward making such systems autonomous by incorporating
additional power sources. It has been demonstrated that solar energy harvesting can allow for
sensing, data storage, and increased RF read range ° .

Because only minimal budget power can be harvested from solar energy or indoor
illumination sources, photovoltaic powered CMOS systems have mostly been used for
sensing applications. But for the UBITag application, with abundant optical power
transmitted from an external source with a specifically chosen wavelength to maximize
absorption, silicon photovoltaic is a suitable choice to harvest power for the system. They can

be either co-fabricated through a mainstream CMOS process® '

or post-fabricated on
finished circuitry’*°. Additional circuitry is necessary when using solar cells as a power
source. The output voltage of silicon solar cells ranges from a few tenths of a volt to a
maximum of about 0.7 volts under different light levels. Stacking solar cells can provide
higher voltages, but to ensure reliable operation, voltage converters and regulators would be

necessary. It has been demonstrated that optimal conversion efficiency under different input

voltage levels can be achieved through reconfiguration of charge pump circuits *'.

Optical Output

Arguably, integrated optical devices are of great importance for telecommunications and
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sensing applications®>**

, as they are used for coupling light sources, optical devices, and
detectors with microelectronics®’. This integration can be accomplished either as a hybrid or
monolithically. The hybrid integration requires at least two different substrates bonded
together through a careful alignment process, which is in fact the major disadvantage of such
a system, as it increases the cost and complexity. On the other hand, in the monolithic
integration, all required components can be fabricated directly in the same substrate, thereby
eliminating the complex bonding process and reducing the mass-production cost. Although
efficient electronics are made chiefly on silicon, research for the fabrication of integrated
crystalline light sources in silicon substrates is still developmental, largely because silicon is
not an efficient light-emitting material due to its indirect bandgap®. One possibility is to
integrate incandescent microlamps, which emit a blackbody spectrum of radiation with
wavelengths ranging from infrared to visible. They have been reported in a variety of
applications such as spectrophotometry; IR signal generation; and calibration of

86-89

photosensors, pressure sensors, and displays™ . These light sources have been fabricated

88,90,91 s e
7570 Resistive

utilizing polycrystalline silicon and tungsten, among other materials
filaments are heated by electric current to incandescent temperatures (400—1200 K) through
the Joule effect, and when these filaments are exposed to the atmosphere, oxygen, moisture,
and contaminating particles change the filament’s emission characteristics and shorten its

d”*” structures have been developed to isolate the

lifetime®. Therefore, vacuum-seale
filament from the surroundings. The process of fabricating a vacuum-sealed silicon
incandescent light is a complicated patented”* process that yields a pressure-sensitive device,
while the silicon oxynitride isolated chromium filament is claimed to have a simpler structure

to fabricate and minimal pressure sensitivity’>~’. Despite interesting applications, integrated

incandescent microlamps are not yet known as efficient optical output elements.
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With recent progress achieved in organic illumination materials’, organic light-emitting
diodes (OLEDs) seem to present a compelling opportunity to integrate highly efficient light
sources with photodetectors onto CMOS substrates, thereby enabling completely integrated
optoelectronic applications based on silicon to be realized on one chip. The direct light
emission from the OLED enables small devices without additional backlight, making them

suitable for sensor and microdisplay applications’**'%?

and perhaps the most suitable choice
for UBITag.

Therefore, by powering the system through a tuned optical source, UBITag can be
monolithically fabricated through standard CMOS and OLED technologies, occupying a die
area of sub-mm” range (Figure 3.4). This can result in reducing the final fabrication cost of a
single UBITag as low as that of the semiconductor portion of an overall RFID tag. An
autonomous miniature optical chip can be encapsulated in transparent resin spheres with

partial reflective coating and attached to any object. Line of sight communication can be

interpreted as a favorable feature to increase security, making UBITag less prone to hacking.
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Figure 3.4 Envisioned monolithic UBITag can be fabricated through CMOS and OLED
processes’’.
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In the rest of this chapter we first describe our effort toward developing a CMOS compatible
fabrication process of a polymeric LED, then present our effort to prototype the infrastructure
of the UBITag system. In the finl section, we develop a packaging process for encapsulating

autonomous optical systems applicable for a miniature UBITag chip.

3.2 Organic Light Emitting Diodes (OLED)

In contrast to inorganic LEDs that require matching crystalline substrate for epitaxial layer
growth, organic LED structures can be fabricated on any substrate. They have been co-
integrated with CMOS circuitry, especially for microdisplay applications'**'%. The
possibility of monolithic fabrication with the CMOS process makes them suitable for
UBITag purposes as well. Therefore as the first step toward realization of a miniature
UBITag, we studied the basic physics of organic electroluminescence devices and aimed for

developing a CMOS-compatible polymeric OLED at accessible fabrication facilities.

3.2.1 Brief history

Organic electroluminescence (EL) is the electrically driven emission of light from non-
crystalline organic materials, which was first observed and extensively studied in the
1960s'%''% In 1987, a team at Kodak introduced a double-layer organic light-emitting device
(OLED), which combined modern thin film deposition techniques with suitable materials and
structure to give moderately low bias voltages and attractive luminance efficiency''"''*.
Shortly afterwards, in 1990, the Cambridge group Friend announced a conducting polymer-
based LED'">'"*_ Since then, there have been increasing interest and research activities in this
field, and enormous progress has been made in improving color gamut, luminance efficiency,

and device reliability. The growing interest is largely motivated by the promise of the use of

this technology in flat-panel displays. As a consequence, various OLED displays have been
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demonstrated. The design of EL materials for used in OLEDs is critical to device
performance. Great strides have been made towards the development and improvement of
molecular materials for display applications. Intense research in both academia and industry
over the past two decades has yielded OLEDs with remarkable color fidelity, device
efficiencies, and operational stability, competing the crystalline counterpart. A comparison of
the efficiencies of several different display and light sources is shown in Figure 3.5, and

progress in LED efficiencies over the last few decades is summarized in Figure 3.6.
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Figure 3.5 Progress in various lighting and display source efficiencies over the past few

decades. Copyright K. Leo/IAPP.
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Figure 3.6 Comparison of the luminance efficiencies of several different lighting and
display sources. Figure courtesy of C.W. Tang, Kodak, Inc'".

3.2.2 Basics

An OLED has an organic EL medium consisting of extremely thin layers sandwiched by two

electrodes (Figure 3.7 a).
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Figure 3.7 a) An OLED is a special amorphous material sandwiched between two
electrodes, b) Band diagram under forward bias illustrating the charge injection,
transport, and recombination processes. LUMO and HOMO are analogous to
conduction and valence bands of semiconductors.

OLEDs are constructed using glassy and amorphous organic molecules or polymer films and

thus provide significant advantages in device fabrication and cost reduction. They are
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markedly different in structure from inorganic LEDs consisting of epitaxial semiconductor
thin films, and the mechanism governing their operation is also quite different from that of a
crystalline semiconductor-based LED. The origin of the semiconducting nature of these
materials must be described using the molecular orbital theory rather than the semiconductor
band theory, which is beyond the scope of this dissertation. Despite the fundamental
differences in the formalism required in describing the origin of semiconductivity in
crystalline inorganics and polymers, significant analogies exist in their fundamental behavior.
The terms HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) are introduced in the organic illumination concept and become analogous
to the top of the valence band and the bottom of the conduction band, respectively' ' (Figure
3.7 b). In a basic two-layer OLED structure, one organic layer is specifically chosen to
transport holes and the other organic layer is specifically chosen to transport electrons. The
interface between the two layers provides an efficient site for the recombination of the
injected hole—electron pair and resultant electroluminescence.

When an electrical potential difference is applied between the anode and the cathode such
that the anode is at a more positive electrical potential with respect to the cathode, injection
of holes occurs from the anode into the hole-transport layer (HTL), while electrons are
injected from the cathode into the electron-transport layer (ETL). The injected holes and
electrons each migrate toward the oppositely charged electrode, and the recombination of
electrons and holes occurs near the junction in the luminescent ETL. Upon recombination,
energy is released as light, which is emitted from the light-transmissive anode and substrate.
The heterojunction should be designed to facilitate hole-injection from the HTL into the ETL
and to block electron injection in the opposite direction in order to enhance the probability of
exciton formation and recombination near the interface region. As shown in Figure 3.8a, the

highest occupied molecular orbital (HOMO) of the HTL is slightly above that of the ETL, so
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that holes can readily enter into the ETL, while the lowest unoccupied molecular orbital
(LUMO) of the ETL is significantly below that of the HTL, so that electrons are confined in
the ETL. The low hole mobility in the ETL causes a buildup in hole density, thereby
enhancing the collision capture process. Furthermore, by spacing this interface at a sufficient
distance from the contact, the probability of quenching near the metallic surface is greatly
reduced.

The simple structure can be modified to a three-layer structure, in which an additional
luminescent layer is introduced between the HTL and ETL to function primarily as the site
for hole—electron recombination and thus electroluminescence. In this respect, the functions
of the individual organic layers are distinct and can therefore be optimized independently.
Thus, the luminescent or recombination layer can be chosen to have a desirable EL color as
well as a high luminance efficiency. Likewise, the ETL and HTL can be optimized primarily
for the carrier-transport property.

