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Abstract
Harnessing Alpha Radiation to Power Miniaturized Implantable Medical Devices
by
Averal N. Kandala
Master of Science in Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Ali M. Niknejad, Chair

Professor M. Mekhail Anwar, Co-chair

Implantable medical devices (IMDs) have the potential to revolutionize medical diagnostics
and therapy, as they provide an avenue for care providers to receive automatic feedback on
the state of the patient’s body on timescales greatly accelerated from the appointment-based
paradigm of today. However, three main challenges present themselves when we consider
how best to integrate IMDs with the patient’s physiology without compromising on quality
of life: scalability, longevity, and convenience.

The critical factor limiting progress on all three of these frontiers is power. Although research
on novel battery technologies is ongoing, commercially-available batteries simply cannot
provide sufficiently long-lasting power at the scales required for most chronic diagnostic
sensing applications [9, 12], and alternative “independent” power strategies either carry short
lifetimes or cannot be miniaturized [41]. In the absence of a proven miniaturized independent
power source, research in the last decade has focused on the development of discontinuous
powering models that rely on an external device, called the “interrogator”, to beam in power
for harvesting by a receiver on the implant and establish a channel for communication with
the implant [7, 38, 43, 44]. Ultrasound has emerged as the most promising such model due
to its low attenuation in tissue and high time-averaged intensity limit as outlined by the
FDA [7, 43, 44].

However convenient this type of model might be for enabling design miniaturization, it
fails in general to deliver system-level convenience from the perspective of the patient, as the
interrogator typically must be optimally aligned with the implant to ensure correct operation
[31]. In addition, the implant simply cannot operate when it is not receiving power from the
interrogator, limiting the diagnostic applicability of these models.

In order to develop the miniaturized independent power source that would overcome these



challenges, this work presents a strategy for converting the energy of alpha radionuclides into
light for harvesting by a physically surrounding photovoltaic structure. By using phosphores-
cent materials to achieve this conversion, optical power on the scale of hundreds of nanowatts
or more can be produced in a miniature form factor across the lifetime of the radionuclide,
significantly extending the applicability of the previously-abandoned “nuclear” power ap-
proach for implant energy [34]. Finally, conceptual models for system-level packaging and
photovoltaic conversion and harvesting efficiency are developed, with a design methodology
for an integrated power harvester and sensor hub outlined for future exploration.
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Chapter 1

Introduction

1.1 The Need for Long-Lasting, Minimally-Invasive
Wireless Implantable Medical Devices

Today, most medical care is conducted in an information-limited fashion, in which a care
provider applies or prescribes some treatment, and feedback on the effectiveness of that
treatment reaches the care provider after some delay (or not at all), often contingent on
the availability of and ease of access to diagnostic equipment. This paradigm, in which the
timescale of feedback is determined directly by the logistics of using shared diagnostic in-
struments, is especially problematic for patients with life-threatening diseases and conditions
who cannot tolerate regular travel to and from a hospital or who cannot financially afford
extended stays in a hospital altogether.

One key missing link in this chain is a regular internal view into the body’s physical
response to treatment. External diagnostic tools are generally cumbersome and expensive
and naturally bound to medical care facilities as a result. However, if the base functionalities
of such tools could be imparted to a sensor that is implanted within the patient, specifically
within the region of the body undergoing treatment, and can transmit data to the care
provider, the care feedback loop would be greatly accelerated and the patient’s quality of
care (and life) would improve dramatically accordingly.

Systems that satisfy this description, as well as those that have some treatment capabil-
ities themselves, are referred to as implantable medical devices (IMDs). To integrate these
devices well within the patient’s body and lifestyle, an IMD designer must address three
salient issues: scalability, longevity, and convenience.

The need for scalability arises from the fact that larger structures are simply less wel-
come in the body environment: larger implant sizes result in greater tissue response and can
also lead to greater patient discomfort [53]. The catch-all phrase used to describe this phe-
nomenon is “invasivity”, and research has identified that implants on the order of millimeters
(mm), specifically those of the form factor of fiducial markers used in radiation therapy (1
mm X 1 mm X 5 mm), are sufficiently minimally-invasive to allow for their safe integration
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into the body over clinical timescales (months to years) [13, 22].

In addition, wireless systems are preferable in general to wired systems, as wired devices
can introduce the possibility of infection. Moreover, wired systems are also susceptible
to chronic degradation and can induce tissue damage that can limit their operation [17].
To ensure that the patient is not forced to regularly operate complicated equipment to
extract sensor data or power their implant(s), the ideal IMD should allow for convenient
(minimal) operation. In addition to providing utility over a larger range of applications, a
long-lasting implant system, especially one which can power itself or otherwise derive power
without external action, goes a long way toward achieving this higher-level goal of maximal
convenience. Powering and communication strategies for achieving this type of long-lasting
IMD are described in the next section.

1.2 Existing Approaches and State of the Art

Batteries

A natural first candidate for powering just about any electronic device is the battery. Bat-
teries offer high energy density, as well as safe and robust operation [41]. Indeed, lithium
batteries have found use in cardiac pacemakers and other chronically implanted devices for
decades now, reliably providing power for up to 10 years [41]. However, as might be ex-
pected, the energy storage capacity of any battery design is tied closely to its size, with
smaller batteries of a given technology offering generally lower energy storage capacity. As a
result, without an associated apparatus to harvest energy and re-charge an implant’s battery,
the lifetime of the system is limited directly by the amount of energy the battery holds upon
implantation, its self-discharge characteristics, and the voltage and power requirements of
the implant system.

Table 1.1: Battery comparison for 1 mJ/day sensor load.

Battery H Chemical System ‘ Size ‘ Voltage ‘ Capacity
Cymbet CBCO005 [9] Li-ion 1.7mm X 22 mm x 0.20 mm | 3to 4.2V 5 uAh
Front Edge NanoEnergy®)[12] || Li-ion 20 mm x 25 mm x 0.3 mm 3.8t04.2V | 1mAh
Masurkar et al. [27] Li-ion 3mm x 3 mm X 0.5 mm 3.2t03.6 V| 35 pAh
Yin et al. [61, 68] AgO-Zn 10 mm x 10 mm x ~0.8 mm | ~1.55 V ~8 mAh
Battery H E0] ‘ Energy Density ‘ Zint ‘ Self-Discharge ‘ Lifetime
Cymbet, CBC005 [9] 64.8 mJ | 0.087 J/mm? 7000 to 30000 €2 | 1.5% per year | 64 days
Front Edge NanoEnergy®)[12] || 14.4 J | 0.096 J/mm? - <5% per year | 4844 days
3 1750 © - <428 days

Masurkar et al. [27] 428 mJ | 0.095 J/mm’
Yin et al. [61, 68] 44.64 J | 0.558 J/mm? ~5 Q 3% per month | 991 days
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Table 1.1 summarizes the expected lifetime and size of a number of state-of-the-art and
commercially-available batteries potentially applicable to IMDs when tasked with powering a
sensor requiring 1 mJ of energy on a daily basis, without recharging and at room temperature.
The battery lifetime is estimated according to the following calculation, in which V/,,;4 is the
average operating voltage of the battery across a discharge cycle and estimated minimum
voltage expected by the load, E[n] is the useful energy (with respect to the limit imposed by
Vimia) stored by the battery on day n, Cy is the discharged (current) capacity of the battery
in Ah at V4, Dsey is the fractional self-discharge per day, and Egepsor is the energy required
by the sensor per day (1 mJ in the presented scenario):

E[O] = ViniaCa (1.1>
E[n] = E[0] — n(Dses E[0] + Esensor) (1.2)
E[0] 1
ifetime < = 13
et Dsele[O] + Esensor Dself + % ( )

Note that, due to the internal impedance and inherent current limitations of each battery, an
additional “boosting” capacitor is generally required for lower capacity designs to achieve the
desired peak current at the load (on the order of mA). In addition, heightened temperatures
within the body should cause self-discharge to exceed values reported at room temperature,
decreasing the expected lifetime from the approximated values in implanted conditions.

From this analysis, it is clear that the research state of the art is moving quickly toward
enabling highly dense, long-lasting battery power at mm-scale, with direct medical implant
applicability following naturally as a result. It is not unreasonable to expect that a battery
storing 1 J in a 1 mm? form factor could be presented in the near future, although it
is not clear whether the self-discharge characteristics of such a battery would allow it to
have a useful lifetime of any longer than a year. Indeed, self-discharge is a primary limiter
of current battery implementations: straightforwardly applying the uniform areal capacity
scaling presented in [61] to that highly energy-dense design would project that a similar
battery with a cross-sectional area of 1 mm? should have a lifetime of only around 10 days for
the 1 mJ sensor application explored above. Certainly, this would pose significant challenges
for integrating batteries like this into IMD systems without built-in recharging mechanisms.
In addition, miniaturization and maintaining high energy density following miniaturization
remain non-trivial obstacles to overcome. 3D printing technologies offer a promising path
forward on this front [27, 61].

Since a long-lasting, sufficiently-miniature battery has not yet been demonstrated, re-
search has proceeded in the meantime on alternative strategies for powering minimally-
invasive IMDs. The innovative concept which underlines most “cutting-edge” research in
this field today is that of wireless power, in which the implant power source is replaced by
a transducer for converting energy beamed into the body from outside.
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Electromagnetics

Just as the battery is the natural first candidate for a continuous power source on the implant
itself, electromagnetic (EM) waves seem to be a convenient option for achieving wireless
power, as the literature on antennas and EM wave propagation for radio-frequency (RF)
communication is well-established. The potential for the multiplexing of the implant antenna
as a means of receiving power from and communicating with an external device, termed the
“Interrogator” based on the similar setup of radio-frequency identification (RFID) systems,
is especially appealing. However, EM power transfer through the body is exceedingly lossy
in general, with performance degrading significantly for antenna sizes below 4 x 4 mm?
[38, 44], Furthermore, a host of other issues arise in any scheme making use of EM power
transmission, including losses in matching networks due to the low quality factors of on-chip
capacitors and inductors, as well as potential excessive heating of neighboring tissue due to
the inability to sufficiently focus relatively long wavelength EM waves, among others [7].

Ultrasound

Ultrasound (US) has emerged as the preferred strategy for achieving wireless power and com-
munication through the body due to its significantly lower path loss through tissue compared
to EM [44]. In addition, the small wavelength of acoustic waves places the theoretical mini-
mum size of the implant US transducer for reasonable power transfer efficiency on the order
of 100 x 100 x 100 gm?, making US power transfer far more suitable from a system level for
miniaturized IMDs [43]. In practice, the combined implant US transducer and transceiver
is implemented as a piezoelectric crystal with electrical connections to a full-wave rectifier
for AC-DC power conversion and field-effect transistor (FET) for “backscatter” uplink data
transmission, with the interrogator modulating the US beam to send basic downlink com-
mands [31, 49]. The backscatter communication strategy is carried over from RFID design
and involves the exploitation of the dependence of the acoustic reflectivity of the piezoelec-
tric crystal on its electrical load. The transmitter FET, placed across the terminals of the
piezoelectric crystal, directly sets the load through its drain-to-source impedance, which is
digitally modulated by the implant application-specific integrated circuit (ASIC) through
the voltage at the gate [43]. This allows the implant to reflect incident acoustic waves such
that they vary in discrete levels, enabling digital communication from the implant to the
interrogator.

