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Abstract

Photodynamic therapy (PDT) is a promising treatmienhumerous kinds of cancer.
A potential advantage of PDT compared to other eatreatments like radiotherapy
and chemotherapy is its selectivity. PDT is based photosensitive substance that is
administered to a patient. The substance has selagitake by cancerous tissue and
when illuminated with a certain wavelength it degs the tissue in close proximity.
Metronomic PDT is a new proposed technique fortimgapatients with cancer. For
this technique a new kind of light source is needdte purpose of this thesis is to
develop the light source needed for this technidues light source also needs to
monitor the treatment and should be controlled@owlered from the outside.

An optode chip has been developed which carriesaonvo LED’s used as light
source and up to four photodiodes. The photodiedas designed after Monte Carlo
simulations to get an indication of the amount rfident light. The readout of the
photodiodes consists of a transimpedance ampéfidran A/D converter. The LED is
driven with pulse width modulation to adjust intéys The communication is
implemented with a Radio Frequency ldentificati@echnique. The power for the
implant is provided by an inductive power link thaas designed for low power
dissipation in the coil. The power is buffered inagacitor in case the coupling of the
two coils is lost. It also allows the field to be&igkhed off during measurement. The
whole implant is controlled with a microcontrollewhich has PWM and A/D
conversion on chip.

The several devices are soldered on a flexiblegutinircuit board. The flexible PCB
was shaped in such a way that the coils for comeoation and power could be big
enough to get a reasonable coupling and was dekignean animal model. The big
part is placed on the shoulders of the rat, thedmis attached to the head of the rat.
The electronic components are encapsulated witHoalegrade silicone. The optode
chip is mounted with bond wires on the flexiblecait board and is encapsulated with
a biocompatible polymer.

The main function of the implant, illuminate a sfiecvolume with a specific
wavelength, was successfully implanted. The flueate monitoring and temperature
monitoring were also successfully implemented. Tenitoring of the amount of
photosensitizer and oxygen was not implementedekpéeriments can be done with
the current optode chip.

The total system has been successfully testeddeutise animal. The first animal test
is planned in the near future. In the future theol@lrsystem needs to be developed
further, the several discrete components on thdampeed to be implemented on
chip. A system with multiple optodes needs to bestiyped.
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1 Introduction

1.1 Medical Background

Photodynamic Therapy (PDT) is a promising treatnienhumerous kinds of cancer.
An overview of the principle of the treatment isvg in figure 1.1. The patient

receives a dose of photosensitizer or a photossgrsfire-cursor (A) that, to a degree,
preferentially localizes in the tumour becauseebécive uptake in this kind of tissue
(B). When the photosensitizer is illuminated (Cyhlight of a specific wavelength in

the presence of oxygen it produces reactive oxygpaties, notably singlet oxygen,
which leads to the destruction of the tumour. Tiachieved by direct damage to
the tumour cells, by the destruction of the vadauéaof the tumour, by activation of
the immune system or by a combination of the tkibgg1].

o 3

C D

Figure 1.1 Photodynamic Therapy; A) administratafrPhotosensitizer, B) Selective
uptake by tumour tissue, C) lllumination of tissDg,Tumour destructed. (Adapted
from [2])

A potential advantage of PDT compared to other eatreatments like radiotherapy
and chemotherapy is its selectivity. Some tumolngve selective uptake for the
photosensitizer and the light can be targetedgpegific volume. Another advantage
is the fact that when healthy tissue is damagechit recover from this, without
scaring.

1.1.1 History

The interaction between light and tissue has beeleinvestigation for a long time,
both for diagnostic and treatment purposes. Theptys and Greeks already used
light for treatment of several skin diseases. Ligased treatment in the modern era
was reported by Finsen (Nobel prize 1903) who sssfadly treated Tuberculosis and
smallpox late in the ®century. [3]

In the same period Raab, Jesionek and Von Tappsisved that the combination of
a photosensitizing agent, oxygen and light coulstrdg cells. They called the effect
the Photodynamic Effect. They were the first te tise effect to treat cancer: They
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applied eosin on the surface of the skin on basllcarcinomas (BCCs) before
illuminating the surface. They defined photodynanierapy as the dynamic

interaction between light, a photosensitizing agantl oxygen resulting in tissue
destruction.[4]

The findings were recognized all over the world the treatment did not become a
standard treatment. [5]

Clinical application of photodynamic therapy hadaait for the development of light

sources, for rediscovery of photosensitizers andjbpreciation for the photodynamic
effect.

Development in Photosensitizers

In the first experiments of the photodynamic effedsin and dyes were used.
However among the most interesting agents are parh People who suffer from
porphyria also produce them. The endogenous phwiser accumulates in many
tissues, particularly the skin. When these people exposed to sunlight the
consequence is unintentional PDT. [4]

In the 1900s Fischer (Nobel prize 1943) did a fotvork on porphyrias. During his
investigations he discovered the potency of poripByy especially hematoporphyrin
as a sensitizing agent and as a fluorescing aggnt.

In the fifties Schwartz and Lipson created a maghlly active and more refined form
of hematoporphyrin, Hematoporphyrin Derivative (HpDt was first used for
diagnostic purposes, as it was used to induce dhgence in human tumours.
However it was found that it caused tissue damagimgl ilumination and therefore
substantial photosensitization of the skin. Thid te treatment of recurrent breast
cancer with intentional PDT with HpD. [6]

From HpD Dougherty developed the first commercialailable photosensitizer:
Photofrin® . The second photosensitizer to becowadlable was another porphyrin,
Verteporfin (Visudyn&”), which has a higher activation wavelength anelirsinated
faster from the body. The third commercially aviaidaphotosensitizer was ALA (5-
aminolevulinic acid), in presence of ALA, the bodgeates an excess of natural
porphyrin, protoporphyrin IX. [4]

Several other photosensitizers have been devel@met tested. They are not
commercially available yet because they are gdinguigh the regulatory procedures
necessary for approval. In 2002 meso-tetrahydroagph chlorin (MTHPC) or
Foscan® had clinical success and was approved liapguor the treatment of head
and neck cancer. [4]

Development in lllumination sources

The first light source for unintentional PDT wa thun, but this is not useful for

intentional PDT due to its high intensity (>500n#/At sea level) and broad spectrum
and high intensity. It emits from 200 to 2500 nna anost intensive in the UV-blue

green region of the spectrum. In that region lighes not penetrate effectively in
tissue and for that reason not very applicableRDT. Red light penetrates most
effective in tissue.