The extremely thin organic EL medium offers reduced resistance, permitting higher current
densities for a given level of electrical bias voltage. Since light emission is directly related to
current density through the organic EL medium, the thin layers coupled with increased
charge injection and transport efficiencies have allowed acceptable light emission to be

achieved at low voltages.

3.2.3 Standard Fabrication processes

Molecular OLED

Vacuum evaporation by resistive heating is most appropriate for depositing molecular
materials. Organic vapor phase deposition (OVPD) has also been demonstrated to deposit
organic materials on large substrates'*’. It is also common to deposit cathode materials using

the same vacuum evaporation from filaments. For the deposition of high-temperature metals,
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one may employ e-beam evaporation or sputtering. The latter is particularly useful for large
substrates and high throughput production. However, because OLEDs are extremely sensitive
to radiation, special care needs to be taken. For example in e-beam deposition, a magnetic
field is applied across the substrate to repel electrons and ions. In sputter deposition, a buffer
layer is required to minimize the radiation damage inflicted on the OLED organic layer stack.
Typical molecular base bottom emitting device fabrication occurs by the following sequence:
devices are grown on glass slides pre-coated with transparent ITO. Substrates are
ultrasonically cleaned in detergent solution, followed by thorough rinsing in DI water. They
are then cleaned in organic solvents and dried in pure nitrogen gas. After cleaning, the ITO
glass is subject to an oxygen treatment using either UV ozone or oxygen plasma to enhance
hole-injection. Single heterostructure devices (Figure 3.8 b) are formed by sequential high
vacuum (10-5 to 10-6 Torr) vapor deposition of a hole-transport layer such as NPB, followed
by an electron-transport layer of Alq3, previously purified by temperature gradient
sublimation. Deposition is carried out by thermal evaporation from a baffled Ta crucible at a
nominal deposition rate of 0.2-0.4 nm/s. An electron-injecting electrode of approximately
10:1 Mg:Ag volume ratio is subsequently deposited by co-evaporation from separate Ta
boats at a vacuum of 10-5 Torr in the same chamber. The device preparation is completed

with encapsulation in a dry argon box''*.
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Figure 3.8 a) Energy level diagram of a two-layer OLED. b) Common electron and hole-
117

transport materials and a two-layer OLED "'.

Polymeric OLED

The generic fabrication process can be described as follows: a layer of PEDOT-PSS is spin
cast onto an ITO patterned glass substrate to function as the device’s anode. The polymer
layer is then spin cast above, and finally a layer of calcium followed by aluminum is
thermally evaporated to serve as the cathode. The function of the PEDOT-PSS is twofold; it
assists in hole injection into the device and creates a smooth even surface on which to spin
the polymer film. The calcium functions as the effective cathode of the device; an evaporated
layer of aluminum is added to the process to help shield the calcium against oxidation. A

typical energy level / work function diagram for such a device is given in Figure 3.9'".
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Figure 3.9 An sample energy level / work function diagram for a PLED'"®, The
HOMO/LUMO levels for the polymer shown are that of MEH-PPV'*>*'?% In this
example, no barrier exists for electron injection.

The schematic diagram of this type of device structure in forward bias is similar to Figure
3.7b. Electrons from the cathode are injected into the LUMO of the polymer on one end of
the device, and holes are injected from the anode into the polymer HOMO on the other. The
charge carriers recombine within the polymer layer and emit light. Charge injection, one of
the main processes affecting the operation of the device, is characterized primarily by the

difference between the electrode work function and the polymer HOMO/LUMO levels.

3.2.4 Single layer Polymeric OLED process development

As the OLED structure would eventually be fabricated on a finished CMOS wafer,
conventional silicon substrate with a previously grown oxide layer was used for process
development. To continue developing the process, we had to select between molecular and
polymeric OLED types. Despite better a chance for higher optical efficiency of molecular
OLEDs, no accessible fabrication facility was equipped with a proper deposition chamber.
Therefore, we decided to develop a process for polymeric OLEDs (PLED). The general

structure of a bottom-emitting PLED was previously described. Despite significant structural
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similarity between bottom- and top-emitting devices, the steps required in post-fabricating
them on finished CMOS wafers occur in reverse order. For top-emitting devices, the first step
is to select the electroluminescence layer — in our case, Poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV), the most commonly studied soluble light-emitting
polymer''*'"*'* LUMO and HOMO levels of MEH-PPV located at 3.0eV 5.4eV
respectively'>® would guide us toward proper material selection to minimize the injection
barrier. The conductor most suitable for minimizing the potential barrier at Metal-Polymer
interface would be Ca with work function of 2.9¢V, while the most popular transparent
conductor, ITO, has work function of 4.3e.V-4.7¢V.

Depositing Ca requires a thermal deposition chamber (in contrast to E-beam evaporation), but
the accessible microfabrication facility was not equipped with one. Therefore the practical
solution was to choose Mg as the cathode, since it could be deposited using an E-beam
evaporation chamber and has a low work function of 3.7eV. Starting with a 4” silicon wafer
carrying pre-grown oxide (Figure 3.10 a), we first deposited the cathode layer through lift-off
(Figure 3.10 b). A negative photoresist, nr7-1000, was spun and patterned through
photolithography. A cathode layer comprising Al:120nm-Mg:30nm was deposited through E-
beam evaporation. Al was used as the main conductor, while the thin Mg layer minimized the
potential barrier at the Metal/Organic layer boundary. Eventually the last Al layer of CMOS

process would be used as the cathode.
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Figure 3.10 a) Silicon wafer with pre-grown oxide, b) Al/Mg layer deposited and
patterned through lift-off, c) MEH-PPV solution spun and vacuum dried, d) Anode
layer deposited through shadow mask.

To deposit a uniform organic layer, polymer material would be dissolved in a solvent and the
solution is spun on the wafer in an inert ambient to prevent oxidation of organic material.
Wafer would be left under vacuum to remove the solvent overnight. MEH-PPV solutions 0.8
wt % of polymer to weight of p-Xylene were stirred for a minimum of 48 h at 50 °C. Not
having access to a glove-box, the solution was spun on the wafer in air ambient and put under
lab-vacuum overnight to remove the solvent (Figure 3.10 c). The nominal process mentioned
a PEDOT:PSS layer between ITO and the polymer, which is spun and dried prior to polymer
layer spin casting. The presence in the PEDOT:PSS solution of water, which could oxidize
the polymer, prevented us from using this material in our structure. So we completed our
structure by depositing the anode layer through a shadow mask (Figure 3.10 d). For the anode
we ran several tests. The first test was to use ITO through sputtering. Having only ITO as the
anode at the polymer interface introduces a large potential barrier (~1.1eV), which results in a
high turn on voltage for the device, ~5V (Figure 3.11, seriesl). In order to reduce the
electrical barrier, thus decreasing the turn-on voltage, we evaporated a very thin gold layer
(10nm : ~70% transparent) prior to sputtering ITO layer (Figure 3.11, series 3). This

introduces the Au work function (5.1eV) as an intermediate energy level between ITO’s work
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function (4.3eV) and the polymer’s HOMO (5.4eV). As a result the turn-on voltage reduced
considerably to ~3V. We also tried to deposit the thin gold layer and ITO by sputtering, but
the final devices did not act as diode and never turned on (Figure 3.11, series 4). We suspect
that the polymer layer had been damaged during sputtering gold and created short
connections between anode and cathode. Devices with solely a thin Au layer were laterally
broken at high electric fields (Figure 3.11, series 2).

Despite low optical output, the spectrum of the LED from the batch with the Aw/ITO anode
was measured using an integration sphere (Ocean Optics FOIS) with peak wavelength at

~580nm (Figure 3.12). A sample illuminating OLED is shown in Figure 3.13.
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Figure 3.11 IV characteristic of OLED with different anodes: series1) ITO only, series2)
7nm Au only, series3) Evaprated 7nm Au/ Sputtered ITO, series4) Au/ITO sputtered
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Figure 3.12 Optical Spectrum of MEH-PPV OLED with peak at S80nm.

Figure 3.13 a) Fabricated OLED tested with probestation, b) Sample illuminating
OLED.
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3.3 Prototyping UBITag system infrastructure

For a miniature monolithic Tag, OLEDs are the best way to implement the optical output of
the system, but as described previously, we are not equipped with a proper equipment to
deposit organic materials nor to fabricate efficient PV cells at accessible facilities.
Nonetheless, the scope of the entire tag system design — comprising silicon-integrated circuit
and optoelectronics, organic luminescence design, packaging, and software layers
development — is beyond a single PhD. Therefore, to illustrate the concept of UBITag, we
decided to demonstrate the system infrastructure through prototyping using off-the-shelf
components. Furthermore, despite the impossibility of monolithic miniature tag fabrication at
available facilities, we developed a packaging process for encapsulating the miniature
autonomous optical tag to take a small step toward making UBITag system a reality.

As previously illustrated, the envisioned UBITag system infrastructure comprises a miniature
tag capable of storing a unique ID, a Reader to assign and readout ID from the Tag, a cloud
database to store complementary information regarding the ID, and a user frontend on a
conventional mobile device (Smart phone) to interact with the cloud database and control the
Reader (Figure 3.1)

Tag

The autonomous tag system is envisioned to be powered and communicate data through
optical path. Therefore, the miniature tag system consists of three main sub-systems:

- Optical reception system: To transmute incident optical beam to electrical signal.