Alternatives

While this wireless approach allows for the combination of power and communication as
described above, it inherently limits the target implant to discontinuous operation in the
absence of a supplementary energy storage source, such as a battery, beyond the necessary
antenna or transducer. Indeed, some argue that the ideal wireless implant system should be
free altogether of the energy storage problems associated with batteries and large capacitors
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[43], necessitating regular interrogation of the implant in order to collect and retrieve data.
This design decision trades off convenience in operation for increased implant compactness
and system longevity unlimited by any power source. However, the additional challenges
introduced in this trade-off extend beyond placing the onus of operating interrogator equip-
ment and collecting timely data on the patient or the immediate caregivers of the patient.
For US-based systems especially, minute external translational (~mm) and angular (~30°)
misalignments of the external interrogator can result in insufficient energy being harvested
by the implant, preventing successful operation [31]. Over long timescales, this can prove to
be a significant impediment to both the acquisition of meaningful diagnostic data and the
patient’s lifestyle.

While the research community has been particularly excited by the potential of wireless
power strategies over the last decade, a good deal of effort continues to be devoted to
the development of continuous on-chip power sources to directly replace or augment the
capabilities of batteries within implants. One particularly promising candidate for such a
power source is the glucose biofuel cell, which harnesses the abundance of glucose and oxygen
found within the mammalian body and has been demonstrated to power electrical circuits
when implanted within a rat [41, 65]. There are, however, a number of significant obstacles
to overcome before glucose biofuel cells can reliably be deployed to power minimally-invasive
IMDs. These obstacles include potential enzyme instability, which can limit cell lifetime,
miniaturization beyond cm-scale, and packaging for long-term biocompatibility and in vivo
operation [20, 41, 66]. Additional approaches to “scavenge” energy from various sources
within the body have been proposed as well, including piezoelectric [11, 67], thermoelectric
[60], electrostatic [1], and electromagnetic methods [69], but these strategies are limited to
specific bodily contexts (e.g., those involving significant movement or temperature gradients)
and generally have not yet been demonstrated at mm-scale.

Another concept that has been implemented to successfully power long-lasting IMDs in
the past is that of harvesting the energy present in certain alpha and beta radionuclides.
This so-called “nuclear battery” approach, applied safely in cardiac pacemakers, fell out of
vogue as lithium battery technology became more robust and reliable in the 1980s [34]. Key
challenges to the numerous variations on this approach include packaging and miniaturiza-
tion, as well as system-level robustness and longevity, and will be explored more thoroughly
in the next section. Table 1.2, below, summarizes the benefits and limitations of the most
promising existing IMD power strategies described in this section and the next.

1.3 Going “Nuclear”

As mentioned briefly in the previous section, serious exploration of the “nuclear battery”
concept in the 1970s and 1980s resulted in the successful deployment of a variety of these
devices to power cardiac pacemakers during this period, with statistically-estimated failure
rates below 0.1% overall and at least one model, the Coratomic nuclear battery, exhibiting
no failures across 27000 unit months [34]. In this section, we will explore the core technology
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Table 1.2: General comparison of state of the art for IMD power sources.

Potential flor Lifetime - . Packagl}lg/.Blof Environment | Wireless/Requires | Demonstrated
Power Source >1 year with Miniaturizable compatibility . ; o
. ; Independent? | Interrogator? in vivo?
1 mJ/day Sensor? Concerns?
Rechargeable Battery [27, 61] Yes Yes No Yes No Yes
. Depends
Glucose Biofuel Cell [26, 38, 65, 66] epends on Yes Yes No No Yes
catalyst lifetime
Radioisotope Thermoelectric . . .
Generator [34, 56, 63] es No No es No es
Alphavoltaic [4, 23, 42, 50] No Yes No Yes No No
Betavoltaic [34, 50] Yes Depends on stack Yes Yes No Yes
and package size
Ultrasound (31, 43] Yes Yes No Yes Yes Yes
Electromagnetics [7, 16, 38, 44] Yes Depends on deipt‘h Depends on Depends on Yes Yos
and antenna size | beamed power | depth

behind these devices and investigate how the fundamental concepts from this analysis could
inform the design of a more modern radionuclide-based power source for IMDs.

RTGs

The devices described above are known more precisely as radioisotope thermoelectric gen-
erators (RTGs), and, at a basic level, each such device uses a radioisotope (also called a
“radionuclide”), typically an emitter of alpha or beta particles, as a heat source to produce
electricity through a thermoelectric generator. The primary concern regarding this power
scheme might be its safety; however, alpha particles can be shielded by any relatively thin
physical enclosure and beta particles can be shielded with a thicker layer of glass or metal
[33]. Alpha and beta radionuclides (and the interaction of beta particles with their shields)
can both produce more dangerous ionizing radiation, such as gamma or X-ray radiation
[46], but the total radiation dose experienced by patients with implanted nuclear-powered
cardiac pacemakers was negligible (e.g., less than that felt by regular inhabitants of Denver,
Colorado) [34]. Furthermore, the thermoelectric method of energy conversion is relatively ro-
bust, enabling reliable energy conversion over many years. In fact, when used in conjunction
with radioisotopes with sufficiently long half-lives, pacemakers operating with RTG-based
nuclear batteries frequently outlasted their host patients, necessitating the introduction of
measures to track and collect these devices [34].

Although thermoelectric energy conversion is not particularly efficient — state-of-the-art
RTG energy conversion efficiency is around 1% [56] — RTGs can be miniaturized to cm-scale
form factors, which made them an attractive choice for pacemakers when lithium battery
technology was not fully developed. Unfortunately, the miniaturizability of thermoelectric
generators does not seem to extend to mm-scales, as the useful power output of each RTG
device corresponds directly to the size of the heat source [63]. Each RTG requires sufficient
insulation to prevent heat loss to the surrounding biosphere, compounding the difficulty
of miniaturizing these devices [34]. Furthermore, common radionuclides used in these first
nuclear batteries, such as plutonium-238, have been difficult to procure over the last few
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decades, with federal production beginning to ramp up again only very recently for deep
space applications [29, 55]. Taken together, these realities suggest that RTG technology is not
a good choice for powering mm-scale IMDs, with the need for further miniaturization posing
the greatest challenge. Indeed, given these practical issues, it makes sense that batteries
have long since eclipsed RTGs as the preferred power sources for cardiac pacemakers [34,
41].

Practical considerations aside, radionuclide-based power sources are an attractive prospect
simply because the radionuclides themselves hold an incredibly large amount of energy. As
an example, the power density of the plutonium-238 used in cardiac pacemakers was reported
to be 3.9 W/cm? [34]. Conservatively assuming single exponential decay with a half-life of
87.8 years, and thereby disregarding the radioactivity of daughter radionuclides, the total in-
tegrated energy available from 1 mm? of plutonium-238 therefore exceeds 10.8 million joules
[34]! Clearly, any method of reliably converting even a fraction of this energy into useful elec-
trical power would enable incredibly long-lasting IMDs and high-power sensing, potentially
far outstripping the capabilities of even the best batteries developed in the future.

Alphavoltaics

Since alpha radiation is the easiest to shield, alphavoltaic energy conversion, in which a
semiconductor converts incident alpha particles directly into electrical current, can theoret-
ically allow for an extremely miniature power source with far greater conversion efficiency
than is achievable through simple thermoelectric conversion [23, 42, 56]. The caveat to this
assertion is the unfortunate fact that these direct alphavoltaics experience severe degrada-
tion through radiation damage of the semiconductor [4, 23, 42], with the useful lifetime of
such a system reduced to less than a month [42]. As an additional limiting consideration,
the alpha source for any alphavoltaic device must be applied in a very thin layer (tens of
microns) atop the semiconductor to avoid absorption in the intermediate medium (e.g., air)
or self-absorption due to the extremely limited range of alpha particles in most materials
[50]. It is this phenomenon, in fact, which makes these particles so easy to shield.

Betavoltaics

Betavoltaic devices, which are functionally the same as alphavoltaics but derive power from
beta radiation rather than alpha radiation, offer a more straightforward path to achieving
long-lasting power through direct conversion of radiation. Although beta particles generally
can cause semiconductor radiation damage as well, this damage can be minimized, especially
through the use of a relatively low energy radionuclide such as tritium (hydrogen-3) [23, 50].
However, self-absorption limits the useful thickness of any beta-emitting radionuclide to just
a few microns, necessitating sandwiched stacks of semiconductor and radioisotope layers to
achieve reasonable power output [50]. Altogether, the need to add additional shielding to
protect the body beyond a simple enclosure, combined with significant availability and cost
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issues and the stacking requirement, means that quite a bit more work is required to design
betavoltaic power sources suitable for mm-scale IMDs [33, 46, 50].

Selecting a Strategy

Finally, radioisotope-based thermophotovoltaic (RTPV) energy conversion is an interesting
alternative to conventional thermoelectric conversion that can be applied for similar fuel
sources, such as plutonium-238 [10]. However, a preliminary review of the literature on
thermophotovoltaic conversion did not indicate that efforts are being made to miniaturize
RTPYV devices beyond the cm-scale. Indeed, just as with an RTG, an RTPV system would
require significant insulation to operate safely within the body, as operating temperatures
typically exceed 1000 K [10].

The challenges facing radiation-based power sources potentially applicable to mm-scale
IMDs center overwhelmingly around miniaturization and longevity. In order to enable minia-
turization, a relatively low temperature, alpha-emitting radioisotope source is desired, to
ensure that the packaging and enclosure of the device does not determine its minimum size.
To ensure implant longevity, the energy conversion method should be robust to radiation
damage, either through the inherent isolation of the converting mechanism from the radia-
tion or the use of a radiation-resistant substrate. In the next section, the former strategy for
longevity is explored, with a view to overcoming the issues that plague direct alphavoltaics.

1.4 Light as an Intermediate Energy Mode

Sensor
Radionuclide and Scintillator Mixture

i Scintillators
Photovoltaic

Solvent

Photovoltaic

=

adionuclide Photons

a-particle

Figure 1.1: Conceptual illustration of proposed concept integrated with an IMD. The mate-
rial labeled as a scintillator could also be a phosphor.