The requirements for a useful light source arectgke activation wavelength, the

ability to focus on the area of interest and avwliky for an indoor treatment.

In the early days of intentional PDT, around 19@@0¢ lamps were used for

illumination. Slide projectors with filters wereaessfully used in later times.

The introduction of lasers made a big difference R®DT. Lasers have a precise
wavelength and are easy to focus efficiently imptical fibers, thus allowing internal
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organs to be illuminated. In the early 90s theserawere very large. The Argon-dye
laser was the standard and produced up to 7W digieid With beam splitters several
fibers could be used for illumination. With theroduction of the YAG/DYE laser
(3.5-7 W at 630nm) PDT gained acceptance becaeskgbr was also used for other
treatments in hospitals and looked more like a oedievice [4]

Diode lasers were the next development in the ithation for PDT. Diode lasers
(3W) are portable and require no special coolinge Eo the user-friendly interface
and relative low cost of these components PDT gbaneeptance.[4]

Clinical success of PDT also depends on the usbef optics, they have to deliver
the light from the laser to the treatment volumbe Tibers have to meet very high
demands, such as light distribution (shapes oftiff)e Not all varieties of fibers are
available, fibers are expensive and most of theennat FDA approved. But these
fibers are used in experimental studies. For corar@ense only diffusion fibers of 1
to 5cm are available. But the development in fibergoing on and they are getting
more reliable and flexible.[4]

A major disadvantage of PDT is the fact that thévation wavelength of the
photosensitizer cannot penetrate more then 1 aotisgue. This makes the treatment
selectively for superficial lesions but as a comsege PDT application is currently
limited to treatment on or just beneath the skid an the lining of internal organs
like Barrets Esophagus. But the use of interstitibérs (in large solid tumour)
overcomes this problem so we can treat the livdrpaostate for example.

Dosimetry

Apart from the illumination and the photosensitjzéosimetry is a crucial part of
successful PDT. Von Tappeinner already demonstridtedequirement for oxygen
early in the 28 century. The complex and different mechanismsestrdiction and
the need for oxygen, photosensitizer and light rmdke dosimetry complicated
Various clinical studies have shown that differenda optical properties and
uptake/synthesis of photosensitizers can leadsde variations of the delivered PDT
dose. Differences between these parameters ocduromy between individual
patients but also between tumours, and change dgaliynduring therapy. As a
consequence, monitoring of the therapy in indivichaients to determine the actual
PDT dose is essential.

1.1.2 PDT for Glioblastoma multiforme (GBM)

Glioblastoma multiforme is a very aggressive forfrbain tumour. These tumours
arise from glial cells. Symptoms are caused byttimeour invading the brain. Very
often they are found in the very late stages ofdisease. As a consequence the five-
year survival rate is 3%; this percentage has hanhged the past 30 years, despite
efforts to develop treatment strategies based dio+and chemotherapy. It is clear
that a new treatment is needed and PDT has that@it® treat GBM.

The major challenge in PDT for GBM is the low sélaty of uptake and/or retention
of photosensitizer in glial cells over gray mattefhe consequence is damage to
normal tissue and a limitation to PDT. Clinical retsl showed that at lower PDT
dose the tumour cells are more likely to be destloghan the normal cells. But the
total amount of destroyed tumour cells is loweustlhe treatment has to be repeated
everyday for a period of 2 to 3 weeks. This appnoac PDT is called metronomic
PDT. [7]
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1.2 Problem Definition

As stated earlier the development of PDT dependsngnother things on the
development of light sources. Challenges for tlagipular modality of PDT is that
the light source needs to be able to deliver a defined treatment parameters in a
resection cavity inside the brain over an exterirtbd of time. [7]

A system needs to be developed which can admimsé¢éronomic PDT: illuminate a
specific volume with a specific wavelength at reguintervals over a period of
several weeks and monitor the three main componaitsPDT, oxygen,
photosensitizer and fluence rate. The goal of phigect is to develop a prototype for
metronomic PDT. The prototype should be applicdbléaboratory rats and in the
future it should be extended to a full treatmerdteyn for GBM and possibly other
kinds of tumours.

1.3 Possible Solutions

1.3.1 Adapt the instrumentation the existing treatnent technique

The PDT treatment for GBM could be implemented gidibers and an external light
source (laser). The monitoring of the treatment ldcalso be done using optical
fibers. An impression of the treatment is giverfigure 1.2.

External Internal

Laser Beam
splitter

Photo
detector

|
Figure 1.2 Impression of current treatment techeidor photodynamic therapy

Advantage of this solution is that the technologyavailable and accepted. There are
techniques under investigation for measuring oxyd¢mrels and photosensitizer
presence.

To adapt the current approach to PDT instrumentafto repeated treatment over
extended periods of time has a number of major daaks.
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More fibers (light sources) means that the lighdtribution in tissue can be tuned
better to the treatment volume improving the tangeof the tumour. To measure the
light distribution additional fibers are needed.wéwer, most of the time the targeted
volume is not easily accessible; due to that faetd is a maximum of fibers that can
be placed.

This, combined with the fact that the activationvelangth cannot penetrate more
than 1 cm into tissue makes treatment of brain tumavith metronomic PDT very

challenging. Either the fibers need to be placeduth the skull with a very

significant risk of infection, or surgery is needfd every treatment, which is in

general terms hardly acceptable. Despite these bdiekg experiments with this

technique are being done.

1.3.2 Telemetric light source

Another option would be to use an implant thatudels a light source. This implant
needs to be able to monitor the treatment as Wed.device would be implanted after
resection of the tumour. It should be controllezhfrthe outside and should be able to
send measurement data to the outside. An impressigiven in figure 1.3.

This solution has some challenges. The device hv&® tdeveloped and needs to be
accepted by the medical world. It has to stay & blody for a considerable time,
which means that very strict rules on biocompatibhave to be addressed. Another
consequence is that battery operation is not dksiespecially because during
treatment a significant amount of power is neeaedfperiod of several weeks. It is
therefore a challenge to transfer power to a deste=p inside the body. The fluence
rate that can be achieved cannot be as high asawit#xternal source, it would draw
to much power and probably cause too much hedBingsince metronomic PDT uses
low fluence rates, a different kind of light soursgossible.