- Integrated circuit: To store, process, and transmit information, and to manage power.
-Optical output: To communicate data with external systems using coded optical

communication in free space.
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Reader

The Reader is the link between the user frontend and the tag. The Reader’s interfacing can
be divided into 2 main categories:

-Reader interaction with user frontend: depending on the user’s command via a
communication thread, the Reader receives and stores the new ID for eventual assignment to
a tag or report a recently read-out ID from a tag to the UI for further database investigation.
-Reader interaction with tag: again depending on the command, it initiates an optical link for
enabling power for and data communication with the tag, assigns a new ID or read-out, and
stores the previously written ID from the tag.

Cloud database

A global database is necessary for storing the tag IDs and the definition of the objects they
represent. The database would need to be updated prior to every new ID assignment.

User Interface

Apparently an interface is needed for the user to enter or display data. More descriptively the
user frontend is needed for entering new ID and definition, checking and updating the cloud
database, assigning the legitimate new ID to the Reader or receiving the recently read-out ID
from the Reader, and looking up and displaying the read-out ID definition from the database.
To demonstrate the system infrastructure we should design and manufacture the hardware for
the tag and the Reader, implement the proper firmware, develop a web database to store tag
ID and other information, and develop a mobile device software application to control Reader
actions and interact with the database. Prototyping procedure can be broken down into two

major sections: hardware and software.
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3.4.1 Hardware

To minimize the circuit design complexities of our prototype, microcontroller units (MCU)
are utilized as the core circuitry of both tag and Reader hardware to benefit from the data

storage, processing, and communication features with which they are equipped.

3.4.1.1 Tag
Considering MCU as the data storage and processing block, the Optical tag system comprises

4 main subsystems (Figure 3.14):

- Data storage and processing unit (MCU)

- Input data detection

- Power harvesting

- Optical output

Input data detection:

In the UBITag introductory section we envisioned using modulated single wavelength beam
conveying power and data from Reader to Tag. It would be the Tag’s custom circuitry task to
harvest the power and retrieve data from the photogenerated current created by the incident
beam. This introduces some circuit design challenges for prototyping using off-the-shelf
components. To minimize complexity, we resolve this issue through optical filtering,
transferring power and launching data from the Reader utilizing different wavelengths: a
visible wavelength DC stream to supply power and an infrared modulated stream for data
transmission. In this way the visible DC stream can be blocked by optical filtering previously

mounted on a photodetection block.
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Figure 3.14 Block diagram of tag

A data detection block can be assembled using an Ir-PIN diode (Si PIN diode mounted with
infrared band-pass filter) to transmute input infrared data to a photocurrent and transform that
to voltage logic level by a transimpedance amplifier. A logic inversion to the input signal can
be introduced, depending on the PIN diode orientation, which we will further discuss below
(Figure 3.15).
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Figure 3.15 Optical data detection circuit schematic with and without logic inversion

Power harvesting:
As noted above, power is supplied through a DC visible stream launching from the Reader,

so an optical-electrical transducer is required for harvesting. Aiming for CMOS-compatible

68



processes, we utilized silicon PV cells for prototyping. The proper supply voltage level for
the system can be obtained either by serially connecting multiple PV cells or by boosting the
output of a single cell. Due to additional power conversion loss of commercially available
boost converters and extra circuit complexity, we decided to provide the source voltage level
of the tag system through serial connection of multiple silicon PV cells. The minimum supply
voltage of tag components will define the number of single cells required to be serially
connected, while required surface area depends on tag total power consumption, available
optical power from Reader and PV cell conversion efficiency.

Memory/DSP Unit:

As previously mentioned, conventional microcontroller units can take care of data storage
and processing; they can also equip us with a choice of various communication ports and
protocols that can be used to establish a connection between the tag and the Reader.

Optical Output:

Although organic LEDs would be the proper choice for UBITag’s optical output block due to
their CMOS-compatible fabrication process, in contrast to crystalline LEDs, they are not
commercially available for indication purposes. Therefore we had to use inorganic LEDs for
the Tag’s optical output to communicate with Reader. To ensure continuous presence of a
visible DC stream during every Tag-Reader communication cycle, we anticipated needing an
AC-DC photocurrent separation block on the Reader system in case of utilizing visible
wavelength LED as Tag’s optical output. This issue can be resolved by using an infrared

stream for data transmission from the tag and using optical filtering for the Reader system.

Among several goals we are seeking by prototyping UBITag’s infrastructure, a major one is

to make a functional tag, harvesting power by a small PV area, because that would be the

main limiting factor to miniaturizing the ultimate tag chip. Therefore we tried to find and
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utilize miniature, commercially available PV cell arrays with an output voltage range of 2-
3.6V (standard low voltage supply level), but the smallest PV array we could access
commercially had an active area of ~8mm? and an open circuit output voltage of 4V, which
was overqualified for both perspectives. So to provide the proper voltage supply we decided
to reach the desired level by serial connection of multiple PV cells. As previously mentioned,
despite the fact that miniature PV cells were not available on the market, we were able to find
another CMOS-compatible component in more miniature packaging available on the market:
silicon PIN diodes. With Voc ranging between 0.4-0.6V for a single PIN junction, serial
connection of 4 Si PIN diodes would provide a Voc level larger than 2V (the minimum
supply voltage for our tag system design). Linear relation of photogenerated current with
surface area made us test several PIN diodes with various surface areas ranging from 7mm?
to 0.36mm’. Aiming for a total current consumption of less than 500uA, the serial connection
of 4 PIN diodes with 0.36mm” surface area could convert enough input optical power stream
to electricity. As different wavelengths are used for data and power transmission, a miniature
packaged PIN diode with mounted visible wavelength filter was used to block the power
stream and detect infrared input data. To assemble a circuit with minimal power
consumption, components were selected from available power-efficient products. The main
consumers on the tag circuit are the microcontroller unit, the transimpedance amplifier of the
data detection block, and the infrared LED for data transmission. A thorough search on the
market for low-power MCUs led us to the MSP430FR57xx family (Appendix C) from Texas
Instruments, which have a 2V-3.6V supply voltage range and 81 pA/MHz current
consumption during Active mode. Available in a 4mmx4mm PVQFN-N24 packaging,
MSP430FR5738 was chosen as the Tag’s main processing unit. To convert the
photogenerated current from the input Ir-PIN diode (TEMD7100, Figure 3.19b) into proper

voltage form, we utilized MIC863 as our transimpedance amplifier. MIC863 was chosen due
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to its low quiescent current consumption ( <5 uA) and wide voltage supply range (2V-

5.25V). An infrared LED with miniature packaging was selected as the optical output of the

tag (SFH4050). A schematic of the tag prototype is shown in Figure 3.16.
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Figure 3.16 Schematic of tag prototype circuit

Utilizing the miniature-size and low-power components available, the Tag’s printed circuit

board (PCB) was designed using EagleCAD software with optoelectronic components

mounted on one side and electronics on the other (Figure 3.17).
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Figure 3.17 Tag, prototyped PCB board

3.4.1.2 Reader
The Reader system should be capable of interacting with the tag and a handheld device such

as cell phone or tablet that controls Reader actions through an Application. Communication
and power supply to the tag will be through an optical path, thus there would be some
analogy between a couple of Reader sub-blocks and Tag’s such as: Data storage and
processing unit (MCU), Infrared data detection and Infrared output. An additional block
among Reader optical subsystems compared to the tag is a visible wavelength optical output
that supplies power for the Tag. The Reader would also be controlled by the mobile device
for data readout/retrieval or new data assignment, through a standard communication thread

such as Universal Serial Bus (USB) or Bluetooth (Figure 3.18).
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Figure 3.18 Reader block diagram

Optical data detection:

The most challenging block to design for the Reader is the detection circuit. Because of the
low amount of power available for the tag from optical conversion, the amount of power
dedicated to the output LED will be low (Itgp < 300uA). Therefore, the Tag’s wide-angle
optical output (SFH 4050 with 130 deg illumination angle) will be comparable to the leakage
current resulting from the DC powering stream passing the PIN diode’s optical filter. Hence
the Reader’s data detector has to be more sensitive than the Tag’s. One way to improve
sensitivity is to increase the detection area, thus a PIN diode witha 7mm’ active area
mounted with an optical filter has been used. The second step would be to amplify the output
of the transimpedance stage. This step would also invert the output of the data detection
block; depending to PIN diode orientation, data can retain its correct logic form (Figure 3.20)
Optical power source for Tag:

Considering the absorption diagram of PIN diodes on the Tag’s power harvesting (Figure
3.19a) and data detection blocks (Figure 3.19b) demonstrates that the closer the powering

wavelength to the edge of the optical filter (650nm) and harvesting peak (800nm), the higher
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the conversion efficiency. Therefore, an optical source with peak wavelength smaller than but

as close to 650nm would be more efficient.
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Figure 3.19 a) Spectral sensitivity of harvesting PIN diodes (SFH2701), b) Spectral
sensitivity of detecting PIN diodes (TEMD?7100)

As for the source to supply optical power for the Tag, two options could be considered:
-Lasers

-Bright LEDs

The first issue with lasers is that they require complex optics for beam expansion to cover the
Tag’s optical surface (18mm” for final tag board). Another issue is that they are not widely
available in small packaging (SMD) for the visible wavelengths spectrum. Therefore we
proceeded to the second option and looked into bright, visible LEDs. The main downside of
bright LEDs is their wide angle of illumination, which limits the maximum distance between
tag and Reader for sufficient power transfer—something that was not a major concern for
prototyping purposes. Therefore a bright LED with nominal peak wavelength of 645nm was
chosen to supply power for the Tag. Serial connection of multiple PIN cells on the tag system
dictates the necessity of equal optical power illumination on every cell in order to maximize

conversion efficiency. Otherwise extra photogenerated carriers in each individual cell would
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recombine, and the output current of the array would be limited to the cell with the minimum
photogenerated current. Therefore assembling the harvesting PIN diodes on the tag with
minimal spatial distance can increase the chance of equal incident optical power from Reader
to Tag. To increase this chance, we used 2 bright LEDs serially on the Reader because of the
PIN diodes’ orientation on the Tag. These issues would have been minimal if PV cells were
fabricated monolithically, rather than as individual assemblies. Thus 2 bright LEDs and a
current limiting resistor are serially connected; they would be turned on by activating an
NMOS switch controlled by MCU (Figure 3.20).