In order to improve upon the conversion efficiency of direct alphavoltaics, an indirect
energy conversion method has been suggested in [23], in which an intermediate material
absorbs the incident radiation and emits light which can generate electron-hole pairs within
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the semiconductor (this is the concept behind photovoltaic devices), thereby completing
the conversion to electrical energy. This intermediate conversion to light can significantly
augment the overall energy conversion efficiency of the system, with the selection of the
light-emitting material (a phosphor or scintillator) playing a key role [23]. A scintillating
material can potentially be integrated into the semiconductor itself [4, 18, 23]; however, this
indirect conversion strategy is particularly attractive to begin with because it allows the (al-
pha) radiation source to be isolated from the semiconductor by an optically clear material,
which in almost every case will be capable of protecting the semiconductor from radiation
damage. Therefore, through this simple modification of the conventional alphavoltaic struc-
ture, system longevity on the order of multiple source half-lives can be achieved, at a scale
limited solely by the power requirements of the IMD and the capabilities of microfabrica-
tion and chemical deposition processes. Demonstration of the feasibility of this concept is
the primary focus of the remainder of this work, with additional system- and circuit-level
design considerations described to enable eventual construction of a system similar to the
one illustrated in Figure 1.1.
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Chapter 2

Experimental Framework and Initial
Investigation

2.1 First Hypothesis and Experiment

) f

‘\\i Core
Shell

Polymer Coating

Radionuclide
(with linker)

Figure 2.1: Conceptual diagram of chemical conjugation/chelation of radionuclides to a
quantum dot.

Chemical Conjugation

Given the preponderance of articles in the literature suggesting that quantum dots (QDs) are
good candidates for scintillating radiation detection and boosters of semiconductor radiation-
to-electrical energy conversion efficiency in alphavoltaic and betavoltaic systems [4, 8, 18, 21,
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23, 24, 25], our initial investigation centered around evaluating a method of improving QD
scintillation through chemical conjugation of QDs to radionuclides in solution. This strategy
was hypothesized to facilitate the improvement of scintillation efficiency by fixing multiple
smaller radionuclides around each larger QD (sized on the order of tens of nm) through the
chelating agent. Since the radionuclides ideally would not be free-floating in the solution
after this conjugation/chelation process, the average distance between each radionuclide and
the nearest QD, which would be the one the radionuclide would be conjugated to, could
potentially be lower. This would improve the system scintillation efficiency by minimizing
the energy deposited by emitted alpha particles in the solvent and maximizing the energy de-
posited within the relatively high quantum yield (>50%) QDs instead [36], allowing for more
light to be generated overall. The distance between the alpha emitter and the scintillator
in this sort of system is especially important because of the extremely small stopping range
of alpha particles in liquid solution, which is typically on the order of tens of microns[6].
In addition, this structure would ideally enforce a more thorough dispersion of the radionu-
clide within the solution, avoiding the scenario in which the scintillating material and the
radionuclide form distinct layers, which can create a shielding effect.

Alpha Radionuclide and Decay Analysis

The alpha radionuclide selected for use in our experiments was thorium-227 (Th-227), which
can be procured via secure shipment from Oak Ridge National Laboratory (ORNL) in Ten-
nessee. Th-227 was a convenient and relevant choice for a number of reasons. First, Th-227
and its daughter radionuclides emit beta and gamma radiation at a negligible level, obviating
any need for significant shielding [28]. In addition, Th-227 has a half-life of 18.7 days [28],
which is quite long for radiolabeling purposes in the biomedical imaging field, but seems
relatively short compared to the eventual desired lifetime of an ideal IMD (months to years).
However, the first alpha decay product of Th-227 is Ra-223, which is another alpha emitter
with a half-life of 11.4 days [28]. In addition, as can be seen in Figure 2.2, after Ra-223 de-
cays to Rn-219, Rn-219 undergoes five additional decays in quick succession, meaning that,
effectively, there are six total decays for each real Ra-223 decay. The total radioactivity
(“activity”), or number of decays per second, of any given sample of initially pure Th-227
therefore evolves approximately according to the following calculation, in which A represents
activity, N represents the amount (in nuclei) of a certain radionuclide, A\ represents decay
rate, and 77/, represents half-life [3].
Writing the decay equations:

In(2)

A= 2.1
i (2.1)

dN-
App, = — dTh = ArnNrn (2.2)

t

dNg,

B XpaNra + M Ny and Agg & 6XpeNra (2.3)

dt
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a 5.9 MeV
[ 1;%2319 ]fj a 5.7 MeV
[ 1?_?{?1233 ij a 6.8 MeV
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Po-215 j
[ 1.78 milliseconds B 0.4 MeV

B 0.6 MeV [ Pb-211
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Y
Bi-211
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Y

Po-211
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.

a 7.6 MeV
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Y
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Pb-207
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Figure 2.2: Th-227 decay chain, adapted from [15].

The solutions to these differential equations are the following:

—Arpt —Appt
Nrp = Nrpoe "™, App = Appoe” """

and \
NRa _ Th NTh 0(6—>\Tht _ e—ARat) + NRa Oe_ARat
ARa — Arn ’
with no daughter activity initially (Age0 = AraNVrao = 0) implying that
6A\Ra
Apa o —ZB Ay (e 10t — e~ met)

)\Ra - )\Th

(2.4)

(2.5)

(2.6)
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and, finally,

6ARq

)\R _ )\Th (ei)\Tht - e*)‘Rat>> (27>

Aot = Az + Apa & Appo(e T +
In this specific case, Th-227 and Ra-223 are in “transient equilibrium” [3], where the pro-
duction of Ra-223 actually causes the total activity to increase initially. This is a practically
very useful phenomenon, as it ensures that the period in which the Th-227 fuel source is
providing the most power does not begin immediately following production (e.g., at ORNL),
allowing time for the fuel to be shipped and then integrated within an IMD before implanta-
tion. This is depicted in Figure 2.3, for an initial activity of 75 pCi (where 1 Ci is equivalent
to 3.7 x 10'° decays per second), which proved to be a convenient unit for the purposes of
these experiments.

«10™ Th-227: Initial Activity of 75 pCi ><710_

2.5 .

-
(¢,

RN

Emitted Power (W)

Total Activity (uCi)

0.5

O 1 1 1 1 O
0 20 40 60 80 100

Time (days)

Figure 2.3: Activity (initially lower) and emitted power (initially higher) of a Th-227 sample
with an initial activity of 75 pCi over time, including delay products following Ra-223 as
decaying simultaneously with their Ra-223 parent. The time axis is marked in terms of days
following production.

Furthermore, the high energies of the alpha emissions from Th-227 (5.9 MeV [15]) and its
daughter nuclides allow even a minuscule sample of Th-227 to produce a tremendous amount
of power over its lifetime. Across the decays that occur in quick succession after the decay
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from Ra-223 to Rn-219, three are guaranteed to result in high energy alpha emissions, with
beta emissions being comparatively negligible. This increases the average effective alpha
emission energy of each Ra-223 decay from 5.7 MeV to 26.5 MeV! As a result, the emitted
power as a function of time can be expressed as

>\Ra

P(t) = Arpo(5.9 MeV - e+ 4 26.5 MeV -
>\Ra - )\Th

(e7Ant — g7ARat)), (2.8)

ORNL provides Th-227 in a nitrate form with a specific activity of 3.073 x 10* Ci/g at
production. The density of thorium nitrate is 2.80 g/cm?® [14], implying through dimen-
sional analysis that a sample with an initial activity of 75 pCi occupies a volume of only
8.716 x 1077 mm?®! Inspecting Figure 2.3 once more, the maximum power produced by such
a sample is around 2.8 pW. At this point in time, the power density of any sample of Th-227
is therefore 3.212 W/mm?, and the power density remains on the order of 1 W/mm? for
close to two months. Given that the requisite useful power density needed to operate a 1 mJ
sensor on a daily basis is around 10 nW/mm? (assuming lossless energy storage), Th-227, as
well as alpha radionuclides like it, clearly has tremendous potential for powering mm-scale

IMDs.

Experiment

Working in conjunction with researchers in the Department of Radiology & Biomedical
Imaging at the University of California, San Francisco (UCSF), a sample of Th-227 was
procured from ORNL and dissolved in 0.2 M HCI (hydrochloric acid) for distribution. 14
uL of this radionuclide solution was then added in a plastic centrifuge tube (referred to
here as a “vial”) to 200 uL of phosphate buffered saline (PBS) solution containing 160 pmol
of CdSSe/ZnS core/shell quantum dots (Ocean NanoTech [36]) at a concentration of 0.8
uM, previously conjugated to the organic chelator DOTA (also known as tetraxetan). Due
to logistical delays, this combined solution was only prepared in time for measurements to
begin on the 16th day following Th-227 production. The activity of this vial at that point
was measured empirically to be about 37.5 uCi, with an additional control vial containing
200 puL of diluted Th-227 HCI solution measured to have an activity of around 20 pCi on
the same day. Based on these figures, initial activities for both vials can be calculated.

6ARa

37.5 pCi~ Agp (e !t 4 (e~ rnlt _ g=Aral1)) (2.9)
)\Ra - )\Th
. At 6/\Ra —Arpt —ARal
20 uCi =~ Acontroo(e Tt + ————— (e T — g7 RalL)) (2.10)
ARa — ATh

For t; = 16 days, we arrive at 11.6 pCi as the initial activity for the QD-DOTA /Th-
227 mixture and 6.2 pCi as the initial activity for the control vial, with the significant
discrepancy for each arising due to the large initial rise in activity that comes about due
to the rapid succession of decays that follows the decay of Ra-223. However, because the
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(gamma) radiation counting mechanism used was not correctly calibrated for Th-227 or its
daughter nuclides, these activity values are approximate at best. In addition, the product
of the QD-DOTA conjugation was not empirically characterized. These issues and their
ramifications are discussed in Section 2.3.

Image
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-
Atk
‘ e
1 L

e Th-227 qp-poTA + Th-227 |8

100
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Color Bar
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Max = 393

Figure 2.4: Comparison of light output from vial containing mixture of QD-DOTA with
Th-227 with three negative controls. From left to right: an empty vial, a vial containing
only PBS; a vial only containing 200 pL of diluted Th-227 HCI solution with a measured
activity around 20 puCi on the first day of measurement, and the relevant vial containing
the mixed solution of QD-DOTA and Th-227 in a volume of 214 uCi and with a measured
activity around 37.5 pCi on the first day of measurement.

Despite its irregularities, this first experiment did succeed in establishing that this sort of
radionuclide-scintillator mixture can produce a quantifiable amount of light at a level greater
than the “single photon” level expected in most typical scintillation radiation counting ap-
plications [54]. Included in Figure 2.4 is an image depicting the light output from one vial
containing the described QD-DOTA and Th-227 mixture compared to the light output of
three negative control vials beside it: one only containing 200 uL of diluted Th-227 HCI
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solution as described before, one only containing PBS, and one completely empty. As can be
seen in this image, no light appears to be emitted from the empty vial and the vial containing
only PBS, as would be expected. The vial of interest appears to emit noticeably more light
than its neighbors, although the vial containing only the Th-227 solution produces light as
well, likely due to Cherenkov radiation resulting from the transit of beta particles emitted by
Th-227 decay products through the liquid solution [57]. A broad description of the imaging
setup used to acquire this image, as well as a specific strategy for mapping the “counts”
shown here to optical power values, is provided in the next section, with a more in-depth
discussion of the experiment results in Section 2.3.