There are also a lot of advantages of the implahitisn. In principle the device can
be placed anywhere in the body. This will not caag&a inconvenience for the
patient because it can be placed when the largesbpthe tumour is removed during
surgery.

It can stay in the body for a long time, even wh@atment is over. In the case of
GBM the probability that the tumour recurs at thens place is significant [8]. If the
implant is still in place the treatment can be edpd easily.

The implant can potentially be very small if sensmtuator and electronics can be
combined on one chip, an optode. In this way séwtdes can be connected and
the target volume can be illuminated precisely. Tdi#ferent optodes can be
constructed in such a way that they can host @iffessensors. For example one
optode has a sensor for fluorescence and/or oxtigananother one for temperature
etc.

The different optodes can be connected to a maihtbat controls the optodes,
communicates with the outside world and managepaier.
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Figure 1.3 Impression of implementation of a telegimdight source system.

8

1.4 Goals of the project

The implementation of the telemetric light sourseneeded to continue research in
metronomic PDT. The system that has to be develoyidoe used in an animal
experiment, and will be designed for that purpobethe animal experiment we aim
for in this project a rat is tumours are grown witthe brain of a rats GBM. After a
certain time interval the device is implanted aretnonomic PDT treatment is given;
by repeated administration of a photosensitizer idachination using the implant.
This experiment will serves as a proof of concepustify further development of the
system. Ultimately this system will be developed the treatment of GBM in
humans.

The prototype system has the following requirements

* The system developed in this project has to be Iseradugh to fit in a
laboratory rat

* The main function of the system is the activatidnthee photosensitizer by
illuminating the tissue with a controllable amounit light for a specific
amount of time. The system should be able to refpeatreatment for a lot of
times.

* The secondary function is monitoring the treatmatheally this consists of
measuring light (reflection), oxygenation and theoant of photosensitizer
present using fluorescence.

» The implant should be controlled from the outsidd &ransmit measurement
data to the outside.

» The implant should be powered from the outside.

* The implant should be biocompatible

The development of the prototype system is donehm following way. The
implementation of the electronics is done with thse devices on a flexible circuit.
This way a short production time is ensured. Thaadight source and detectors are
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implemented/bonded on chip to ensure a small amvkndistance between light
source and detector. Predictions on light distrdsutis done using Monte Carlo
simulations and based on those the size of thectdetess determined and designed.
The electronics consist of an amplifier, micro cotlér, transponder IC and power
management. They are implemented on a flexibletstbs The antenna and the
application determine the shape of the substrdie, implantation is a rat. The
communications are done with Radio Frequency lfeation (RFID). This is a
commonly available technology and relatively easgdept to this application.

The inductive link is implemented with primary con a base plate, placed in
proximity to the animal or patient, is driven bya€$ E circuitry, this is a highly
efficient switching power amplifier. The secondarge is designed is such a way that
minimal loss occurs in the antenna to prevent hgaif the tissue.
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2 Theoretical Introduction

2.1 Photodynamic Therapy

2.1.1 Introduction

The principle of PDT can be explained in the foliogvway. The patient receives a
dose of a photosensitizer or its precursor thalipes within the tumour because of
selective uptake of this kind of tissue. When thetpsensitizer is near oxygen and is
irradiated with visible light it produces singletymen. This leads to the destruction of
the tumour tissue in the following ways: by direl@mage to the tumour, by the
destruction of the vasculature of the tumour, byvation of the immune system or

by a combination of the three. [9]

2.1.2 Photochemistry of Photodynamic Therapy

The singlet oxygen is responsible for the destounctif the tumour cells during a PDT
treatment. In figure 2.1 a Jablonski diagram iswshdn which the reaction is
presented. The photosensitizer is excited (A) hymination with the appropriate
wavelength. The photosensitizer can relax backrooirgd state under emission of a
fluorescence photon (B) or can go to a triplet #ctistate via intersystem crossing
(C). From this state it can go back to ground stater emission of a phosphorescent
photon (D) or transfer energy to other molecules lfEoxygenated environments the
energy is transferred to ground state moleculager§O, that leads to production of
singlet oxygertO,. This singlet oxygen can react with organic suties (F).

The photosensitizer can also lose its energy larmial conversion or by collisions
with other molecules (G). [9]

Singlet
excited .
state Tnplet
excited
state
M.C
I 1 F
e > 0x+S— S(O)
. . ./
i b
E l b
| I =
| A
i AN
A|B|G: D GI N 3
! : ~=70,
¥ ¥y

Ground state

Figure 2.1 A Jablonski diagram showing the variousdes of excitation and
relaxation in a photosensitizer: A) excitation,fBjorescence, C) intersystem
crossing, D) phosphorescence, E) non-radiativegfanof energy to singlet oxygen,
F) substrate oxidation by singlet oxygen, G) ing¢rconversion. (Adapted from [9])
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In the literature two types of photoreactions aesatibed, type | occurs in anoxic
environments, which involves the direct energy ¢fanfrom the triplet state to the
surrounding environment and type |l reaction whgchharacterized by the transfer of
energy to oxygen. Type |l reactions are associaigdsinglet oxygen production

2.1.3 Oxygen

Triplet oxygen is the normal form of oxygen, ittigplet because the electron spins in
the antibonding orbital are parallel, left of figu2.2. The state is given by the angular
momentum S with the following relation: 2S+1. A gléel spin is considered to have
S equal to 1 (0.5+0.5), thus state equals 3. Wherspins are opposite, S = -0.5+0.5
= 0, the state is one. When they are in this dfaég are allowed to pair, if that
happens we speak of singlet oxygen. The second st@urs when there is one
unpaired electron, S = 0.5.

Oop* G2p*

t 1 I
TCopx* T0opy* T0opx* TCopy*
T2px Topy T2px Topy

302 102

Figure 2.2 Electronspins in Oxygen, left triplefygen, right singlet oxygen. (Adapted
from [9])

Singlet oxygen is a highly reactive form of oxygéWhen triplet oxygen interacts
with an excited photosensitizer the spin of theeoubst electron inverts, which
allows the electron to pair in the antibonding-tabiThis destabilizes the molecule
and makes it highly reactive in organic substan&sglet oxygen has a lifetime
between 10 and 1Q@s in organic substances, this restricts the agtteita spherical
volume with a radius of 10nm. Thus the reactiohighly localized: in comparison,
the cell membrane is about 10nm thick.