The final step to complete the optical side of the Reader is assembling and driving infrared
LED for data transmission. Direct connection of the LED to MCU’s transmission pin (Tx),
as with the Tag, presented an issue. The Tx pin of MCU is set to a high level by default
during idle mode (when no data is transmitting from this port, i.e. the Reader is not sending
but receiving the Tag’s relatively low intensity response). Therefore if the LED is connected
directly, a relatively high intensity infrared stream would illuminate, conveying zero
information, which cannot be filtered optically by the Reader’s PIN diode filter, thereby
making it almost impossible to detect the Tag’s relatively low intensity response. To resolve
this issue, a PMOS switch was added to let the current pass from the LED only during
transmission periods. This in turn would add a logic inversion to the data transmitted
optically to the Tag. Therefore, the Tag’s detection circuit was designed so as to add another

inversion to the incoming data, thereby attaining the correct logic (Figure 3.20).
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Figure 3.20 Reader optical data detector and driver

To complete the Reader’s hardware, a suitable mechanism for data transmission between
handheld device and Reader need to be implemented. Since one of today’s most frequently
used devices is the Smartphone, we decided to develop the user interface for controlling the
Reader’s actions on the Android platform. Data transfer could be accomplished through two
conventional methods: Universal Serial Bus (USB) or Bluetooth. Using USB presented two
problems. First, we found that the way that Android OS interfaces with USB, called Android
Open Accessory Mode, only allows for connecting peripherals to an Android platform where
the Android is the USB device and the peripheral (accessory) is the USB host, which is the
complete reverse of a conventional interconnect. This issue introduced so many complexities
to the design of both our hardware and our software that we suspected the USB option might
not be worth the time and effort needed to resolve them. Seeking advice from available
resources and from field experts, including CSE professor G. Borriello, we realized that

creating a Bluetooth connection with Android is a well-established feature and less
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troublesome than USB. Hardware design complexity was also minimal in directly connecting
the Reader’s MCU serial ports (MSP430FR5739) to a Bluetooth device (RN-41). Utilizing 2
LED junctions in series passing relatively high current requires a supply level of larger that
3V, which we reached by powering the Reader circuit by 3 serially connected AAA batteries.
A 3.3V voltage regulator is utilized to provide the standard supply level for the rest of the
Reader circuit (MCU, Bluetooth and Op-Amp). We custom-designed and manufactured a
printed circuit board for the Reader with optoelectronics and electronics on one side and 3
AAA batteries on the other side (Figure 3.21). The board has a single physical switch for
activation while it is fully controlled by Android Application via Bluetooth. A custom-

designed box was 3D-printed to conceal the main part of the board (Figure 3.22)
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Figure 3.21 a) Reader PCB design, b) Manufactured board with SMT components
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Figure 3.22 Reader, packaged in a 3D printed box, with a cap to access optical head

3.4.2 Software

3.4.2.1 Protocol

Utilizing microcontroller units as the main processing block will facilitate establishing a
communication thread between Reader-Tag-mobile device using standard protocols. As we
envisioned assigning a unique ID to every object and storing complete information on the
cloud, the data package swinging between devices, the ID, should be small. For our prototype
purposes, the ID was selected as a 64-bit integer, giving sufficient unique options. To reduce
power consumption required for higher clock frequencies, a 9600 baud rate was chosen for

serial communication.

3.4.2.2 MCUs Firmware

With only 2 MCU’s communicating at a time- Reader with one tag, an asynchronous serial
connection (UART: Universal Asynchronous Receiver/Transmitter) can be established
between them. Depending on the command byte (Write or Read) sent by the Reader, the tag
will either store the 8-byte data package or transmit the previously stored data pack optically.
A flow chart of the Tag’s MCU is sketched in Figure 3.23. A key consideration is minimizing

power consumption for tag circuitry. Texas Instruments offers several low-power modes for
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its MSP430 product family. Setting the MCU to Low Power Mode 3 (LPM3) and DCO to the

lowest frequency (5.3MHz) reduces the current consumption down to 100pA at 2V of power

Initialization: DCO,UART

!

Enter LPM3 and wait for

Rx Interrupt ; |

supply.

No
RX
Command
Byte
Command Byte = N Command Byte =
Write o Read
Yes Yes
¥ ¥
Store next 8 bytes Receiving @ ID Transmit 8 bytes stored @ ID

location in FRAM location in FRAM

Enter LPM3 and wait for
Rx Interrupt

Figure 3.23 Tag MCU flow chart

On the Reader side we utilized another member of the MSP430FR57xx family with 2 UART
channels (MSP430FR5739), assigning one port for communicating with the tag and the other

for communicating with the Bluetooth device. Depending on the command
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(Write/Read/Retrieve) transmitted from the handheld device to the Reader’s Bluetooth, the

Reader will either store the new data and assigns it to the tag optically, or read out the tag ID

and store it, or transmits the previously read-out tag ID to handheld device for database

investigation. Whether the Reader is interacting with the tag on Write or Read cycles, a

designated NMOS switch would be activated to turn on the bright LEDs to supply optical

power for the tag (Figure 3.20). A flow chart for Reader logic is sketched in Figure 3.24.

Read / Write button
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Read

|

TX Read command
through UARTO to Tag

Write

Enable Interrupt
Enter LPMO

TX Write command/ 8 Byte @ newlID
> location of FRAM
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Enable Interrupts L
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Figure 3.24 Reader MCU flow charts

Proper coding for Reader and tag MCUs was implemented using TI’s Code Composer Studio

v5 software (provided in Appendix A). Output signals of the emulator were directly probed to

MCU pads through probe-station needles.
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3.4.2.3 Database development
Since we envision assigning a unique ID to any object and storing the complementary
information on the ubiquitous cloud, the next step is to develop a global database for our
infrastructure.
We first needed to set up web-server software (Apache 2) on a personal computer and make
the local IP accessible through the Internet. Using MySQL for database development, we
created a database, named UBITagDatabase, containing a single table called
ubitaginformation containing 2 columns: TagID and Taglnfo. The first one is the unique
integer ID, which will be assigned to each tag (64bit data swings between tag and Reader),
and the second one is the complete description of the object in text format. In order to update
or read from the database, queries should be executed through a conventional database
interfacing syntax such as PHP. The following 3 pieces of code have been developed to cover
the basic objectives of our prototype (the syntax is provided in Appendix B).
1- write.php: It will get a new ID from user (§_GET][]). The entered data will first be checked
to not be blank (lempty) and to be an integer (is_int($TagID)). Passing the is_int test, it will
execute a SELECT query to check for redundancy of TagID. In case of a redundant ID the
proper text warning will be printed (Figure 3.25), otherwise it will create a 2-segment PHP
form (Figure 3.26):

- One for TaglD filled with number entered by user in readonly format to prevent any

further change in this step.

- A large textbox for entering the object definition.
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& C' [ 67.183.142.89/write.php?TagiD=1

The ID has already taken, please enter a different one!

Figure 3.25 Message in case of redundant ID selection

€« C | [J 67.183.142.89/write.php?TagiD=123456 7890

TagID:
1234567890

Taglnfo:
Please insert the tag
information.

Submit to database

Figure 3.26 New ID/Information assignment form

Once submitted to the database, the information will be posted to the second PHP code
(action: newtag.php).

2- newtag.php: Having received the information posted from write.php, the database will be
updated by executing INSERT INTO query and the update confirmation message on display

will be printed (Figure 3.27).

&~ C [ 67.183.142.89/newtag.php

Done, New ID/Information added to database.

Figure 3.27 Confirmation message after each database update

3- read.php: This code will get the ID ($§ GETJ]) retrieved from the Reader and search
through the database for a matching TagID column. In case of no match it will show a no-
entry message (Figure 3.28); otherwise TagID and Taglnfo will be showed to user (Figure

3.29).
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& C [167.183.142.89/

No match for this ID, 1234567890123, found in database.

Figure 3.28 No-entry matched message for ID

€ C []67.183.142.89/r¢

TaglD:
1234567890

Taglnfo:
This is a test tag. Not attached to anything yet.