2.2 Measurement Strategy

Imaging System

A Xenogen IVIS Imaging System 50 Series (“IVIS”) machine at UCSF was used to acquire the
image shown in Figure 2.4, as well as the remainder of the precise imaging data presented in
this work. The charge-coupling device (CCD) camera of the IVIS is rated to have exceedingly
low read noise and ~85% quantum efficiency for light wavelengths between 400 and 700 nm,
with this rating dropping to above 50% for all wavelengths between 350 and 900 nm [19].
These properties allow the light-emitting vials in Figure 2.4 and many other images like
it to be differentiated relatively accurately, given that the emission spectrum of the QDs
used peaks at 645 nm. However, the values assigned to the pixels of each image produced
by this system (“counts”) have no nominal conversion to units of optical power specified
beyond an undefined proportional relationship with the number of photons incident on the
pixels during exposure. As a result, considerable effort was required to perform a relatively
accurately calibration of the measurements from the IVIS to an optical power reference.

Calibration

This calibration was achieved mainly through the use of a simple light-emitting diode (LED)
circuit, combined with an optical power meter. To form the circuit, a resistor was placed in
series with a 5 V DC source and the LED so as to limit current and set the output optical
power. The light from the LED was then measured through the optical power meter within
a light-tight box. Finally, the LED was imaged within the IVIS, with a neutral density filter
of known transmission covering the LED to avoid camera pixel saturation. This filter was
necessary during this calibration process (and not often afterward) because even the lowest
power values that could be read through the optical power meter (tens of nW) would result
in image saturation due to the relatively focused nature of the LED light beam. With values
in IVIS “counts” and optical power established for the same light source, a mapping between
the two can be found in general according to the derivation that follows. Note that “total
counts” values arise from the summation of all of the pixel counts in the region of interest
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(b) IVIS control and computing setup.

Figure 2.5: Xenogen IVIS Imaging System 50 Series at UCSF.



CHAPTER 2. EXPERIMENTAL FRAMEWORK AND INITIAL INVESTIGATION 18

(ROI) of any given image, minus the corresponding background noise values. For example, in
the case that multiple subjects are present in the same image, summation would only occur
for the pixels representing the subject in question. For images containing only one subject,
the summation is done over the entire image, with any extra counts arising from extraneous
pixels generally being negligible. The lower CCD quantum efficiency outside of the 400 to

700 nm wavelength range is discussed as a relevant consideration in the next chapter.

Figure 2.6: Covering the LED beam angle with the power meter.

First, there is the matter of accounting for the fact that the LED has a limited viewing
(beam) angle, while the subject (a vial emitting light) emits light uniformly across all 47

steradians.
Imaged Subject Counts  IVIS Imaging Solid Angle
Total Subject Counts 4
Imaged LED Counts  Filter Attenuation - IVIS Imaging Solid Angle
Total LED Counts LED Beam Solid Angle
Total Subject Power  Total Subject Counts/Subject Exposure Time
Total LED Power ~ Total LED Counts/LED Exposure Time

LED Exposure Time

Letting N =
e Subject Exposure Time’

(2.11)
(2.12)
(2.13)

(2.14)
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Figure 2.7: Imaging the LED within the IVIS using a neutral optical density filter.

Total Subject Power N -4 - Filter Attenuation Imaged Subject Counts

Total LED Power ~ LED Beam Solid Angle Imaged LED Counts

Total Subject Power N -4r - Filter Attenuation — Total LED Power
Imaged Subject Counts ~ LED Beam Solid Angle  Imaged LED Counts

(2.15)

(2.16)

Assumptions and Conversion Factor

One main assumption of this derivation is that both the subject and the LED act as point
sources of light. This is more true for the LED than it is for the subject, as irregularities in
material deposition within the test vials were observed to yield slightly differing measure-
ments of the same subject, depending on the side viewed. In addition, it is assumed that the
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LED emits uniformly within the solid angle of its beam. While this assumption cannot be
construed to be particularly accurate on its own, it is mathematically equivalent to the more
reasonable model assuming linearly degrading optical intensity from the center of the beam
and delineating the beam solid angle according to the full-width half-maximum (FWHM).
Ultimately, however, since the LED used was not finely characterized, further analysis on
the dependence of its intensity on the emission angle was moot. For further calculations,
the viewing angle of the LED was assumed to be 25°, as is common in production, with the
half-angle, 6, assumed therefore to be 12.5°. Of note also is the fact that the angle at which
the image is collected within the IVIS, the “IVIS Imaging Solid Angle”, drops out of the final
formula due to the assumption that it is shared between each subject and the calibrating
LED. In practice, effort was taken to ensure that this was the case by centering the subject
vials within the camera field of view, as was done with the LED.

A:7°2/

Figure 2.8: Geometric depiction of the incorporation of the LED viewing half-angle 6 into
the calculation of the solid angle subtended by its beam. The solid angle corresponds to the
surface of the spherical cap marked in blue (region 2). [48]

Finally, the solid angle of the LED beam can be calculated using the viewing half-angle,
0 = 12.5°, according to the following formula [48]:

LED Beam Solid Angle = 27(1 — cosf) = 0.1489 [steradians] (2.17)

Substituting this value, as well as a measured 23 nW for the “Total LED Power”, 1/45.43 for
the filter attenuation, and 4426288 for the imaged LED counts over 0.5 seconds of exposure,
we arrive at the desired conversion rule, shown below.

Total ject P 1 .
otal Subject Power — 0,483 fW /count - 0 sec

(2.18)

Imaged Subject Counts Subject Exposure Time
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The parameter N has been decomposed into the form shown above due to the practical need
to establish a convenient reference for the exposure time —10 sec. was the value chosen
because it allowed thorough and timely imaging of relatively dim samples, such as the QD-
DOTA /Th-227 mixture mentioned in this chapter. For the brightest subjects, such as the
LED during calibration, the exposure time was often scaled down to the minimum value of
0.5 sec. out of a need to avoid pixel saturation (which can lead to severe underestimation of
subject light output). With this mapping established, quantitative evaluation of the results
from the first experiment could proceed.

2.3 QD-DOTA Experiment Results and Conclusions

QD-DOTA/Th-227 Mixture Light Output

== QD-DOTA/Th-227 Optical Power (pW) == Possible Power (uW)
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Figure 2.9: Comparison of light output from QD-DOTA /Th-227 mixture over time with the
total power emitted through alpha radiation by a Th-227 sample with an initial activity of
11.6 pCi. Time is marked in terms of days after production of the Th-227.

While the results from this first experiment did indeed indicate that the application of the
QD-DOTA solution to the radionuclide likely bolstered the light output of the radionuclide
compared to the level attainable with just the radionuclide by itself in liquid solution (prob-
ably through Cherenkov radiation), the data showed that the conversion efficiency achieved
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through this combination did not match the expectations of the initial hypothesis. Specif-
ically, over the days the QD-DOTA /Th-227 mixture was imaged, the conversion efficiency,
calculated as the measured optical power (according to the formula from the previous section)
divided by the possible emitted power (as visualized in Figure 2.3 for a sample with higher
activity) hovered around 0.006%, indicating that the conjugation had either not actualized
or was otherwise immaterial to the energy conversion process. However, this same efficiency
characterization reveals that the decay in the light output from the QD-DOTA /Th-227 vial
generally tracks the shape of the curve for the possible emitted power when only alpha ra-
diation is considered, as can be seen in Figure 2.9. This affirms that the light generated
comes mainly through the scintillation of the quantum dots in response to the alpha radia-
tion, rather than through some other process. Given the highly approximate nature of the
measured activity values for these vials in the first place, this last point represents the most
essential conclusion that can be drawn from this analysis.

With QD-DOTA vs. Without QD-DOTA

== QD-DOTA/Th-227 Optical Power (pW) == Only Th-227 Optical Power (pW)
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Figure 2.10: Comparison of the light output from the QD-DOTA /Th-227 mixture (initial
activity around 11.6 pCi) with light output from the vial containing only Th-227 in solution

(initial activity around 6.2 pCi). Time is marked in terms of days after production of the
Th-227.
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QD-DOTA Efficacy

Be that as it may, the benefit in terms of light output from this scintillation seems to be
marginal. Illustrative is the comparison between the light output from the QD-DOTA /Th-
227 vial and the vial containing only Th-227 in solution, depicted in Figure 2.10. Certainly,
the former seems to emit more light than the latter, but, if a scaling were to be done to
put these two sets of data on level footing with regard to initial activity, the difference
would reduce significantly. Due to the approximate nature of the initial activity values (as
addressed in Section 2.1), this scaling has not been applied in the presented data. Suffice
it to say, however, that the combination of QD-DOTA and Th-227 did not yield optimal
performance with regard to light generation.

A quick calculation could impart insight on whether the DOTA conjugation strategy
could have meaningfully improved the energy conversion efficiency to begin with.

At0t<t = O) = )\ThNTh(t = 0) = NTh(t = 0) = Atot(t = 0)//\Th (219)

This yields that there were 3.234 x 10*? Th-227 atoms initially present in the QD-
DOTA /Th-227 mixture. In addition, there were 160 pmol of QDs in this mixture, implying
that 9.635 x 10'® QDs were present. There were therefore initially (and thereafter) around
30 quantum dots for each radionuclide. This means that the conceptual model illustrated in
Figure 2.1, in which multiple radionuclides are attached to a single quantum dot, is in fact
not applicable to this scenario at all. In general, this model would require the number of ra-
dionuclides to far outstrip the number of quantum dots, necessitating that each quantum dot
converts alpha radiation coming from many directions at any given time. In addition, alpha
particles emitted outward from the quantum dot must travel through the solvent medium,
depositing energy all the while, before possibly hitting another quantum dot in the solution.
In conclusion, whether or not the conjugation occurred successfully, it was unlikely to change
the outcome in terms of the amount of light generated by the mixture.

A More Accurate Model

A simple model, in which the scintillator or phosphor material is packed around the radionu-
clides, is more applicable to this scenario, and aligns conceptually with studies conducted in
the literature on “indirect” conversion for alphavoltaics involving a thin phosphor/scintilla-
tor layer used to augment system energy conversion efficiency [4, 23, 52, 59]. The limiting
case for this model, in which maximal packing has occurred, seems more efficient in general,
as it allows for the emitted alpha particles to deposit as much of their energy as possible
within the light-generating material, rather than the solvent medium. However, the presence
of an aqueous solvent (PBS) can only interrupt this sort of packing — removing it could
improve the energy conversion efficiency by closing the distance between the light-generating
particles and the radionuclides, as well as by virtue of the fact that alpha particles deposit
less energy in air than in aqueous media [33].
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Evaporation

This was tested empirically by safely evaporating the QD-DOTA /Th-227 solution within an
iodine fume hood on the 93rd day following production of the Th-227. The mixture was im-
aged before and after the evaporation, with precipitate clumps of QDs forming conspicuously
within the centrifuge tube after the evaporation. In addition, the mixture was rehydrated
and imaged in steps using deionized water (DI HyO), with the final volume brought to 200
L. The results of this experiment are shown in Figure 2.11.

QD-DOTA/Th-227 Optical Power (pW)

unevaporated fully 10 uLadded 20 pLadded 100 plLadded 200 plL added
(214 L) evaporated

[ = O O
o N B OO © O

o N B O

Figure 2.11: Changes in light output of QD-DOTA /Th-227 mixture due to evaporation of
the aqueous solvent and subsequent rehydration of the resulting precipitate clumps with
deionized water. After 20 L. of water was added, the precipitate clumps dissolved back into
solution.