The oxygenation of tissue is very important for higotodynamic reaction. The
oxygen consumption of the photodynamic reactioreddp highly on the fluence rate
of the light.

d['0)] _&Cy = Dopr ®=K°0)] 1)
dt E, L=

Singlet oxygen production rate (*@}] /dt ) is a function of fluence rat}, the total
PDT dose (Bp7) and the concentration of ground state oxygén][ It also depends
on Concentration (C), molar extinction coeffici¢eltand the singlet oxygen quantum
yield (®, number of singlet oxygen molecules produced petgn) of the compound.

-20 -



The production rate is linear with the fluence rateen an unlimited supply of
oxygen is assumed. For this reason a high flueate is often used in clinical
situations. This reduces the treatment time. [9]

However, data from various experiments suggestltvatr fluence rates expose the
tumour for a longer time to singlet oxygen. Duritige first seconds of treatment
oxygen levels drop dramatically to a fluence raspeahdent level, there is no
unlimited supply of oxygen. The treatment respass@so dependent on the fluence
rate. It has also been found that both tumour aadklny tissue is more damaged when
lower fluence rates are used. [10]

2.1.4 Photosensitizer

The photosensitizer has a central role in PDT adtb fulfil a lot of demands. It has
to have a high singlet oxygen quantum yield, itdset be selectively retained in
tumour tissue in high concentrations and it needsetactivated by a wavelength that
penetrates tissue effectively. In addition it hasbe non-toxic, water soluble and
cleared in a reasonable time from the body, anddisagrom the skin to avoid
photosensitivity reactions.

The most useful photosensitizers in vivo are porplsy chlorins, and
bacteriochlorins. They have high singlet oxygenmjui yield and have absorption
peaks in the red part of the spectrum. In this parte spectrum, light penetrates
relatively deep into tissue (1cm). These photoseess are planar-aromatic
molecules, which is why they absorb light in theibie spectrum. [9] All these
molecules have strong absorption around 400nm aakev absorption peaks at 630
nm (porphyrins), 650nm (chlorins) and 710 nm (baatélorins) [9]

Photofrir® is the first approved photosensitizer. It was depetl from
Hematoporphyrin Derivative (HpD) and was approvedtive FDA in 1993. It is
activated when illuminated with 630 nm and it haer successfully used against
several kinds of cancer. At the doses used Phofofibes not present systemic
toxicity and appears not to be carcinogenic or gené. Its damage to healthy tissue
is non-cumulative like radiation and chemotheraphich means that multiple or
even chronic treatments are possible. A significhiatvback of Photofrifiis that the
skin will be photosensitized for a few weeks andese sunburn could be a
complication in these weeks after treatment.[9]

Other photosensitizers that are currently used iamdstigated are the prodrug 5-
aminolevulinic acid (ALA, 630nm) and m-THPC (Fos€aB52nm). In presence of
ALA the body creates an excess of natural porphypiotoporphyrin IX. Under
normal conditions this is converted to heme, bué¢ do the excess amount the
conversion is not fast enough and the photoseesgiotoporphyrin IX stays in the
cells. It is used for PDT for superficial cancepsta 3 mm in depth. It is also used as
photo detection agent.

Foscafi only needs low light and photosensitizer dosectieve the same PDT dose
as Photofrifi. After administration it can induce photosensijivhat is usually less
than 20 days. [9]

The structure, charge and hydrophobicity of thetgéensitizer determine how it
interacts with it surroundings and where and hoig @ccumulated in cells. In theory
it should be possible to design a photosensitatomally, but this is not very realistic
due to the complex processes that can influenceh estber in-vivo. Most
photosensitizers are discovered during batch ggstivhen a reasonable structure is
found, the chemical structure will then be fineddn
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2.1.5 Light

A high selectivity of PDT can be achieved if thencentration of photosensitizer in
tumour tissue is higher than the one in healthgugs Selectivity can also be achieved
by illuminating the target volume only.

PDT dose (Bpy) is theoretically determined by the following fauta:

Dror = [ [£(A)C(a YW, g, hdtdc @

0

where €(A) molar extinction coefficient of the photosenstiz C(q,t) is the
concentration of the photosensitizél(A,q,t) the fluence rate) the activation
wavelength, t the time and g the generalized dpeatardinate. [9] This formula
assumes an infinite supply of oxygen, which isaailable in tissue.

From equation 2 it follows that PDT dose ratio begw healthy and tumour tissue is
linear with concentration ratio between healthy aurdour tissue.

In the clinical case the concentration does ndedimuch, thus the light must be
administered as specifically as possible.

The fluence rate depends highly on the penetradiothe light into tissue. Light
between 600 nm to 1300 nm penetrates relativelyirfar tissue. The absorption
coefficients of several strong absorbers in tisswe given in figure 2.3. The
penetration depth of light in tissue depends ottes¢ag and absorption phenomena.
This is further explained in subsection 2.2. Thegbeation depth is defined as the
decrease in intensity with a factor of 1/e.
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Figure 2.3 Absorption coefficient of light in ti€sudependent on wavelength and on
absorbers such as water, hemoglobin, lipids ancewdAdapted from [11])
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Photobleaching

Photobleaching is the term that describes the utggin of a photosensitizer under
the influence of singlet oxygen that occurs whemtpbensitizers are illuminated
light. The rate of destruction depends on the tipbore itself, and is determined
experimentally. It is generally measured by therel@se in fluorescence. In vivo
changes in tissue optical properties need to bentakko account if fluorescence is to
be used as a measure for the amount of photosemgitiesent. PDT damage and the
rate of photobleaching both increase with a deangdhkience rate. [12]

Another application of photobleaching could be theoval of excess photofrin®
from the skin with low-level illumination. [13]

Light sources

Currently lasers are mostly used as light sourcd’f@T. This has several reasons, it
is a highly coherent monochromatic light and casilgde fed into fibers that can be
used as delivery devices. The fibers can be guidiedigh an endoscope and the tip
can be equipped with lenses or diffusers for ogtithuamination.