Figure 3.29 TagID and TaglInfo looked up from database

3.4.2.4 Mobile Application development

The Android platform was chosen to develop the user frontend Application. The main
objectives of this application are listed below:

1) Create Bluetooth connection thread with Reader to establish in/out stream

2) Get a new ID from user

3) Check the database for redundancy; get the object definition from user and update the
database

4) Send the new ID to the Reader via Bluetooth and command the Reader for optical
assignment of the ID to the tag

5) Read out the ID from the tag and store it in Reader

6) Retrieve recently read-out ID from Reader, look it up in database, and display respective

database entry to user.

Using Eclipse software, a single-activity application was developed with 5 buttons, 1 editable
textview and 1 webview segment (Figure 3.30). The tasks assigned to each segment are

described below:
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1) Connect button: Creates a Bluetooth thread with MCU’s Bluetooth and establishes in/out
stream.

2) Editable Texview: User enters the new ID here.

3) Check button: The App checks that the ID is entered in integer format and then posts the
ID to write.php through the webview segment. As described before, write.php will get the ID
and load the PHP form for updating the database. Further submission is accomplished
through webview. Additionally, pushing the Check button converts the legitimate ID into a
byte array for transmission to the Reader.

4) Write button: A command/data package comprising a single byte command followed by an
8-byte ID array will be sent to the Reader through the Bluetooth OutputStream, and the
Reader will perform consequent optical assignment.

5) Retrieve button: A single command byte will be sent to the Reader, the Reader will
optically command the Tag, and then the Reader will receive an 8-byte array of data from the
Tag, which will be stored as read-out data in the Reader’s flash memory.

6) Read button: A single command byte will be sent to the Reader to retrieve recent read-out
data from the Tag. The 8-byte data will be converted to its long integer format and then
posted as input for read.php. Hence, the database investigation will be executed and the

proper result will be displayed through the webview segment.
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Connect Button

Write Button

Check Button
Editable Textvie

Read Button

Retrieve Button

Figure 3.30 Android UBITag Application interface.

3.4.3 Infrastructure Prototype, demonstration result

Utilizing the miniature-size and low-power components available, with a view toward
minimizing tag circuit size, the board was manufactured with dimensions of 9.7mm x 6.9
mm, with optoelectronic components on top and electronics on the bottom. For the custom
designed Reader, with no intention of miniaturizing the board, the final circuit was
manufactured with packaged dimensions of 25mm x 45 mm % 85 mm; it was powered by 3

AAA batteries and fully controlled by Android App via Bluetooth.
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By programming the tag microcontroller to function in low-power mode, we measured the
required power for the functional tag with detectable optical output around 800uW. Test
wires were connected to the circuit’s Vcc and GND nodes, and a 2V source was supplied for
the Tag. A current consumption of 425uA was measured during active mode. Excluding a
reverse current passing through the 4 PIN diodes in series, which was measured around
~35uA at 2V, the total current consumption of the tag with a detectable output signal was less

than 400uA.

The complete infrastructure—comprising the Reader and tag circuit boards, the Android
application, and the web database—demonstrates the universal identification system we
envision. After running the UBITag application on an Android device and activating the
Reader, a sample assignment procedure can be accomplished through the following steps:

a) Connect to Reader Bluetooth (Figure 3.31).

b) Enter new ID in textfield section of app. Check for redundancy. Error would be displayed
in case of a redundant ID number (Figure 3.32).

c¢) Reenter a new non-redundant ID, if necessary (Figure 3.33).

d) New redundancy check, if necessary (Figure 3.34).

e) PHP form appears (Figure 3.35).

f) Enter information about the object in designated box (Figure 3.36).

g) ID and Info are submitted to database (Figure 3.37).

h) Assign new ID to the tag by positioning the Reader optic head at the tag optic side
proximity and clicking the “Write” button of the app (Figure 3.38).

1) Read-out the ID of the tag by locating Reader and tag properly and clicking the Read

button of the app (Figure 3.39).
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j) To retrieve the respective information of recently read-out ID, click the Retrieve button on

App. ID and object definition would be displayed in the webview segment (Figure 3.40).
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Figure 3.32 Error message to redundant entry.

&9



UBiTag

R Lt m s i amd

1234560004

The ID has already taken, please enter a different one!
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The ID has already taken. please enter a different one

Figure 3.34 Checking database for redundancy.
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Update the database Check for redundancy

1234560004

o TagiD
1234560004

ginfo

Submit to database

1234560004

TagID:

1234560004

Taginfo:
Test

Figure 3.36 Entering tag’s description: “Test”.
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1234560004

Done, New ID/Information added to database.

Aead 1D from Reader

Read ID from Tag

Done, New 1D/Information added to database.

Read ID from Reader

Read ID from Tag

Figure 3.38 New ID assigned optically to Tag, controlled through the app.
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Done, New ID/Information added to database.

Read ID from Reader

Figure 3.40 Read-out ID is sent from the Reader, and respective information is looked
up and displayed through the app.

A compelling point of the infrastructure prototype is the functionality of the tag circuit,
despite the spatial issues mentioned earlier, with a total optical input die area of 1.2mmx

1.2mm (4 PIN diodes of 0.6mmx0.6mm). Needless to say, the main challenge for any
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autonomous system is supplying sufficient power, and the UBITag is no exception. The tag
prototype harvests power via 4 individually packaged, serially connected PIN cells, and
optical power comes from LEDs assembled on Reader board. The wide divergence angle of
powering LEDs results in a rapid decrease of incident power on the tag harvesting block,
with increasing distance from the Reader. Therefore the maximum Tag-Reader distance for
sufficient power transfer is limited to millimeters for our prototype, while proper LED-PIN
array alignment is required. Because our main objective in prototyping was only to prove the
feasibility of universal identification based on a miniature optical Tag, however, we took no

further steps toward improving communication distance, as it is a matter of reengineering.

3.4 Encapsulation of miniature components

As another step toward realization of the UBITag system, we developed a packaging process
to encapsulate the miniature chip. The UBITag chip is envisioned as a miniature autonomous
system, receiving power and communicating data through an optical path. Because the tag
chip will eventually include an organic component, the system must be protected from the
environment's oxygen and humidity. Therefore the miniature system must be encapsulated in
a chemically and physically robust material that is optically transparent. In addition,
packaging should not hinder the creation of an optical path between the tag and the Reader.
In our process, we encapsulated the UBITag chip in transparent resin spheres with partial
reflective coating, which can improve optical performance of the system. The spherical shape
adds refractive lensing behavior to the system, enhancing input optical power harvesting and
collimating the UBITag’s optical response to the Reader’s call. Partial reflective coating on
the resin drop can increase the possibility of creating an optical path between the Reader and
the UBITag chip independent of the Tag’s optical surface orientation toward Reader (Figure

3.41). The packaging process can be divided into 2 main sub-processes: Encapsulating
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miniature chips in transparent sphere-shaped packages, and depositing the partial reflective

coating on the sphere drops.

Reader Reader

\

Figure 3.41 Envisioned packaging: spherical shape with partial reflective coating, which
helps to create an optical path between tag chip and Reader

3.4.1 Sphere Encapsulation

Miniature silicon chips were used to demonstrate the packaging process. A conventional 4-
inch silicon wafer was saw-diced with 1 mm spacing, resulting in ~950 um square chips

(Figure 3.42).

Figure 3.42 Saw-diced silicon dummy chips, 950um square, used for packaging
development
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A spherical shape can be achieved using a 2-piece mold with hemispheric cavities (Figure
3.43). Aluminum molds with hemispheric cavities with a diameter range of 1.8mm-2.4mm

were made through machine milling (Figure 3.44).

Figure 3.43 Two matching mold halves with hemispheric cavities to create miniature-
size spheres
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Figure 3.44 a) Cavities of various radii were machine milled on b) two-piece and c)
matching mold.

Clear epoxide resin (EPOTEK 302-M) was chosen as the encapsulation material due to
several promising encapsulation properties: chemical and physical robustness, optical clarity,
and cost effectiveness. To facilitate releasing cured resin drops, a dry PTFE release agent
(Miller Stephenson 122AD) was applied from an aerosol container and then cured at 305-
315C for 10 minutes to fuse the Teflon layer. Epoxy was prepared by mixing proper portions

of a 2-part batch, degassed under vacuum for 5 minutes, and poured over one of the mold
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halves (bottom half). Excess epoxy was wiped off using a glass slide, leaving the cavities
partially filled (Figure 3.45a). Then the bottom half was put in a convection oven at 65C for
30-45 minutes to gel the epoxy, hence cushioning the silicon chip, now located at the middle
of the sphere.

After the first cast/cure step, a fresh epoxy layer was poured over both halves and the extra
amount on the bottom half was wiped off (Figure 3.45b). This process prevents air bubbles
trapped between the silicon chip’s flat surface and the concave surface of the cured epoxy
layer of the first cast/cure stage; it also creates a liquid trap for the silicon chips, thereby

helping to allocate them to the center of the cavity recess after dropping.

-_— -——w -
(a) (b)

j-—--:- . B o e
c)

( (d)

(e)

V)

Figure 3.45 a) One of the mold halves is partially filled with epoxy then cured to create
cushioning for Si chips. b) Second layer of fresh epoxy on the first cured one helps to
prevent air bubbles trapped under Si chips. c¢) Protective mesh covers mold’s surface
and vacuum-gripped chips would align on top of cavities. d) Chips would release by
breaking vacuum of gripper. For our experiments chips were manually dropped in
cavities. e¢) Second mold half with fresh epoxy casted on would match and seal the
bottom half. f) Resin would solidify through thermal curing at 65° C.