As hypothesized above, the removal of the aqueous solvent did seem to directly improve
the light output of the mixture. A challenge of this procedure was that it was difficult to
determine exactly whether the distribution of the radionuclides within the mixture remained
uniform, as is generally a fair approximation within liquid solution, following evaporation.
However, even if all the gains in light output arose because the liquid solvent was no longer
present to effectively shield the alpha radiation, this small experiment shows that evapo-
ration can have a noticeably positive effect on the overall energy conversion efficiency. A
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significant additional benefit of this evaporation procedure is that the mixture no longer
occupies as much volume. As a result, a system of sequentially mixing and then evaporat-
ing the scintillating/phosphorescent material and radionuclide is proposed to ensure system
compactness, as will be elaborated in the next chapter.

To demonstrate system viability following this experiment, alternatives to the quantum
dot scintillator needed to be explored. Based on these results, it was inferred that a scintilla-
tor/phosphor with relatively large particle size and high quantum yield would likely produce
better results, by collecting more alpha radiation energy and converting as much of it to light
as possible. To this end, a host of phosphorescent materials were considered and evaluated
in a similar experimental setup, with the results presented and discussed next.
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Chapter 3

Conditions for Optimal Light
Generation

3.1 Finding the Best Phosphor

Table 3.1: Different scintillating/phosphorescent materials used in second experiment. D50
signifies that the indicated size approximately reflects the median value.

; - ) i . Quantum " . Emission
Material Name Identifier Supplier Yield Particle Size Wavelength
Solid Form CdSSe-ZnS
Core/Shell QDs [37] QSP-645 || Ocean NanoTech | >50% - 645 nm
NaYq77YbgogErgosFy [2, 47] | SA-UCPh || Sigma-Aldrich ~3% 1 to 5 pum (D50) 940 to 980 nm
Y1.02Eu00s03 (YEO) [51, 62] | SA-YO Sigma-Aldrich ~100% 4 to 8 ym 611 nm

YYG 560 200 Isiphor@®) [64] | YYG 560 || Sigma-Aldrich >90% 19.5 to 21.5 pm (D50) | 560 nm
SGA 555 100 Isiphor®) [45] | SGA 555 || Sigma-Aldrich >90% 12 to 14 pm (D50) 555 nm
Rare Earth Doped Phosphor
Nanoparticles [40]

SA-620 Sigma-Aldrich - 10 nm 620 nm

Motivation and Experimental Design

As was clear from the results of the first experiment, an alternative material for generating
light was necessary for this strategy of alpha power source miniaturization to succeed. In
addition, it was worthwhile to identify whether the poor overall energy conversion efficiency
seen in the first experiment would be replicated without the DOTA conjugation. To identify
the best material and conditions for generating light from a Th-227 alpha source, samples
of many different commerically-available scintillators and phosphors were procured, as listed
in Table 3.1. For experimentation purposes, each of these materials was confirmed to not
phosphoresce at a significant level in response to ambient lighting. Th-227 in nitrate form
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was then acquired from ORNL, with 3 mCi dissolved in 200 pul. of HCI solution. Glass
scintillation vials were then prepared containing 2 mg (or the equivalent) of each of the
listed materials and 5 pL of this Th-227 solution, yielding an approximate initial activity of
75 pCi for each vial. In each case, the phosphor/scintillator was deposited and measured
within the vial before the radionuclide was inserted via pipette. The exact amount of the
Th-227 solution used for each vial in this comparison was likely slightly in excess of 5 uCi,
due to the uncalibrated nature of the pipettors used to do the transfer.

For each material, an additional identical vial was prepared and then evaporated, leaving
two vials for each material containing the same amount of the radionuclide over the course
of the experiment: one unevaporated and one evaporated. Finally, one control vial of 5
uL of the original Th-227 solution (labeled “CONTROL” in plots) was prepared slightly
belatedly and left unevaporated. For thoroughness, an identical evaporated control vial
should have been prepared as well, however, insufficient Th-227 solution remained for this
to be done. Future experiments will include this consideration, as it will reveal definitively
whether the “background” light emitted without the presence of a phosphor indeed arises
due to Cherenkov radiation or not, as, in the absence of a solvent medium with a refractive
index noticeably higher than 1, like water, this radiation should be significantly reduced [39].

Initial Results

The results of this investigation are shown in Figures 3.1, 3.2, and 3.3. As is apparent from
these plots, regardless of whether evaporation has occurred or not, vials containing SA-YO
seem to produce the most light by far. This is not particularly surprising considering that
this material, yttrium oxide doped with europium, has a reported quantum yield/efficiency
(metrics describing the intrinsic efficiency with which a material converts incident radiation
into light) of close to 100% [51]. When evaporated, the vial containing SA-YO achieves
around 2% average energy conversion efficiency, which indicates that efficiency performance
similar to that achieved in RTGs can be derived in a much smaller form factor using this light
generation and harvesting method [56]. This is the case even after accounting for the ~20%
harvesting efficiency of silicon photovoltaics and 50% conversion efficiency of a low-power
harvesting circuit, which would yield ~0.2% total conversion efficiency — indeed, implanted
nuclear batteries had efficiencies only slightly higher than this [56].

Also of note is the fact that the growth and decay of the light output of each vial generally
seems to track the “possible power” curve fairly well. This is most apparent in the plots with
a logarithmic scale applied to the vertical axis. Naturally, due to inconsistencies in the exact
side of the vial imaged within the IVIS and the nonuniform distribution of the phosphor and
radionuclide within each vial, these sometimes large variations are expected. However, the
general trend is fairly clear, and this further confirms the assertion from the previous chapter
that the suggested alpha particle emission dynamics are responsible for light generation in
this context. The minimum amount of light generated can be seen to correspond to the
control vial, as expected. The unevaporated vial containing SA-620, which had the lowest
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light emission among the vials shown here, seemed to track the light output of this control
vial but did not descend noticeably below it.

Interestingly, the effects of evaporation seem more unclear. For the materials emitting
the most light, evaporation results in greater light production compared to the unevaporated
case. However, for QSP-645 and SA-UCPh, evaporation results in seemingly less light out-
put. In the case of QSP-645, which is the same quantum dot material used in the previous
experiment in solid form (not in a dispersion), it is possible that the distribution of discrete
QD clumps did not align well with the radionuclide in the evaporated vial, precluding effi-
cient light generation. For SA-UCPh, further investigation is required, although phosphor
distribution issues are once again a likely culprit. However, this phosphor could not be
characterized well by this experimental setup to begin with, as its emission spectrum lies far
outside of the efficient conversion range of the IVIS CCD camera [19]. In general, provided
that the phosphor and radionuclide are not moved farther apart as a result, evaporation
seems to be beneficial from a light generation perspective. Certainly, the prospect of adding
more radionuclide in the volume vacated by the solvent is an extremely attractive one, as
it would allow for potentially much greater light output (theoretically tracking linearly with
the amount of radionuclide).

Overall, the “best” phosphor as determined by this analysis was SA-YO. In addition to
producing the most light in all situations, this phosphor emits red light, which is compatible
with efficient harvesting through silicon photovoltaic structures (although, perhaps, infrared
radiation is generally more compatible). Samples of SA-YO were prepared varying the
amount of the phosphor, as well as the amount of the radionuclide, in order to quantify the
effects of changing these parameters on the system energy conversion efficiency and absolute
light output. These results are presented in the next section.

3.2 Optimally Combining the Radionuclide and
Phosphor

Samples of varying amounts of SA-YO phosphor were prepared on the 12th day following
production of the Th-227. Th-227 solution was added to these vials to produce sweeps of the
phosphor amount (with the amount of Th-227 constant at 5 ul, approximately equivalent
to 75 pCi) and Th-227 amount (with the amount of the phosphor constant at 16 mg).
Based on the results presented in the previous section, evaporation was presumed to lead to
higher light output in general. As a result, most of the vials prepared for these sweeps were
evaporated on the 19th day following production of the Th-227.

Comparison Before Evaporation

To establish a baseline, the light output from these vials was compared immediately before
evaporation, with Figure 3.4 depicting the results. As can be seen in Figure 3.4(a), increasing
the amount of the phosphor while keeping the amount of Th-227 constant leads generally to
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Optical Power Comparison - Unevaporated Vials
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(a) Linear scale applied to the vertical axes; only possible power scaled according to the right axis.
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(b) Logarithmic scale applied to the vertical axis.

Figure 3.1: Light from unevaporated vials with 2 mg of phosphor and 5 pLL of Th-227 solution
compared against the total power emitted by the same amount of Th-227.
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Optical Power Comparison - Evaporated Vials
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(a) Linear scale applied to the vertical axes; only possible power scaled according to the right axis.

Optical Power Comparison - Evaporated Vials
Logarithmic Scale

== QSP-645 == SA-UCPh SA-YO == YYG560 == SGA555 == SA-620
== Possible Power

g 100
5 e ——— o —
- o —— e —
g \
o
o [
1 \_\
——\ ——
0.1 —_—
20 40 60 80
Time (days)
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Figure 3.2: Light from evaporated vials with 2 mg of phosphor and, initially, 5 uL of Th-227
solution compared against the total power emitted by the same amount of Th-227.
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(b) Logarithmic scale applied to the vertical axis.

Figure 3.3: Comparison of the average energy conversion efficiency for different vials con-
taining 2 mg of phosphor initially with 5 uL of Th-227 solution.



CHAPTER 3. CONDITIONS FOR OPTIMAL LIGHT GENERATION 32

SA-YO Phosphor Scaling Before Evaporation
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(b) Th-227 scaling before evaporation, with phosphor amount constant at 16 mg.

Figure 3.4: Comparison of light output before eventual evaporation of vials containing SA-
YO when the phosphor and radionuclide amount are scaled.
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Optical Power Comparison - Phosphor Scaling
SA-YO, After Evaporation on 19th Day Following Production
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(b) Th-227 scaling after evaporation, with phosphor amount constant at 16 mg.

Figure 3.5: Comparison over time of light output after evaporation of vials containing SA-YO
when the phosphor and radionuclide amount are scaled.
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Average Energy Conversion Efficiency - Phosphor Scaling
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(a) Phosphor scaling average efficiency after evaporation, with Th-227 amount constant at 5 L.

Average Energy Conversion Efficiency - Th-227 Scaling
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(b) Th-227 scaling average efficiency after evaporation, with phosphor amount constant at 16 mg.

Figure 3.6: Comparison over time of average energy conversion efficiency after evaporation

of vials containing SA-YO when the phosphor and radionuclide amount are scaled.
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higher light output, although the exact relationship is unclear. The relationship is uncertain
because the distribution of the phosphor and Th-227 within any single vial was almost
certainly very different from that of any other vial, due to the flat bottom (slightly less
than 1.5 cm in diameter) and relatively large volume of the scintillation vials used. This
issue can be mitigated in future experiments by using a vial with a conical end, so as to
more completely collect the phosphor and radionuclide. In addition, the presence of lumps
of phosphor caked along the sides of the vial directly impacted imaging efforts by imparting
large angular variation (up to 40% for the most irregular distributions) on the amount of light
escaping the vial. This was especially apparent in the vials containing 16 mg of the phosphor,
as the excess phosphor seemed to contribute more toward impeding the light produced at
the phosphor-radionuclide interface (further within the vial) than producing light itself.