2.1.6 Destructive biological reaction

In the end starvation of the tumour tissue is tlbal.gOne way to do this is by

destruction of the microvasculature and in this wtarve the tumour of oxygen and
nutrients. Other mechanisms that ultimately cawdledeath are under investigation.
Direct cell damage, damage to mitochondrion, ceimbrane and lysosomes are
thought to play a critical role in destruction ofrtour cells.

Researchers have reported that PDT also activategppresses the immune system
depending on certain variables. If controlled, tleisuld also contribute to the

effectiveness of PDT. [9]
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2.2 Light transport in tissue

2.2.1 Optical Properties

Due to the optical properties of tissue a therapemindow is defined as the part of
the spectrum where penetrates tissue relativelp edew centimetres). As seen in
figure 2.3 the window is in the range of wavelesgiftom 600 (orange/red) to 1300
nm (infrared A band).

Light simultaneously exhibits properties of both wvas and particles. As a
consequence light propagation can be describedrdingoto the classical theory -
light is considered an oscillating magnetic fieldr-according to the quantum theory.
Both are important for light propagation in tisslibe quantum theory is for example
necessary to describe the exchange of energy oremim between light and matter
and the classical theory can be used to descrébdythamics of light transport.

The intensity of light decreases rapidly in tisslue to strong absorption, only in the
therapeutic window light transport is dominated smattering and the penetration
depth can be up to 5 cm. At all wavelengths lighstrongly scattered in tissue. Due
to this multiple scattering effect the wave natafdight is suppressed (coherence is
lost) and light intensity is the only observablegmaeter. This makes analysing the
light transport in tissue using EM theory complezht Instead of using the wave
behaviour of light, the light energy can be usedntmdel light transport in tissue, in
what is called the radiation transport model. Timedel ignores interference and
polarization and uses wave and quantum propengsiditly in the fundamental
equations. The validity of this model for strongbgcattering media has been
established empirically.[11]

The propagation of light in tissue is influenced the refractive index, absorption
coefficient, scattering coefficient and the anigpyr factor. The refractive index (n) is
the fundamental property of a homogeneous mediasatiefined as:

n=— 3)

where c is the speed of light in vacuum, antthe speed of light in the medium. Of
course the energy of the wave (E ®)hand the frequency are the same as in vacuum
(v=c/n). [11]

Scattering

At a boundary between two media with different aefive indices light is redirected.

When the boundary is large compared to the beamawelength, the light is partly

reflected and a part is refractive transmitted. Tago depends on the refractive
indices of the media and the incident angle.

When the dimensions of the heterogeneity in reffradhdices are small compared to
the incident wavefront, light propagation is betlescribed in terms of the scattering
theory. This is the case when light is incidentaonorganelle in a cell. The light in a
scattering event is redirected over a range ofesng$ shown in figure 2.4
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Figure 2.4 Partially scattering of an incident way@dapted from [11])
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Figure 2.5 Left: Incident beam before scatteringry right: Beam after scattering
event. (Adapted from [11])

Scattering is quantified using the scattering csesdion. If a light beam of intensity

lo is incident on a scattering object angaiPenergy is scattered out of the incident
plane wave. This is shown in figure 2.5. The scifecross section is then:

( §) — Pscatt ( 4)

Scattering within a medium is usually characteriagth the scattering coefficiemt.
The differential cross section gives the angulatritiution of the scattered radiation.

dQS (59) (5)

A scattering event and all variables involved dreven in figure 2.6.
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Figure 2.6 Photon scattering event in tissue, thgudar distribution of the scattered
light relative to the incident light is expressedhe differential scattering cross
section. A photon travelling along the directidrs scattered in the directiafi.

(Adapted from [11])

If the scatter object is assumed to be sphericainsgtric, the differential cross
section can be described by the cosine of the dejleeers ands’, this is called the
phase function.

The fraction of light that gets scattered in fedirection, from thes direction is
described in the Scattering Phase Function (SP#9. SPF can be expressed in the
differential cross section:

A 4 dog -
p(sEB‘):a +0 dQ(SjS)

(6)

From this the average cosine of scatter is a measfiscatter that stays in the forward
direction and is defined as:

an(écgys:rsaz': 1
[, p(sB) ' amy,

g [ p(s%) s e
(7)

1 .
:mojmp(cos@) cod siwdé

where W is the fraction of the total cross section thatlu® to scatteringuf / (ua +

Hs))
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If a medium contains a uniform distribution of idieal scattering objects with a
density ofp the scattering coefficienis is defined as:

1, = po, 8)
The inverse of this coefficient is the mean frethfmetween two scattering events.

Absorption

Absorption is the transfer of energy from a photonmatter. According to the
guantum theory, molecules have energy levels qooreting to quantum states. The
molecule can excited to a higher energy level wiendifference in energy between
the two levels is equal to the photon energy.

hv = AE 9

where h is Planck constant andhe frequency. When the molecule drops to a lower
energy level, it releases the energy in the formedt, or radiation.

The absorption bands of a molecule are the freqesnicat are absorbed by a specific
molecule. There are three modes of absorptiontiooi, vibrational and electronic.
Electronic transitions occur in atoms and molecuidéisrational and rotational only
occur in molecules. Rotational levels representtit@tional state of the molecule and
correspond to wavelengths ranging from the fardRhe submillimeter region. The
vibration of a molecule can also be altered, theesponding levels are in the IR
region. [11]

Electronic levels are the most interesting hereabse this is what happens in the
photosensitizer. Electronic transitions are indulbgghotons with energies from UV
to IR regions. The electronic levels are associatéth molecular orbitals. If a
transition occurs the electron is moved from oristal to another.

The absorption of a medium can be quantified inddi@me manner as scattering, the

absorption cross sectiosy. It is the ratio between incident wave intensigyahd
absorbed powerps

o, (8)="ees (10)

lo

An absorption coefficient, for a uniform distribution of absorption particlesth a
density ofp in a medium can be defined as:

U, = po, (11)

The inverse is the mean free path between two pbeorevents.
From this the Lambert-Beer law is defined as

| =1, expE4z] (12)

which relates the transmitted intensity | with diste z in a homogeneous
medium.[11]
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2.2.2 Analytical method

Tissue has been modelled as a two-component sysgemomly positioned scatter
and absorption particles embedded in a homogeneonsnuum. The multiple
scattering is very important for the theory on tigihopagation. Because of multiple
scattering, light loses coherence rapidly in tisslibis justifies the use of the
Radiation Transport (RT) model in which coherenbparties of light are not
explicitly taken into account.