Then a protective mesh with matching mold patterns was placed on the bottom half (Figure
3.45¢c, 2.46) to cover the mold’s flat surface and leave cavities open. This would prevent
silicon chips from being dropped on the mold’s flat surface and hindering the proper sealing

of the two halves.
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Figure 3.46 Protective mesh covers flat surface of mold half. a) Off the mold, b) On the
mold

Afterward, chips were dropped into the epoxy-filled cavities using tweezers. Manual
dropping can eventually be replaced by a vacuum-driven gripper with a matching mold
pattern, eliminating the need for hand manipulation or precision robotics (Figure 3.45c, d).
After dropping the chips, the protective mesh was removed, and the two halves were sealed
together (Figure 3.45¢) and cured at 65°C for ~3hrs in a convection oven (Figure 3.45f). Once
cured, mold halves were separated from each other and immersed in acetone for ~10 seconds
to peel off the flash layer (a thin layer caused by leakage of epoxy between the two surfaces
of the mold), then dried by blowing nitrogen. To make the epoxy more fragile and ease the
deflashing, we cooled the mold halves to ~0°C and removed the flash layer by vigorous
deburring using a plastic brush with miniscule damage to the spheres’ exposed surfaces.

The results of packaging at various diameters revealed that the chip would allocate better at
approximate center of the smaller sphere—yet another reason to aim for a more miniature
product (Figure 3.47). Thus, we continued to conduct the mirror layer deposition on the

smallest packagings.
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Figure 3.47 a) Chips encapsulated in larger spheres (2.4mm, 2mm diamter) have more
deviation from center, b) a less frequent problem for smaller spheres (1.8mm diameter)

3.4.2 Reflective coating deposition

The envisioned packaging would be completed by depositing partial reflective coating. The
best reflection through the widest optical spectrum range can be achieved by using silver as
the main reflector. Preventing silver from tarnishing requires an oxidation barrier, which can
be selected among transparent dielectric materials such as SiO2. An important point to
consider for selecting a deposition method is the necessity of a low-temperature process to
prevent epoxide and the organic materials of the UBITag from degradation. Silver can be
deposited using an E-beam evaporator. Depending on the required thickness and quality of
the film, SiO2 can be thermally grown or deposited through chemical or physical vapor
deposition (PECVD, ICP-CVD and E-beam evaporation). In thermal oxidation, silicon is
oxidized through a high-temperature process. PECVD is also a high-temperature process
(~300°C). ICP-CVD, despite being low-temperature, may not be the most cost-effective
method. Furthermore, temporary protection of silver from tarnishing during the transition
from the Ebeam evaporator to the SiO2 deposition chamber is inevitable. Considering these
issues and looking for a cost-effective method, we deposited SiO2 consequently after the
evaporation of the reflector layer using an E-beam evaporator without breaking the vacuum.

The main problem with evaporating SiO2 is its poor thermal conductivity, which resulted in
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local melting of pallets loaded in E-beam evaporator crucibles. This method affects the
consistency of the deposition rate and consequently the quality of the film; therefore we
introduced an aluminum layer as the main oxidation barrier on top of the silver and deposited
Si02 as physical protection for the metal layers (Figure 3.48). It should be noted that for
improving metal adhesion to the epoxy surface, the mold halves (embedding epoxy drops)

were treated with oxygen plasma prior to the mirror layer deposition step.

(@)

Figure 3.48 a) Mirror layer deposited on epoxy spheres while they are secured on mold,
b) sample result of on-mold mirror deposition

3.4.3 Release and Attachment

Once the mirror layers are deposited, the mold halves were removed from the chamber and
heated to a point close to the glass temperature of epoxy (~40°C), and then resin drops were

released with minor physical manipulation (Figure 3.49).
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Figure 3.49 Epoxy drops of 1.75Smm diameter, with mirror layers on them, released
from the mold

A minimum obtuseness (a=10°) of the reflective layer line to the incident optical beam is
required; because of partial coating on the spherical packaging, arbitrary attachment of a

single sphere would only give a 44% chance of optical link creation (Figure 3.50).
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Figure 3.50 A minimum obtuseness, a, is required in order to create an optical link to
the chip inside. Thus the probability would be (180-2a)/360, which would be 44% for
a=10°.

Theoretically, then, to achieve a certain yield level, attachment of multiple spheres is
required. Attaching 3, 4, 5, and 6 spheres respectively gives 83%, 90%, 95%, and 97%
chances of optical path creation. Sphere packagings can be immersed in clear liquid adhesive
(such as Cyanoacrylate or Polyvinyl Alcohol aqueous solution), and the preferred number of
spheres can be attached to a single object through conventional printing, either by a single
emulsion drop containing multiple spheres or by a sequence of single-sphere printing (Figure

3.51). The major resulting deficiency is the cost increase due to the need for of multiple tags

per object.
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Figure 3.51 Multiple sphere attachment using a clear adhesive drop containing multiple
spheres. This process eventually can be accomplished through a procedure analogous to
conventional printing.

To eliminate the need for multiple sphere attachment, we improved the packaging in such a
way that a single drop can be attached through a practical method, while the clear side of
package would face away from the object,t with a yield larger than 96.7%.

We modified the packaging by slightly moving the spheres’ center of gravity toward the
mirror side, which also makes the packaging a 2-sided object. We achieved this by
performing an additional molding step after mirror deposition on the spheres and before their

release from molds (Figure 3.52 a, b).
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Figure 3.52 a) After depositing mirror layers, b) an extra molding step to make the
packaging shape aspheric and two sided; c, d) release of modified packaging. e¢) Sample
attachment of a single modified packaging through the sequence illustrated in Figure 51

After curing and release (Figure 3.52 c, d), a single packaging attachment can be performed
by a simple hack into the conventional pick/place machine through the sequence described in
Figure 3.53. First a packaging can be picked with random orientation using vacuum gripping;
a liquid adhesive spot would then be dropped on the preferred location on the object’s
surface. Then the packaging would be released from a distinct distance above the glue spot.
The essence of distinct release height is to provide the packaging with the required time to
align its center of gravity. Performing this method and releasing the packagings from a
~20mm distance above the surface, we successfully attached them, clear side facing up, with

a 96.7% yield.
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\ Release from distinct distance (~20mm)
combined with adhesive trap on the
surface, resulted in 96% successful

. attachment of drops facing up
Vacuum gripped package locates on

top of drop from a distinct height

Clear Adhesive Drops on surface

(7 2

Figure 3.53 Modified packaging attaching method resulted in 96% successful result of
single package with clear side facing up. This eliminates the need for multiple
packagings for a single object, which linearly reduces the final cost per object.

)

3.4.4 Reflection measurement

The small size and curved surface of our packaging samples made reflectance measurement
of their mirror surface with available equipment impractical. Therefore we performed the
quality test for the same layer stack on transparent glass slides. An average reflectance of
higher than 96% was measured for the silver layer of the deposited mirror stack by
calculating the absolute irradiance ratio of the reflected beam to the original beam launched
from a 632.8 nm He-Ne laser using an integration sphere (Ocean Optics 2000+ Spectrometer,

FOIS) (Figure 3.54).
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Figure 3.54 Reflection was calculated as the ratio of the absolute irradiance reflected
from the mirror stack to the total irradiance of the He-Ne laser.

3.4.5 UBITag Summary

We were able to demonstrate the infrastructure of a universal identification system utilizing
optical communication to assign a digital identity to physical objects with information
accessible on the cloud. Utilizing miniature-size and low-power components available, a
custom tag board was manufactured with dimensions of 9.7mm X 6.9 mm, scavenging optical
power via an array of photovoltaic cells with a total area of 1.4 mm®. The prototyped tag is
functional at 2V of supply and a minimum photogenerated current of 400uA. For the Reader,
a custom circuit was manufactured with packaged dimensions of 25mm X 45 mm X% 85 mm,
powered by 3 AAA batteries and fully controlled by an Android App via Bluetooth.

A miniature monolithic tag, the key solution to establish the UBITag system, can be
fabricated through a sequence of CMOS and organic material deposition processes, which
dramatically reduces the final cost. With a novel encapsulation process and attachment
technique, the packaged UBITag can be attached to wide variety of objects. Regarding the
infrastructure prototype, the data detection sensitivity and maximum functionality distance

can be improved by reengineering of circuit boards. A potential major improvement in the
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packaging would be to manufacture the mold plates through processes such as diamond
turning instead of machine milling for optical quality surface finish. Additionally, the manual
dropping of the chips into the cavity recesses can be better accomplished by processes such

as self-assembly or vacuum driven gripper arrays.
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Chapter 4 Conclusions and Future Plans

Contact Lens Embedded Display

The first segment of this dissertation presented the challenges to realizing a contact lens-
embedded display and the progress being made to overcome them. We reviewed the process
of making an active contact lens embedding a single-pixel LED and, in particular,
demonstrated that process by embedding a display component, emitting predetermined text
patterns, on the contact lens platform. Such single-pixel systems may be deployed for
communicating immediate events to the user, but they are of limited use for conveying more
extensive information.