Inspecting Figure 3.4(b), increasing the amount of Th-227 while keeping the amount of
phosphor constant seems to result in clearly greater light output as well, with a generally
linear trend seemingly broken by the vial containing 16 mg of SA-YO phosphor and 1 ulL
of the Th-227 solution. Oddly enough, the light output of this vial seemed to increase
significantly between the day it was prepared and the day it was evaporated. This did
not match the progression of the light output from any of the other vials, which seemed
to track the expected multi-exponential behavior overall. This sort of behavior could be
explained by the presence of mechanical formations within the mixture, perhaps such as
bubbles, that become more compact over the course of many days, thereby increasing the
proximity of the radionuclide and phosphor and improving the energy conversion efficiency.
Incidentally, a vial containing the same amount of phosphor and radionuclide was prepared
and left unevaporated for an additional point of comparison. On the same day that the
vial in question was evaporated, this additional vial produced about four times less light.
The higher value is presented in Figure 3.4(b) to indicate that the observed value is indeed
possible; however, the lower additional value would fit a linear trend much better, as would
otherwise be expected with a linearly increasing amount of radionuclide. At the very least,
the anomalies discussed here indicate that the specific process used to mix the phosphor
and radionuclide plays a significant role in determining the eventual light output and energy
conversion efficiency of the system.

One important practical note for the measurements of the vial containing 16 mg of SA-
YO and 20 pL of the Th-227 solution (before evaporation) is that the light produced by this
vial would invariably saturate the IVIS camera until the 35th day following production of
the Th-227 (16 days after evaporation). As a result, the same neutral density filter used for
the initial IVIS LED calibration was used to image this vial, except at a more transparent
blocking setting. Filter transmission at this setting was confirmed empirically to be about
1/7.4, and this factor was used to scale up counts imaged through the filter.

Comparison After Evaporation

Evaporation results in increased light output for all vials in the phosphor scaling sweep,
with the average ratio of the final and initial values around 1.5 (where “final” refers to the
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first measurement of the evaporated vials conducted two days after evaporation). However,
some vials see greater increases in light output than others, perhaps due to initially favorable
physical arrangements of the radionuclide and phosphor. In particular, the vial containing 2
mg of SA-YO sees its light output at least double following evaporation, maintaining similar
performance to the vial containing 4 mg of SA-YO. This suggests that the effective interface
between the phosphor and radionuclide within each of these vials is similar, despite the fact
that one of them has two times the amount of phosphor.

In contrast, evaporation seems to do less and less to increase the light output as the
amount of Th-227 increases. The exact explanation for this phenomenon is unclear, and
this issue will be investigated further in future experiments. To eliminate one possible
explanation, the evaporation process was confirmed to not affect the relative activities of
the vials in this sweep, as is shown by the uncalibrated activity measurements presented in
Table 3.2, which display the expected linear scaling of the activity. Despite this uncertainty
regarding the effect of evaporation on light generation with higher amounts of radionuclide,
the main benefit of evaporation remains the greatly minimized total volume of the mixture,
which contributes directly to device miniaturization, as discussed previously.

Table 3.2: Relative activities (in terms of arbitrary units) of the vials used in the SA-YO
phosphor amount sweep. The unevaporated vial (16 mg, 1 L unevap.) was prepared in
addition to (i.e., separately from) the evaporated vial with the same amount of radionuclide
and phosphor.

SA-YO Vial | Activity (a.u.)
16 mg, 1 puLb unevap. | 3 to 4

16 mg, 1 pulL evap. 4

16 mg, 5 puLL evap. 18

16 mg, 10 puL evap. | 36

16 mg, 20 puL evap. | 70

Phosphor Scaling Conclusions

Comparing the time evolution of the light output from the vials in the phosphor scaling
sweep, diminishing returns seem to arise at about 8 mg of the SA-YO phosphor, with the
light generated by the 16 mg vial representing only a marginal increase on average. This
implies that the light-producing interface is more or less established within the vials used
once 8 mg of the phosphor has been inserted. This is more likely to reflect on the coverage
of the phosphor across the bottom of the vial, where the radionuclide is deposited, than the
intrinsic mixing properties of the radionuclide and the phosphor. As a result, it is highly
possible that, within a container that collects the radionuclide and phosphor together, such
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as a vial with a conical end, maximum light output could be achieved using a smaller amount
of phosphor, for the same amount of radionuclide. Another aspect of this experiment that
impacts these results is the fact that the radionuclide and phosphor were not actively mixed
together once both were inserted within a vial. It is therefore possible that the maximum light
output for any given combination of radionuclide and phosphor could be augmented through
the simple act of mixing the two thoroughly, although this is made difficult practically due
to the contamination of the mixing device and resulting need to dispose of it safely.

Radionuclide Scaling Conclusions

Examining Figure 3.5(b), as well as Figure 3.4(b), it is clear that, in general, increasing
the amount of radionuclide while keeping the amount of phosphor the same can lead to
(potentially significantly) greater light output, especially soon after the radionuclide and
phosphor are combined. However, the later data points from Figure 3.5(b) imply that the
light output from the vial containing 16 mg of the SA-YO phosphor (as is the case for all
vials in this sweep) and 20 pl of the original Th-227 solution falls to a similar level as
that of the vial containing half the amount of the radionuclide. Assuming that this occurs
universally, this would suggest that the light generating capability of the phosphor is being
degraded by damage imparted by the radiation, which is a known phenomenon examined in
the literature for other phosphors [52]. Naturally, the amount of this damage would scale
with the system radioactivity. This would mean that while the initial instantaneous power
might scale with the amount of the radionuclide, the effective lifetime of the power source
would not exceed some limit. However, further investigation with higher activity values is
required to ascertain that this light output drop-off is indeed caused by radiation damage
and not some other experimental issue.

Broader Outlook and Practical Implementation

In many ways, this experiment raised more questions than it answered. In particular, future
experiments will need to confirm the exact effects of evaporation on light output, the limit
on light output gains with phosphor scaling in more closely packed situations, the extent
of possible radiation damage of phosphor light generating capabilities, and the quantitative
difference in light output made by active mixing of the radionuclide and phosphor. However,
at a practical level, all of the necessary building blocks for a relatively stable IMD power
source are present, most prominently including the potential for more than 100 nW of power
over multiple months, as well as a clear strategy for safely enclosing the fuel (specifically, by
using a solid, transparent enclosure).

To ensure the practical applicability of this power source for mm-scale IMDs, the ra-
dionuclide and phosphor mixture should take up a volume no larger than around 10 mm?,
with 1 mm X 1 mm X 5 mm being the dimensions of a typical fiducial marker used in
radiation therapy (representing a volume of 5 mm 3) [22]. As established before, thorium
nitrate itself occupies a negligible volume, so evaporation of any mixture of Th-227 with the
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phosphor will ensure that the radionuclide does not place a limit on the achievable volume
of the system. The volumetric density of the SA-YO phosphor was found empirically to be
about 0.7 pL/mg (noting that 1 pL is equivalent to 1 mm?). As a result, the practical limit
on the amount of SA-YO phosphor that can be used within an IMD similar in size to a
fiducial marker for radiation therapy is about 6 mg.

To combine the radionuclide and phosphor to optimally generate light in such a small
form factor, a clear capsule, open on one end, could be iteratively filled with a thin layer
of phosphor and a set volume of radionuclide solution, before being evaporated. After com-
pletely filling the capsule with the radionuclide and phosphor, the capsule would then have
its open end sealed with a transparent epoxy or other easily-cured sealant. This strategy
would ensure relatively close packing of the radionuclide and phosphor without introducing
the need for active mixing and would ensure compatibility with an automated assembly
process. The remainder of the system design considerations are discussed in the following
chapter, with various approaches for converting the optical energy produced by this source
to useful electrical energy for a sensor or other electronic system analyzed.
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Chapter 4

Harvester Design Considerations

4.1 Packaging

In order to ensure simple system-level integration and prevent semiconductor radiation dam-
age, it is beneficial to seal the radionuclide-phosphor mixture within some sort of optically
clear enclosure. This also eases the assembly process, and protects against contamination
of the external environment by the radionuclide. There are many choices available for the
enclosing material: borosilicate glass and any number of clear plastic materials, including
acrylic, polystyrene, and other polymers, exhibit ~90% transmission of red light (as emitted
by the SA-YO phosphor) and have low densities suitable for implantation. The clarity of the
material is of negligible importance; in fact, the light output can become more uniform as a
result of scattering within the enclosing material, which makes the design of the photovoltaic
system simpler. Square or rectangular tubing of a clear material such as these could be used
to form a capsule which would allow for the iterative phosphor and radionuclide deposition
process described at the end of the last chapter, in which the enclosing capsule is filled with
radionuclide solution after the insertion of a thin layer of phosphor, with more space being
made through evaporation.

Photovoltaic (PV) cells would then sandwich the sealed capsule, with reflective material
layered along the balance of the capsule exterior to avoid optical power loss. The remainder
of the implant system, including the sensor and integrated circuitry for power harvesting,
data storage, and communication (interfacing with either a small antenna or piezoelectric
transducer), would sit on the side of one PV array. In the best case, the PV array would be
fabricated together with this other circuitry in an integrated process, although connections
could be from a board containing discrete PV cells to the system ASIC. However, even if the
PV array on one side was integrated with the system ASIC, there would remain the problem
of connecting the PV array on the opposing side as well.

One solution to address this issue would be to restrict the array of PV cells to just one
side of the capsule and extend the reflective material to cover the opposing side. At the
cost of some absorption within the reflective layer, as it cannot be made perfect, system
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integration would be significantly eased. In addition, the reflection could possibly make the
light distribution more uniform, which is beneficial to the photovoltaic system as mentioned
earlier.

Finally, the different layers would be adhered to each other using an epoxy applied along
the exterior of the stack. The resultant bundle would then be enclosed within a biocompatible
metal or polymer package, selected to ensure system longevity and complement the implant
communication mode.

4.2 Photovoltaic Structure and Characterization

Discrete vs. Integrated

Of primary practical importance is selecting whether to compose any PV arrays of discrete
photodiodes sourced from a commercial vendor and placed on a custom printed circuit board
(PCB) or integrate them directly above the integrated circuitry via microfabrication. One
appealing aspect of using discrete photodiodes is that the choice of the semiconductor ma-
terial(s) for the photocurrent-generating junction is no longer process-limited. This allows
the selection of photodiodes made from InGaAs, InGaP, and other materials, which could
potentially provide electron-hole pair generation efficiency above the approximate 20% limit
of Si and better match the emission spectrum of the phosphor in the abstract case (a large
difference was not evident around red wavelengths, as would be relevant for the SA-YO
phosphor). However, while the discrete method could be cost-effective from the perspec-
tive of prototype design, it imparts significant challenges, such as the need for cathode and
anode connections that will not be destroyed during the assembly process (i.e., wire-bond
connections are effectively off-limits) and the inevitable issue of board area under-utilization
contributing to optical power loss. As a result, the integrated method is far more appealing
due to its convenience, as the circuitry will need to be fabricated in an integrated fashion
anyway. This strategy additionally enables customization in the nature of the connections
between individual photodiodes (equivalent to “cells”) in the PV array, which will be dis-
cussed next.