The RT model describes the flow of luminous enghygugh a medium. The medium
is characterized by the absorption coefficiggtthe scattering coefficients and the
scattering phase function (SR¥}j. ).

The intensity of light can be described with theiation transport equation:

ii| (r (t),§,t) =—(p, + 1)1 (r (t),é,t)

c, dt
# 8T [ p(s8) (1), 8§ '+ ()5

(13)

The first term left is the incident light intensitihe first term on the right is loss in
light intensity due to absorption and scatteringafithe plane, and the second term is
the increased intensity due to scattering from rottiection into the direction of the
plane. The third term is the source term.

The solution to this equation can be obtained imesd kinds of media and in
different geometries. In this case the solutiontfar scattering dominant limit is the
most interesting. The scattering dominant limg, €< us) is also known as the
diffusion limit. This situation can be described means of photons that make a
random walk through the medium, taking a series stéps of random length in
random direction. The scattering is isotropic, whimmeans that all angles are equally
likely. This is modelled with the reduced scattgricoefficientus and is related to
the scattering coefficient; and the average cosine of scagf¢t1]

M, =(1-9) 4, (14)

The photons can also be absorbed, this is deschipete absorption coefficient,.
The properties of the medium can be combined irdiffiesion constant D.

D= o (15)

3(u+(1-0) 1)

The attenuation coefficient is given by

M= 1+ (1-9) 1y (16)
The diffusion equation can be obtained with undssuaptions from the radiation
transport equation. [11]

%de(r,t):DDZ(Dd(r ) -ue,®,(rt)+Q +Q, (17)
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Solutions for this equation are only valid for cdetply diffuse fields, this requires
that the distance between source and detector rieeelsceedl/ us. The scattering
should be dominant over absorption and the tiseoald be homogenous.

2.2.3 Monte Carlo method, numerical modelling

Since analytical methods are difficult at bestrealistic RT problems a widely used
way to solve RT problems is the Monte Carlo methiddnte Carlo is a numerical
method that uses probability distributions to dmiee the results. The method
simulates the trajectory of a single photon by walitng the properties of each step of
the photon (length, direction, “weight,” etc). ThBeproperties are determined by
statistically sampling randomly distributed variedl

\ Reflection

Incident beam

medium

L
./ Deflection angle

absorption

Figure 2.7 The Monte Carlo method for a single pimgpacket.

Advantages over the diffusion approximation are¢ M& simulations do not need the
requirement thatus >> p, and accurate results can be obtained close to e®ard
boundaries. On top of that it is easily adaptethtdtilayered and three dimensionally
heterogeneous tissue.[14]

In the basic Monte Carlo model first the step sizéhe photon packet is determined,
the distance between an interaction between lighttéssue. Beer’'s law relates the
decrease in unscattered intensity of light withtdep tissue:

(L) _

= p =exp[ ~ (4, + 1) L] (18)

IO
In the Monte Carlo method this is interpreted as phobability that a photon packet

will cover a distance L without being scatterechbsorbed, the mean free path. When
L is expressed in the probability factor p we get:

-29 -



L=__P (19)
[y + 1,

Now L can be determined each step by selecting mbeu p from a uniform
distribution.

1 O<p<l1
f(p)= 20
(p) {O otherwise (20)

The average dh p with distributionf(p) is—1, thus the mean free path isik# ps) as
expected. [11]

Each photon packet has a weight that models tleetesf the absorption of tissue. For
the other computational option namely the photorteisninated according to a
probability distribution, a lot of extra computing needed to get the same results.
Each step a fraction of the photon packet is atesbrb

AW = WL (21)
Myt H

After this the deflection and the azimuthal angfetlte scattering event will be
determined. The scattering Henyey-Greenstein fanctlescribes the probability
distribution of the cosine of the deflection angled is a function of the anisotropy
factor g. The azimuthal angle is uniformly distriéd over the interval 0a2[15]

When the step size is large enough to encounteuadary, the step size is shortened
in a way that the photon packet stops at the baynd&e remaining part of the step
is used for the next step. Then the probabilityedfection at the incident angle is
determined using Fresnel's formulas. Then a randomber is sampled from the
uniform distribution, if this number is smaller th¢he probability of reflection, the
photon packet is reflected, and otherwise transuhitdccording to this and to the
remaining part of the step the location is updated.

Another possibility to handle reflections is to wed the weight proportional to the
amount reflected (transmitted part) and introduceneav photon packet on the
reflected position with the remaining weight. Thikreases computing time but
decreases variance in reflectance and transmittance

When the photon packet is going out of the tisghes is added to the resulting
reflection vector [15].

After this step this procedure is repeated overaret until the weight of the photon
packet reaches a certain threshold, absorptios.i$shown in figure 2.7 [15].
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2.3 Electronics Background

2.3.1 Photodiode

A photodiode is a device which converses light iotwrent. This is achieved using
the photoelectric effect. When photons are inciadené semiconductor, these photons
can transfer their energy to individual siliconrat For each photon that is absorbed
an electron hole pair results. This is equivalergaying that an electron is transferred
from the valence band to the conduction band. Tig condition that has to be met
is that the photon needs to have a higher eneggyttie bandgapE[16]

To detect the electron-hole pairs, the electrons the holes need to be separated
before they can recombine. In a photodiode thtorse by the built-in electric field in
the depletion region. The electrons will flow t@ th doped silicon, and the holes will
flow towards the p-doped silicon (figure 2.8). Asresult a reverse current is
generated through the diode, the photocurrent. [16]

photon

\1 n region

4
i
v

p

depletion layer

substrate

Figure 2.8 Generation of a photocurrent in a photat

The photodiode can be modelled as a current sqan@adlel to an ideal diode with its
parasitic elements. The parasitic elements of aealiare a parallel resistance Rd,
which is the zero biased parallel resistance. Nynthis is a very high resistance.
Series resistancesis the resistance of the semiconductor and is legy The last
parasitic element is {which has important performance effects. It dejseon the
area of the diode and on the voltage (the widthefdepletion region).