One major challenge of constructing a display wearable in the form of a contact lens with
multiple pixels is producing resolvable images from components that are placed directly on
the cornea. To address this issue, micro-lenses can be integrated to aid the eye in focusing on
a ghost image of the display falling in accommodation range. Refractive micro-lenses were
found inapplicable for alteration of their focusing behavior after being embedded in tear film.
Moreover, refractive lenses only allow limited control and variation of the focal range guided
by the lenticular shape of the polymer resist layer. Thus, diffractive-based micro-lenses were
proposed as a practical solution. To provide initial proof of the concept’s viability and to
simplify the fabrication process, amplitude-type diffractive patterns were chosen for
experiment development. A detailed description of the design, simulation, and fabrication
process of GaN-LEDs with integrated Fresnel Zone Plates was presented and the
functionality of the system was successfully tested. Optical testing results of the fabricated
system proved that FZPs may be placed in front of a single pixel or a group of pixels for
imaging purposes. FZPs are perhaps some of the simplest diffractive patterns that can be

integrated in a contact lens, but they demonstrate the promise of contact lenses for integration

109



of sophisticated diffractive optical elements for correcting and augmenting vision surpassing
what might be feasible with conventional refractive optical elements. To achieve higher
efficiency, phase-type patterns can be implemented through conventional 2-D fabrication
techniques. To eliminate the chromatic aberration resulting from wavelength dependency of
diffractive lens focusing behavior, MOD micro-lenses are feasible to fabricate through
single-step processes such as Focused-lon-Beam milling (FIB). In utilizing phase-modulating
elements, special care to preserve the phase pattern becomes necessary, which is achievable
by bonding a flat transparent protection layer to the side of the wafer with micro-lens

structures.

Universal Basic Identification tag System (UBITag)

In the second segment of this project, we tried to come up with a method for integrating the
physical objects into cyberspace by assigning a digital identity to them. The approach is to
attach to every physical object a tag that can be mass-produced at a very low cost and can be
communicated with wirelessly. The read-writable tag holds the unique ID assigned to the
object, while a cloud-based service can manage the global assignment of the tag numbers and
hold the database for all the codes and object definitions. For the tag to be seamlessly
integrated with physical objects of various sizes, it must be extremely small. RFID tags
cannot be made very small because the efficiency of the radio link drops dramatically when
antenna size shrinks much smaller than the wavelength. Therefore we proceeded with an
optical tag that can be made extremely small in principle and does not need a battery. For
ease of reference, the name “Universal Basic Identification Tag (UBITag)” was chosen for
the envisioned optical system. The so-called UBITag chip comprises a CMOS-integrated
circuit, optical harvesting units and optical output units. A standard CMOS infrastructure can
be used to fabricate photovoltaic input and integrated circuit units, while efficient CMOS-

compatible optical outputs such as OLED pixels can feasibly be post-fabricated on a finished
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CMOS structure. By combining the CMOS and OLED processes, the final cost of a mass-
produced miniature tag can be reduced to semiconductor fraction of a finished RFID tag.

As first step toward making a UBITag, we tried to develop and fabricate CMOS-compatible
OLEDs at an accessible facility; despite lacking access to proper equipment, we developed a
single-layer polymer OLED structure. The effect of a potential barrier on turn-on voltage of
the devices has been observed by depositing different anode materials; although the devices
were not efficient for our application, the output optical spectrum of the organic polymer
layer was measured with expected peak wavelength.

To demonstrate the envisioned identification system, we attempted to prototype the complete
infrastructure using off-the-shelf components. Thus, custom hardware for the Reader and the
autonomous tag were designed and manufactured, embedding microcontroller units, optical
transducers, and analog electronics required for optical communication and power harvesting.
The prototyped tag circuit harvests the necessary power from the Reader’s optical beam by a
series of silicon PIN diodes with a total active area of 1.4mm” and PCB size of 6mm*9mm.
Like the tag, the custom Reader has infrared data detection and outputs to optically interact
with tags while providing power via high-power red LEDs. The actions of the custom Reader
are controlled through the designated Bluetooth peripheral. To complete the infrastructure
prototyping, proper software for every level was developed. First a basic web database to
store ID numbers and object definition was created; then a single-action Android application
for interacting with the database and controlling the Reader’s actions was developed. Next,
proper firmware to establish asynchronous serial communication between the tag MCU,
Reader MCU and the Android device was implemented. The developed prototype, by
utilizing optics for power and data transmission, is capable of end-to-end demonstration of
the envisioned identification system. Improving data detection sensitivity and the maximum

functionality distance for the prototype is a matter of reengineering for future trials.
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In the last section of the UBITag chapter, a novel, cost-effective packaging process for
encapsulating miniature autonomous optical components was developed. A spherical
transparent resin encapsulating the chip would enhance optical extraction of the structure, and
the presence of a partial reflection coating on the resin drop would increase the chance of
creating an optical path between the Reader’s incident beam and the optical surface of the
UBITag. Clear epoxide drops of 1.75mm in diameter, encapsulating mm-size silicon chips,
were molded and cured using two-piece aluminum molds made through conventional
machine milling. Then a bilayer of silver-aluminum as the main reflector and SiO2 as the
protection layer was evaporated on the exposed surface of cured resin. These miniature
spherical packages for the UBITag can be immersed in polymer matrices, simply printed on a
variety of objects, and activated using the Reader’s light beam conveying power and data
(digital identity code). Initially, because we could not control a package’s clear side
orientation toward the Reader after attaching to an object, we required multiple packages to
integrate in order to achieve a certain yield. To eliminate this requirement and to make the
mirror and clear sides distinguishable, we developed a simple modification and attachment
procedure, which tested at a 96% yield. One major future improvement for the packaging
process will be to manufacture the mold plates through processes such as diamond turning
instead of conventional machine milling to achieve optical quality surface finish. Vigorous
optical investigation is required to correlate the UBITag’s orientation in the resin drop with
the Reader’s optical beam, optimizing the size and shape of packaging. Additionally, to move
toward a mechanized process, manual dropping of the chips into cavity recesses must be
replaced by processes such as self-assembly.

With this successful demonstration of replacing RF with optics for an envisioned
identification system, the monolithic optical tag can be mass-produced using existing CMOS

infrastructure for fabricating compact storage/processing circuitry and photovoltaic cells to
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scavenge optical power. As the main goal is to minimize the mass-production cost of
UBITag chips, recent progress toward combining cost-effective OLED technology with
CMOS makes such a process a suitable option for the optical output of the UBITag. In
addition to identification, basic sensing features can also be implemented in the tag using
certain circuit design techniques. For example, on-chip CMOS temperature sensors reported
for RFID food monitoring with extremely low power consumption'?” can be duplicated in the
UBITag as well. Ultimately, by utilizing the light source and detectors available on
conventional mobile devices (such as camera and flashlight), the intermediate Reader circuit

can be eliminated.
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Appendix A Tag and Reader MCU codes

/[****Tag MCU code
#include "msp430fr5739.h"

unsigned char *p ;
unsigned char *q ;
unsigned char *r ;
unsigned char j=0;
unsigned char k=0;
unsigned char i=0;
unsigned char t=0;
void main(void)

{

WDTCTL = WDTPW + WDTHOLD; // stop watchdog
CSCTLO_H = 0xAS;
CSCTLI1 &=~DCORSEL ; // Set min. DCO setting

CSCTLI1 &=~DCOFSELI;
CSCTL1&= ~DCOFSELO;
CSCTL2=SELA 3; //set ACLK=XT1; MCLK =DCO
CSCTL3 =DIVA 5; //setall dividers to 32
CSCTL4 |= XTIDRIVE _0;
CSCTL4 |= XT10FF+XT20FF;
/// Unused pins should be set DIR =1 to minimize the current draw

PJDIR |= BITO + BIT1 + BIT2 + BIT3 + BIT4 + BITS ;
PIDIR |= BITO + BIT1 + BIT2 + BIT3 + BIT4 + BITS + BIT6 + BIT7,
P2DIR |= BIT2 + BIT3 + BIT4 + BITS + BIT6 + BIT7,

// Configure UART pins
P2SELL1 |= BITO + BIT1;
P2SELO &= ~(BITO + BIT1);

/I Configure UART 0

UCAOCTLI1 |= UCSWRST;
UCAOCTLWO0 = UCMODE 2;
UCAOCTL1 =UCSSEL _1;
UCAOBRO =1; /19600 baud
UCAOMCTLW |= 0x6B11;
// UCBRSx value = 0x53

UCAOCTL1 &= ~UCSWRST; // release from reset
UCAOCTLI1 |=UCDORM ; //UCDORM =1

UCAUOIE |= UCRXIE; // Enable RX interrupt
k=0;

__bis_SR_register(LPM3_bits + GIE);  // LPM3 + Enable interrupt

}

#pragma vector=USCI_AO0 VECTOR
__interrupt void USCI_A0_ISR(void)

{

130



switch (k) {

case 0:

break;
case 10:

break;
case 4:

for(t = 0; t <= 3; t++);

default:
k=0;

J=0;

p = (unsigned char *)0xCB02;
k=UCAORXBUF;

UCAOCTL1 &=~UCDORM ; //UCDORM =0

UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
if j<8) {
*p++=UCAORXBUF;
s
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAOIE |= UCRXIE; // Enable RX Int
}
else {

UCAOCTLI |= UCTXADDR;
UCAOTXBUF = 10;

k=0;

1=0;

UCAOCTLI1 |= UCDORM ;

UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAOIE |= UCRXIE; // Enable RX Int

for(t=0; t <= 46; t++);
r = (unsigned char *)0xCB02;

UCAOCTLI1 |= UCTXADDR; // Send ReadCMD followed by ID array.