Nonuniform Illumination

As identified in Chapter 3, the illumination provided by the radionuclide-phosphor mixture
can have a significant directional dependence according to the distribution of the radionuclide
and phosphor with respect to each other. The direct consequence of this will be that cells
in the PV array can expect to have (possibly significantly) different I-V and P-V (current-
voltage and power-voltage) characteristics due to nonuniform irradiation. This complicates
the process of designing the photodiode interconnection network, as, while higher voltage
can be achieved by connecting individual cells in series, this mandates that these cells source
the same (lowest) current, potentially placing one or more cells at a less optimal operating
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condition from a power perspective. In contrast, placing cells in parallel fixes their voltage
to be the same, allowing cells experiencing greater irradiation to produce more current, in
general. To achieve higher PV array output voltage while avoiding the scenario where many
cells are connected in series and under-utilized due to nonuniform irradiation, one strategy is
to connect cells in series with the cells surrounding them to form PV blocks, before connecting
those blocks in parallel. This allows the current within each block to match the irradiation
conditions local to it, while still allowing for a higher output voltage. Similar approaches
have been employed successfully in thermophotovoltaic and solar cell applications suffering
from nonuniform irradiation problems as well [32].

Characterization

Photodiode I-V and P-V characteristics are illustrated graphically in Figures 4.1 and 4.2.
The general photodiode I-V curve represents a modification to the typical diode I-V curve,
where a photocurrent proportional to the amount of incident light is induced in the “reverse”
direction. For characterization purposes, the definition of the direction of current flow is
flipped to reflect the intended operation of the device. Finally, the P-V curve for a given
illumination condition can be generated by simply multiplying the current by the voltage at
each point. This curve then provides the maximum power point (MPP), which can then be
located on the original I-V curve as well.

PV array optical performance will be evaluated in this fashion before and after system
assembly. Block pinouts from the chip will allow testing of the I-V characteristics of in-
dividual PV blocks with the remainder of the circuits disabled. This can be achieved by
varying the load of each block between 0 and oo € (open circuit) using a source measure
unit (SMU) and measuring the voltage across the block with the same unit or a separate
voltmeter. Before assembly, the array will be illuminated by a controlled red light source
of similar power to that produced by the radionuclide-phosphor mixture (hundreds of nW
to uW), and I-V curves will be generated under these conditions. After assembly and the
addition of the radionuclide-phosphor capsule, I-V curves can be measured directly, as the
capsule will act as the light source. This process, especially before assembly, will confirm the
design parameters for the harvester system. Evaluation following assembly should ideally
confirm the pre-assembly characterization, while identifying any nonuniform illumination
conditions.

4.3 Power Harvesting Strategies

Given that the process of converting incident radiation into useful electron-hole pairs through
a photovoltaic is typically incredibly inefficient itself (an electron-hole pair generation effi-
ciency of approximately 20% is high for Si), it is of paramount importance that the electrical
energy harvesting system is as efficient as possible.
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Figure 4.1: Increasing illumination of the photodiode lowers its I-V curve, as the photocurrent
travels in the direction opposite the nominal “forward” current.

Driving the Load Directly

The most natural first proposition for delivering the power from a PV system to any given
load would be to connect enough of the PV cells in series to match the voltage requirements
of the load and drive it directly from that. In practice, a capacitor is necessary to stabilize
the load voltage and augment the the current that can be delivered to the load, and this is
especially important given the low output current and power of the PV structure.

This strategy is depicted in Figure 4.3, in which a series connection of PV blocks is
established to satisfy the voltage requirement of the load. The main advantage of this setup
is that there is no conversion loss whatsoever (outside of wiring conduction loss), as no
converter is present in the first place! However, the maximum power point of the system is



CHAPTER 4. HARVESTER DESIGN CONSIDERATIONS 43

\]7
I A B ,4/ T PA
MPP e e - MPP
I
P=1V
> >
v v

Figure 4.2: Identifying the photocurrent as the relevant energy-generating current, the nom-
inal current direction is flipped and the I-V curve is re-examined for positive voltage and
positive current (i.e., positive power delivered to the load). Since P = IV, a P-V curve can
be derived directly from this new I-V curve, and the maximum power point (MPP) can be
located.

almost certainly not reached. Although the current at the block level might be relatively
matched, a series connection of blocks with possibly highly diverse current conditions would
necessitate that all blocks source the same (lowest) current, rendering the block localization
useless. The net effect of this is that the source efficiency falls relatively far below the
>90% achievable with active maximum power point tracking (MPPT), as would typically
be implemented with a converter. In a typical case without too much nonuniformity in the
irradiation of the cells, this would leave the source efficiency (and overall efficiency) around
something like 70%, as a very rough estimate. However, in the worst case that one cell is
sourcing significantly less current than the rest, the actual efficiency would fall far below this
value.

Ideally, given enough blocks, the interconnection of the blocks would be made somewhat
adaptive to variable illumination conditions to reduce this effect. One distinct benefit of
the fixed nature of the irradiation in this application is that the relative intensities of the
light incident on the different cells do not change to exceed or fall below each other, even if
the magnitude of the irradiation is indeed time-varying. As a result, any calibration of the
PV interconnection yielding power harvesting near the MPP prior to implantation would
continue to produce close to optimal harvesting across the lifetime of the implant. One
example of a PV structure with an adaptive, modular interconnection network is depicted in
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Figure 4.3: The PV blocks are connected in a fixed manner in order to ensure that the
voltage requirement of the load is satisfied (only three are shown here, but it more are likely
to be necessary in practice). Additional parallel connections are possible for “excess” PV
blocks to boost current; however, the total current through the structure will be limited by
the lowest current sourced from any stage.

Figure 4.4. In this structure, adjacent blocks can be placed in series or parallel with respect
to each other, allowing a broad range of connection possibilities at the cost of the addition of
three switches per block. The switch settings producing the most power would be identified
and selected through an optimization loop managed by an external controller, which would
perform I-V characterization for each collection of settings. The voltage requirement at the
load would provide an additional constraint, with some margin on that voltage necessary to
account for decay. Such a structure would effectively “bake” MPPT into the device, allowing
more optimal power harvesting without significant conversion loss.
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Figure 4.4: Adjacent PV blocks can be connected in series or parallel to maximize source
efficiency, with the MPP tracked by the same switch settings across the lifetime of the
implant. This optimization can be conducted by an external controller prior to implantation.

Full Step-Up Conversion

If the voltage and current conditions at the source are fixed, a full step-up conversion is
often necessary to meet the voltage and current requirements at the load, with the voltage
at the load typically being many times that at the source in such cases. This type of design
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Figure 4.5: With active conversion, MPPT can be implemented through the voltage step-up
ratio between the output and input. To ease this, PV blocks at the source are connected in
parallel.

is depicted in Figure 4.5, where the voltage at the input of the power converter is kept fixed
across the PV blocks by the parallel connection, which allows the current through each block

to better approximate the MPP current, since the current varies relatively little around the
MPP.

Boost Converter

The design presented in [5] is a good example of a standard inductive boost converter oper-
ating at very low power. In this application, the source is the endocochlear potential present
in the mammalian ear, which provides a useful input voltage of around 30 to 55 mV [5].
In order to power a typical ASIC from this source, the voltage must be boosted to around
0.8 to 1.1 V, representing a 37-fold increase in the worst case [5]. A switched-inductive
power converter such as the boost architecture presented in this paper can be appealing in
these circumstances and in general because the voltage conversion ratio is relatively simply
predicted for continuous operation from the switching frequency, shunt switch on-period,
and boosting inductance value. In discontinuous conduction mode (DCM), which is neces-
sary for low power operation, the load impedance must be included in the calculation as
well, and the exact modeling becomes more complicated, but the conversion ratio can still
be tuned through the switching duty cycle, defined as the product of the shunt switch on-
period and the switching frequency. As a result, if the input voltage varied with time (which
it doesn’t in the specific application explored in this paper), an MPPT feedback loop could
be implemented relatively simply through this switching duty cycle parameter.

Usually, an inductive converter is limited mainly by conduction and switching loss [5],
which allows very high efficiency to be attained when these loss modes are relatively negligible
compared to the power levels that are being transferred. Unfortunately, this is not the case
at nW-levels and below, and other loss modes become important to consider as well, such as
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transistor leakage and the switching of parasitic capacitances [5]. As a result, the end-to-end
energy conversion efficiency reported in this work is 53% at 1.2 nW of input power [5], which
is lower than for boost converters operating at more typical conditions, but comparable or
higher than the switched-capacitor converters that will be discussed next. However, the
main limiting factor for any inductive power converter potentially being used within a mm-
scale IMD is that inductors simply cannot be made this small while also ensuring reasonable
efficiency at low power. In this paper, as an example, a 47 uH inductor that is 4.8 mm x 4.8
mm X 1.8 mm is used [5]. Therefore, inductive power converters are generally not feasible
for truly mm-scale IMD designs.

Switched-Capacitor Converter

As an alternative, a relatively efficient switched-capacitor power harvester is presented in
[58] which harvests energy over a wide range (>40% efficiency between 113 pW and 1.5 pyW
of input power) by implementing discontinuous conduction at lower power levels. Charge
is transferred to the load through a programmable switched-capacitor charge pump which
achieves higher conversion ratios by multiplexing the output of an initial charge pump stage
into a final series parallel summing stage [58]. As the targeted application for this work
is low-illuminance solar cell power harvesting and the input power level is highly variable,
active MPPT is implemented through automatic modulation of the charge pump conversion
ratio, ensuring proper matching between the load (a battery operating at around 4 V) and
the input (around 0.3 V) [58].

Most importantly, this sort of converter can be integrated completely onto a chip, making
it feasible for a mm-scale IMD design. However, while this design avoids the miniaturization
issues faced by inductive designs, it is highly complex and has been distinctly optimized for
100 nW of input power, where it exhibits its maximum end-to-end efficiency of approximately
55% [58].

In all, the relatively low end-to-end efficiency that can be achieved with a strategy based
on full step-up conversion makes this strategy relatively unattractive compared to the meth-
ods eschewing active conversion that were discussed previously. The relative simplicity of
the direct approach also makes it far more appealing when contrasted with the intense de-
sign optimization needed to achieve <60% end-to-end energy conversion efficiency with a
switched-capacitor power converter.