The photocurrent is given by equation 22,

_ I:)photoA ,7

I photo qA hc (22)

In this equation, q=1.602 10-19 C is the charg¢hefelectron, A is the area of the
photodiode, Rt is the optical power incident per unit of arkas the wavelength of

the incident light, h=6.626 10-34 J - s is Planddastanty is the quantum efficiency

of the device and ¢=2.1098 108 m/s is the speddtdfin vacuum.

Most important parameter of a photodiode is thenta efficiency, this is the

percentage of photons that effectively producetedachole pairs. This is, among
other things, influenced by the amount of absorigd within the depletion region.

The absorption coefficient of silicon depends om Wavelength of the incident light,
given by figure 2.9. As a result a photodiode hadiferent response for different
wavelengths. [16]
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Figure 2.9 Absorption coefficient of intrinsic sin

The intensity of an incident beam of photons gtecHic depth z is
I(z) = 1,67 (23)
where } is the intensity just beneath the surface amglthe absorption coefficient.

The width of the depletion region is determineddoypation 24 and the parameters
from the process from which the photodiode is made.

W:[ZUS (Vbi+VR)[Na+ Nlelz (24)
e N, N,

In this equation, W corresponds to the width ofdleletion region, ¥ is the built in
potential of the diode, e=1.602 10-19 C is the gbhanf the electron, ¥is the reverse
voltage applied to the diode,,M the concentration of acceptor impurities in fhe
side and Ny is the concentration of donor impurities in theide of the junction. With
these two equations the spectral efficiency caddtermined.

Other important parameters are dark current aneaise. Dark current is the current
that flows when no optical signal is present. Therkdcurrent is generated by
thermally excited electron hole pairs. The noiserses in a photodiode include shot
noise, thermal noise and quantum noise.
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2.3.2 Light Emitting Diode

The inverse mechanism of a photodiode is also plessiWhen a voltage over a pn
junction is applied electrons and holes are ingbcteo the depletion region where
they are minority carriers. When they recombinehwitajority carriers in a direct
band to band process, they emit a photon. The amolirphotons emitted is
proportional to the diode current. This effect @led injection electro-luminescence
and is used in a Light Emitting Diode. The spectnaiput of a LED is about 30-40
nm wide.

An important parameter of a LED is the quantumcedficy, this parameter can be
split up in two parameters, the internal quantufitiehcy and the external quantum
efficiency. The internal quantum efficiency is tifraction of the current that is
converted to photons and depends on the injecfiiiciemcy and the ratio between
radiative and non-radiative recombination. Both tbése parameters depend on
doping level and semiconductor. The external quangdficiency is the fraction of
generated photons that are emitted from the semhictior. The external quantum
efficiency is normally very low due to photon al®orn, Fresnel loss (the loss due to
the difference in refractive index, part is reflttback into the semiconductor) and
critical angle loss (when the photon has an angdatgr then the critical angle defined
by Snell’s law).

The wavelength of a LED depends on the bandgamgnas stated in formula 25.

_hc _1.24x10°
E E

] 9

A (25)

where Eis the bandgap energy in eV.

The bandgap of silicon is indirect, which makes atmmpossible to make a LED
with. The bandgap of GaAs is direct and is 1.42 leg gives a wavelength of 873
nm. To get a visible output bandgap energies betdeerand 3.1 eV are needed. For
this purpose GaAsPx can be used. With x < 0.45 it is a direct bandgayperial. At x

= 0.4 the bandgap energy is 1.9 eV which correspanith a wavelength of 652 nm.
With the advances in material science more maseniath different direct bandgap
energies became available. At this moment a widgeaf source wavelengths within
the visible spectrum is on the market.

2.3.3 Current to Voltage amplifier.

The output quantity of the photodiode is the phatasu. This current is linear with
the amount of light. It can be converted to a \gdtavith the use of a transimpedance
amplifier. Ideally the amplifier has zero input iegance because in that case the
diode is not loaded, and no voltage is across ithéed The transimpedance amplifier
can be implemented with an operational amplifieinaiggure 2.10.
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Figure 2.10 Transimpedance amplifiers with photodiattluding its parasitic
elements
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The voltage between the + and — input of the anepli§ amplified by the open-loop
gain of the amplifier resulting in a voltage at thaput. This voltage appears across
the resistor between the — input and output, resuilb a current through that resistor.
Due to the feedback the current through the feddbesistor becomes equal to the
photocurrent. If the photocurrent is a bit higheart the feedback current, a voltage
will appear over the input, due to the high inpesistance of the operational
amplifier, and the output voltage will increase. @sonsequence the feedback current
increases to the same level as the photocurredtthenvoltage over the input of the
operational amplifier goes down to zero.

The transimpedance amplifier will have low input edpnce because the voltage will
be almost zero over the input.

The output voltage will be proportional to the inpedrrent with the following
relation:

o= (26)
The feedback resistor determines the gain of thelinp Except for the gain,
important parameters of an amplifier are the nais#prtion and the bandwidth.
Noise
The noise due to amplification is determined bydperational amplifier itself and by
the feedback resistor. The noise of the operatiamgdlifier is due to several physical
processes can be described by the voltage noisétylen (V/ VHz ) and the current

noise density, (A/ VHz) in front of the operational amplifier. These sms can also
be converted to the output. At the output the curmise source is represented by:

qloi = ini (27)
the voltage noise of the operational amplifierhat déutput is equal to:

enoe = (l+ Rf C| 3 % (28)
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The noise of the resistor is thermal noise and pastsal density:

6 =J4KTR = gq (29)
where k is the Boltzman constant and T is the teatpee. This noise source is
directly measured at the output.

The total noise is added according to equatiorAB@d. assumes uncorrelated sources

€0 =\ B T B’ + B (30)

Adding a capacitor in the feedback network can cedhe total noise, this results in a
lower amplification of noise in the higher frequgnband, but decreases the
bandwidth of the amplifier [17]. If a feedback capar is used the total noise at the
output is equal to:

:1+Rf(Q+Q)Se
o¢ 1+R Cs "
__ R

1+R.C s"

(31)
qloi

Distortion

The distortion of the amplifier is clipping distmm and harmonic (weak) distortion.
The last one is usually not big and in our cage itot an issue. Clipping distortion
occurs when the output voltage should be highar tha supply voltage. This is for
example the case when the input current times minglification factor exceeds the
supply voltage, and as a consequence the outpiaigeois equal to the supply voltage.
In this case there is no linear relation betweenitput current and the output voltage.
This can be prevented by properly choosing thelfaekl resistor or increasing the
supply voltage of the operational amplifier.[18]

Bandwidth

The bandwidth of the operational amplifier is detered by the source capacitance,
the Gain-Bandwidth product of the operational afigliand the feedback network.
This is shown in equation 32 and 33.