UCAOTXBUF =4;
for (i=0; i<8 ; i++) {

if (UCAOIFG&UCTXIFG)){
UCAOTXBUF = *r++;

}

i
k=0;
UCAOCTLI1 |= UCDORM ;
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
break;
break;
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//*¥** Reader MCU Code

#include "msp430fr5739.h"

long long ID = 1024;

char byteArray[8];
unsigned int counter;
unsigned int i;

unsigned int j;

unsigned int k;

unsigned int g;

unsigned int t;

unsigned int TagWRTflag;
unsigned int flag;

unsigned int cmd;
unsigned char WRTemd = 10;
unsigned char Callemd = 2;
unsigned char RDemd = 4;
unsigned char Rxdata ;
unsigned char check = 0;
unsigned char *FRAM_write ptr;
unsigned char *CMD;
unsigned char *p;

unsigned char *r;

unsigned char *n;

unsigned char *newlID,;
unsigned char *readlD;
unsigned char *s;

void main(void)
{
WDTCTL = WDTPW + WDTHOLD;
CSCTLO_H = 0xAS;
CSCTLI |= DCORSEL ;
CSCTLI1 |=DCOFSEL 1;
CSCTL1|= DCOFSELDO;

CSCTL2=SELA 3+ SELS_3 + SELM_3; // set ACLK = XT1; MCLK = DCO

CSCTL4 |= XTIDRIVE 0;
CSCTL4 &= ~XT10FF;
PIDIR &= ~BIT3;
PIDIR &= ~BIT4;
PIREN |= BIT3+BIT4 ;
P1OUT &= ~BIT3;
P1OUT &= ~BIT4;

/I\ stop watchdog

// Set min. DCO setting

// Configure UART AO pins : connects to Tag

P2SEL1 |=BITO + BIT1;
P2SELO &= ~(BITO + BIT1);

// Configure UART A1 pins : connects to App

P2SELI |= BITS + BIT6;
P2SELO &= ~(BIT5 + BIT6);

// Configure UART 0,mode2 :Address bit,Dormant on

UCAOCTLWO |= UCSWRST;
UCAOCTLWO0 =UCMODE 2;
UCAOCTLI1 = UCSSEL _1;
UCAOBRO = 156; I

// Set ACLK = 32768 as UCBRCLK
9600 baud

UCAOMCTLW |= 0x0041; //32768/9600 - INT(32768/9600)=0.41
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// UCBRSx value = 0x53 (See UG)

UCAOBRI1 = 0;

UCAOCTL1 &= ~UCSWRST; // release from reset
UCAOCTLI1 |=UCDORM ; //UCDORM =1

UCAUOIE |= UCRXIE; // Enable RX interrupt

// Configure UART 1, Mode 0 uart
UCAICTLI |= UCSWRST;

UCAICTL1 =UCSSEL_1; // Set ACLK = 32768 as UCBRCLK
UCAI1BRO = 156; // 9600 baud
UCAIMCTLW [= 0x0041; //32768/9600 - INT(32768/9600)=0.41
// UCBRSx value = 0x53 (See UG)
UCAI1BRI1 = 0;
UCAICTL1 &= ~UCSWRST; // release from reset
UCAIIE |= UCRXIE; // enable RX interrupt
cmd=0;
g=0;

__enable_interrupt();

while (1){
n = (unsigned char *)0xCA02;
if (P1IN & BIT3 ){
for(k = 0; k <= 50000; k-++);
if (UCAOIFG&UCTXIFG)){
UCAOCTLI1 |- UCTXADDR;
UCAOTXBUF = RDcmd;

for(k = 0; k <= 50000; k++);

H
if (P1IN & BIT4 ){
for(k = 0; k <= 50000; k++);
UCAOCTLI1 |= UCTXADDR; // Send ReadCMD followed by ID array.
UCAOTXBUF = WRTcmd,
for (i=0; i<8 ; i++) {
for(k = 0; k <=3000; k++);
if (UCAOIFG&UCTXIFG)){
UCAOTXBUF = *n++;
H
H
for(k = 0; k <= 50000; k++);

i

H
#pragma vector=USCI_AO0 VECTOR

__interrupt void USCI_A0_ISR(void)
{
switch (cmd){
case 0:
=0;
r= (unsigned char *)0xCCO02;
cmd=UCAORXBUF;
UCAOCTL1 &=~UCDORM ; //UCDORM =0
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
break;
case 4:
if (j<8) {
*r++=UCAORXBUF;
s
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
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else {

cmd = 0;
1=0;
UCAOCTLI1 |= UCDORM ;
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
break;
case 10:
cmd = 0;
UCAOCTLI1 |= UCDORM ;
UCAOIFG &=~ UCRXIFG; // Clear interrupt
UCAUOIE |= UCRXIE; // Enable RX interrupt
break;
default:
cmd=0;
break;

i
i

#pragma vector=USCI_A1 VECTOR

__interrupt void USCI_A1 ISR(void)

switch (g){
case 0:
t=0;
newlD = (unsigned char *)0xCA02;
s = (unsigned char *)0xCC02;
g=UCAI1RXBUF;
if (g=—4){
for (counter=0; counter<§ ; counter++) {
for(k = 0; k <= 300; k++);
if (UCA1IFG&UCTXIFG)){
UCAITXBUF = *s++;

h

H
g=0;
H
UCAI1IFG &=~ UCRXIFG; // Clear interrupt
UCALIE |= UCRXIE; // Enable RX interrupt
break;
case 10:

if (t<8) {
UCAITXBUF=UCA IRXBUF;
*newID++=UCA IRXBUF;

t++;
UCAI1IFG &=~ UCRXIFG; // Clear interrupt
UCALIE |= UCRXIE; // Enable RX interrupt
}
else {
g=0;
t=0;
UCAI1IFG &=~ UCRXIFG; // Clear interrupt
UCAIIE |= UCRXIE; // Enable RX interrupt

}
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break;
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Appendix B Database inquiry PHP syntax

/* write.php*/
<htmI>
<body>
<?php

$TagIlD =$ GET["TagID"];

if (lempty($TaglD)) {

if (lis_int($TaglD)) {

$db = new PDO("mysql:dbname=UBITagDatabase", "root", "");
$db->setAttribute(PDO::ATTR_ERRMODE, PDO::ERRMODE_EXCEPTION);
$sql = "SELECT * FROM ubitaginformation WHERE TagID = $TagID";

$res = $db->query($sql);

/* Check the number of rows that match the SELECT statement */
if ($res->fetchColumn() > 0) {
print "The ID has already taken, please enter a different one!";

}

/* No rows matched -- do something else */
else { 7>

<form action ='newtag.php' method='post’>
<p>TaglD:</br><input type="text" size="25" name="id" value= "<?=§TagID?>" readonly="readonly"></p>
<p>Taglnfo:</br><textarea name="info" rows="10" cols="25">
Please insert the tag information.

</textarea></p>

<input type='submit' name='submit' value='"Submit to database"
</form>

<?}

H

else {

print "please enter a valid integer ID";

i

H

else {
print "please enter something!";

H

7>

</body>
</html>

/* read.php*/
<htmI>
<body>
<?php

$db = new PDO("mysql:dbname=UBITagDatabase", "root", "");
$db->setAttribute(PDO::ATTR_ERRMODE, PDO::ERRMODE_EXCEPTION);
$TaglD = (int) §_GET["TagID"];

$sql = "SELECT COUNT(*) FROM ubitaginformation WHERE TagID = $TagID";
if ($res = $db->query($sql)) {
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/* Check the number of rows that match the SELECT statement */
if ($res->fetchColumn() > 0) {

/* Issue the real SELECT statement and work with the results */
$sql = "SELECT * FROM ubitaginformation WHERE TagID = §TagID";
foreach ($db->query($sql) as $row) { 7>
<p> TaglD: </br> <?= $row['TagID'] 7> </p>
<p> Taglnfo:</br> <?= $row['Taglnformation']?> </p>
<?}
H

/* No rows matched -- do something else */
else {
print "No match for this ID, $TagID, found in database.";

}

}

7>
</body>
</html>

/*newtag.phph*/

<html>

<body>

<?php

try {

$db = new PDO("mysql:dbname=UBITagDatabase", "root", "");
$db->setAttribute(PDO::ATTR_ERRMODE, PDO::ERRMODE_EXCEPTION);

$ID=$ POST['id"];

$Info=$_POST['info'];

$sql = "SELECT COUNT(*) FROM ubitaginformation WHERE TagID = $ID";
$res = $db->query($sql);

/* Check the number of rows that match the SELECT statement */

if ($res->fetchColumn() > 0) { 7>

<p>Sorry, This ID is already taken. Please try again.</p>

<?}

else{

$sql = "INSERT INTO ubitaginformation (TagID,TagInformation) VALUES('$ID','$Info")";
$res=$db->exec($sql); 2>

<p>Done, New ID/Information added to database.</p>

<?

H
}catch (PDOException $ex) { 7>

<p>Sorry, a database error occurred. Please try again later.</p>
<p>(Error details: <?= $ex->getMessage() 7>)</p>

<?php

H

>

</body>

</html>

137



Appendix C MSP430FRS57xx blocks

MSP430FR5739: Utilized in prototyped Reader circuit
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