Partial Power Processing

One last approach is that of partial, rather than full, power processing. In this approach,
the energy source is provided with a direct path for transferring power to the load, while
one or more power converters process power in a “partial” or “differential” sense in order
to control the load conditions and perform MPPT. An example of this strategy is shown in
Figure 4.6. The partial power processing method is especially applicable in typical solar cell
applications where partial shading and nonuniform irradiation are sizeable problems, and
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Figure 4.6: Partial or differential power processing can be used to set the conditions at the
load and perform MPPT, in addition to reducing conversion loss compared to the case where
all of the harvested power is processed through a converter (primarily through the fact that
less power is processed through converters to begin with). In this example, each PV block
has a direct conduction path to the load, but is placed at its MPP by the auxiliary power
converters [35].

where inductive converters normally find use [35]. Because the dominant loss mechanism in
inductive converters at higher powers is conduction loss, having each converter simply handle
less power, as is the case when each converter is only processing a partial voltage step-up, can
noticeably increase conversion efficiency. This is in keeping with the conventional wisdom
that efficiency is optimized when the voltage at the input and output of a converter are most
closely matched.

However, this approach encounters a few issues at low power levels. For one, the assump-
tion that converter efficiency will necessarily improve through reduction of the power to be
processed seems to be unfounded in almost every case. In particular, this appears to be due
to the increasing relative magnitude of leakage and parasitic loss, as well as of the power
drawn for necessary timing and control circuitry, as input power decreases. In addition,
the potential need for multiple converters is particularly unattractive from a miniaturization
perspective.

It should be noted that the design depicted in Figure 4.6 is only one possibility. It
is also possible to only perform power conversion over select PV blocks, so as to reduce
the number of converters in the design (all the way down to one). This would allow for
improved end-to-end efficiency compared to the full step-up conversion approach, as a direct
power transfer path to the output would be established, while also providing an avenue for
some form of active MPPT. Be that as it may, it appears that any strategy making use of
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active power conversion at nW-level powers will need to address, in one form or another, the
fundamental challenge of converter efficiency decreasing with decreasing input power. As a
result, a direct power transfer approach, especially one implementing some form of MPPT,
such as the adaptive design proposed previously, might still be the best option from almost
every perspective.

4.4 Sensor Integration

To demonstrate complete system integration, the eventual aim is to include an imaging sensor
as the “load” for the power source and harvesting system. The requirements for this module,
designed within the Anwar research group by Rozhan Rabbani, are specified in Table 4.1.

Table 4.1: Imaging sensor operating requirements.

Specification ‘ Value
Nominal operating voltage | 5V
Minimum operating voltage | 3.5 V
Laser current draw 37 mA
Imaging duration 100 ms
Number of laser pulses 50000
Laser pulse duty cycle 50%

Pixel array size 36 x 40
ADC 8-bit SAR
ADC clock 1 MHz

Load Capacitance

First, the current draw of the module provides information on the energy storage and current-
boosting capacitance required at the load of the harvesting system.

dV 5V-35V
_[ — - . N A — S T
C = (0.5)- (37 mA) =C 100 ms

- (4.1)

This yields that at least 1.233 mF of capacitance is required to support the current
demands of this imager. This places an immediate block on miniaturization, since such a
large capacitance can only be implemented practically at a small scale through the parallel
connection of smaller capacitances. At best, these smaller capacitances will be housed in mm-
scale packages themselves, so the entire system is limited to having at least one dimension
extend over a centimeter or more. However, research is ongoing on reducing the imager peak
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current draw by using an LED rather than a laser diode. If this could be reduced to about 1
mA, the capacitance requirement would drop to about 33 pF, which is far more achievable
at mm-scale.

Energy

Perhaps more fundamental is the calculation of the energy required for this sensor to take a
measurement.

Prin =1+ Vipin = (0.5) - (37 mA) - (3.5 V) = 64.75 mW (4.2)

Epin = PpinT = (64.75 mW) - (100 ms) = 6.475 mJ (4.3)

With, say, 100 nW of power provided by the harvesting system to the load capacitor,
this implies that measurements could theoretically be taken by this sensor every 18 hours.
Although the optimal combination of radionuclide and phosphor has not been specifically
identified just yet, an output power of 100 nW over the course of three months or more is a
realistically achievable target, as with a total optical-to-electrical harvesting efficiency of 10%
(assuming, say, 20% electron-hole pair generation efficiency and 50% harvester efficiency),
this would require 1 uW of optical power to be generated by the mixture. Of course, with a
more efficient harvester, this requirement becomes significantly relaxed as well.

It is also worth noting that this sensor is about as energy-demanding as implantable
sensors are likely to get. With just the aforementioned current reduction to 1 mA, 100 nW
of harvester output power would enable a measurement every 30 minutes, or, conversely,
allocating 18 hours to charge the load capacitor would require only 2.7 nW to be delivered
to charge it. For more energy-efficient sensors, nW-levels of power are more than sufficient
to allow robust, relatively high-frequency operation.

Data Storage and Communication

Allowing data to be collected independently and interrogated on demand by an external
agent is one of the greatest benefits that the use of independent power on an implant can
provide, as current strategies which are dependent on power that is beamed-in require that
the implant be interrogated in order for measurements to be taken.

On this sensor, there is a total of 1440 pixels, with 8 bits read out serially per pixel
from the on-chip ADC. As a result, each frame contains 11520 bits (or 1440 8-bit words) of
information, which is just under 1.5 kB. It is therefore eminently feasible to include static
random-access memory (SRAM), or even some form of non-volatile memory (NVM), to store
multiple images on the harvester chip, with only minor modifications necessary to ensure
that data can be read-in and stored properly.

Data communication can be achieved through the RF or US modalities. For RF com-
munication, ultra-wideband (UWB) pulses can enable high-bandwidth (~Mbps), low-power
communication, with per-pulse energy dissipation demonstrated to be on the order of tens of
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pJ or less in an implantable context [7, 38]. As explored heavily in the literature, the com-
munication link between an IMD and any external receiver is a highly asymmetric one that
greatly incentivizes simplifications to the transmitter design at the cost of complication in the
design of the external receiver, as the transmitter is intensely space- and power-constrained,
while the receiver has almost no such limitations [7, 38]. Due to the relatively significant
attenuation experienced by EM waves in the human body, this link asymmetry is particu-
larly salient with regards to RF communication system design within the body. As a result,
a significant amount of design effort is required to integrate and optimize an mm-scale (or
smaller) antenna and RF transmitter with the IMD ASIC, in addition to verifying commu-
nication through a tissue model [7]. In contrast, the most prominent design optimization
possibly required on the side of the external receiver is in the specific dimensions and loop
structure of the antenna, with comparatively minimal constraints to size or power [7].

The main benefit of choosing the US modality over the RF modality is that ultrasound’s
greatly reduced path loss through tissue significantly eases the design of the transmitter on
the side of the implant [44]. In addition, digital communication, which is inherently resistant
to noise and interference, is preferred in US-based systems. Specifically, the on-off keying
(OOK) and amplitude-shift keying (ASK) schemes can be used in this context [30, 49], with
the load of the implant piezoelectric transducer varying in quantized steps so as to change the
transducer reflectivity accordingly. This produces quantized steps in the wave backscattered
by the transducer in response to an incident US beam sourced from the interrogator. The
backscattered wave is then received and processed by the interrogator in turn, with data
rates on the order of kbps attainable. The transmitters for these digital schemes are fairly
straightforward to implement, as described in Chapter 1, with one or more FETs connected
in parallel to the transducer being switched “on” or “off” to set the load impedance according
to the desired modulation.

As a result, the implant piezoelectric transducer would need only to be designed to re-
flect a signal strong enough to be received accurately at the interrogator. This would allow
significant miniaturization over most of the designs currently found in the literature, which
rely on the transducer to receive power as well and therefore require it to be larger (around
1 mm?®). The core limitation to this approach compared to that of using RF communica-
tion is that the transducer simply cannot be integrated with the IMD ASIC. However, the
corresponding size penalty is potentially justified in certain physiological contexts that are
prohibitive to the use of RF communication.
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Chapter 5

Conclusion

5.1 Next Steps

As elucidated near the close of Chapter 3, it is necessary to identify the most optimal practical
combination of the preferred SA-YO phosphor with Th-227 to establish a clear path for use
of these materials as an energy source for an IMD system. Of primary concern in this case
is ensuring that the radionuclide-phosphor mixture occupies a volume that will allow the
implant in its entirety to resemble the form factor of a fiducial marker used in radiation
therapy (1 mm x 1 mm x 5 mm), while continuing to produce hundreds of nW or more of
optical power. This work will begin shortly after the time of writing, and should reinforce
the findings presented here. Practical measures will be taken to avoid some of the issues
encountered during the last experiment, including the use of centrifuge tubes with snap-on
caps and conical ends to ease the evaporation process and ensure that the entire mixture is
localized to a small volume within each container.

Once this step is completed, the work of integrating this energy source with a harvester
system with sensing and communication capabilities can be undertaken, as outlined in Chap-
ter 4. The harvester itself would be verified to operate correctly when exposed to a similar
amount of light in a controlled laboratory environment before being added to the pack-
aging of the energy source and verified in that context as well. Finally, any sensing and
communication capabilities would be tested in vitro, with in vivo experiments to follow.

5.2 Outlook

This work has demonstrated that the combination of a radionuclide with a phosphorescent
material can produce enough power to enable independent mm-scale implanted wireless
sensing over months and even years, greatly accelerating the therapeutic feedback loop for
a diverse range of applications. Critically, this solution will at once improve the quality and
quantity of the diagnostic information available to care providers, while at the same time
allowing care to become more convenient for the patient and those that care for them.



CHAPTER 5. CONCLUSION 53

This radionuclide-based approach has been explored to provide an immediate path toward
this new paradigm, but, hopefully, additional paths will make themselves apparent in the
near future. Of note in particular is the rapidly-improving state of battery technology at
mm-scale, which seems almost certain to provide a path to independent IMD power over a
lifetime of a few months (at least) in the years to come. The main limiter in the case of
batteries seems to be their self-discharge characteristics, with additional study required in
implanted conditions, where higher temperatures could adversely affect performance, among
other considerations. For rechargeable batteries, however, one straightforward method for
ensuring system longevity would be to integrate power harvesting through US or EM with
the interrogation necessary for data collection. Although this would not necessarily allow
the scaling promised by a truly long-lasting independent miniature power source, it would at
least directly address the energy storage problem faced by modern wireless power strategies
for IMDs.

Furthermore, there exists the possibility of augmenting the capabilities of a radionuclide-
based system with a miniature battery as the main energy storage module at the load.
With a radionuclide like Th-227, which can certainly provide power over many months
but sees a drop-off beyond that timescale, such an addition would effectively allow the
radionuclide, which produces the most power immediately following implantation, to provide
all or most of the power required by the sensing and communication systems during this
period. Since the diagnostic information provided by the sensor would be especially crucial
at this point — more or less directly setting the prognosis — the sensor could be operated
more frequently. As the power from the radionuclide source would naturally ebb, the battery
would incrementally “take over”, with the overall lifetime of the combined power source likely
far exceeding that capable by just one or the other by itself.

The potential of this combined approach, as well as that of simply using a radionuclide
with a longer half-life (with an accordingly higher activity), bodes well for the prospects of
the system proposed here, as well as implanted diagnostic sensing in general.
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