BW = v fe fOpAmp (32)

where BW is the bandwidth of the amplifiegp£mp the Gain Bandwidth product and
fres the cut-off frequency of the feedback network ahican be calculated from:

_ 1
fFB - 27TR
f (Cfnput + Cf)

(33)

where Gyt is the diode capacitance angtke feedback capacitance that can be there
for noise reduction or stability issues [17].
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2.3.4 Microcontroller

A microcontroller is a single chip which includes laast a CPU and read-only
memory. Usually the microcontroller includes alsmng peripheral functions, such as
read/write memory, PWM, counters and AD convertéhe microcontroller executes
the program on the read only memory and can perfomerprogrammed tasks using
its peripheral devices. Compared to general-purpeseessors it runs at low
frequency, uses low power and is self-sufficientiies not require extra devices like
memory).

Analog to Digital Conversion (ADC) .
A method for analog to digital conversion is susoes approximation, whose
working principle is illustrated in figure 2.11

Clock ———— SAR
DN-l DN.2 D2 Dl DO
VRer DAC
Comparatc
V|N > S/H

Figure 2.11 Successive Approximation ADC

The input is sampled with sample and hold (S/H3uwtry. A first approximation is

made setting the Most Significant Bit (MSB) in ti8ccessive Approximation
Register (SAR). That first approximation is coneerto a voltage using the Digital to
Analog Converter (DAC) and compared to the inputage. If the DAC voltage is

smaller than the input voltage the MSB is reset #rednext bit is set in the SAR,
otherwise the MSB stays set and the next bit isisethe register. This next
approximation is compared again until all bits de¢ermined.

The accuracy of the ADC is determined by its resoty the width of the SAR n. The
value is approximated with steps ofX2". Which gives quantization errors of
maximal 0.5* ¢/2". The conversion result is according equation 34:[1

ADC=YnZ (34)

ref
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Pulse Width Modulation (PWM)

PWM on a microcontroller is usually implementedngsa counter. An output pin is
set and when the counter reaches a reference tradumutput pin is reset. The output
pin is set again when the counter reaches its maxiwvalue. The counter is reset and
the procedure is repeated. By altering the referenttage a different pulse width can
be obtained as shown in figure 2.12 [19]

l l l l l l l ref value

max value

counter value

¢ ---=-=-=---

' '
' '
v Y

— 1

|| H T7 output value

Figure 2.12 Pulse Width Modulation implementati@mng counters.
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2.4 Wireless link

2.4.1 Wireless communications

There are several ways of implementing a wirelessinsunications channel. A
commercially available technique used in many appilbns is Radio Frequency
Identification (RFID). For example, it is used inoduct tracking, public transport
systems and in passports. It is also used in ingdamevices, in animals for
identification and in humans for identification apayment in nightclubs.

There are three types of RFID communications: passiemi-passive and active . In
the active type the transponder has its own powarce and uses this to actively
broadcast a response signal. The passive and s&sivp types use backscattering or
load modulation of the RF field to do the commutiaas. Semi passive has its own
power source, but does not use it for the commtinitaPassive tags use the power
from the RF-field.

RFID can be used with several frequencies, Low uesgy (125 kHz), High
frequency (13.56 MHz), and Ultra High Frequencyd&31Hz).

In the low frequency case the downlink of the REN&tem uses On Off Keying as
modulation technique. The time between two gapthénfield determines the data.
For the Atmel demonstration kit the bit rate canchesen between RF/2 to RF/64,
which results in 64 kbit/s to 2 kbit/s.

For the uplink the primary coil voltage can be @teby the RFID transponder using
a damping stage changing the Q factor of the sergnmbil. By modulating primary
the coil voltage in this way, data communicatiopassible between the transponder
and the base station. The Atmel demonstration llatva Manchester or bi-Phase
encoding for modulating the coil voltage. The hitercan be up to 64 kbit/s.

Transponder Interface

Energy
Damping | MOD
stage X
|
_T_ Rectifier VDD
% T A GND
L Field/Gap NGAP_

Laa | detect

Figure 2.13 Transponder Interface for RFID.(Adaptezim [20])

Normally a passive transponder constantly repéatsode. The base station just has
to listen with the correct coding scheme and theecd header. If the communication
needs to be more sophisticated, the base staiiates communications by querying
for data. The corresponding tag or transpondeiegpl’his response can contain the
ID code of the tag, measurement data stored iltERRROM of the tag or data that is
supplied by a microcontroller.[20] A typical contdigation for a transponder chip is
given in figure 2.13. With a damping stage to matkilthe field and Gap detection
circuitry to detect the on-off keying modulation.
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2.4.2 Inductive Power transfer

Wireless powering can be done using inductive potransfer. This consists of a
primary coil, which produces an alternating magnéield. The secondary coil is
placed within this magnetic field and a curreninduced. The amount of current
induced depends on the magnetic field present.

Inductor

The coil is characterized by its self-Inductancéuga., which is dependent on the
dimensions and the number of turns. For severamgéies approximations are
available in literature. For a multiple layer shaolenoid the value can be
approximated with equation 35 which is given by Reaio Engineers handbook [21].

0.315°n?

=—————  [wuH 35
0 6r+98+103['u] (35)

where r is the average radius in centimeter, Blehgth of the coil in centimeter, C
the height in centimeter as shown in figure 2.14.

il
f B

<+
C

Figure 2.14 Multiple layer short solenoid.

Ideally an inductor does not have any resistangeinbthe real world the inductor has
a certain resistance. This is modelled as a seesistance R. The Q factor is a
measure for this series resistance and is deperaterthe oscillation frequency
according to the relation given in equation 36.

_ o
Q=7 (36)

wherew is the angular frequency. The resistance is atgeiadent on the frequency
because of the skin effect. The skin effect impilest current densities are higher at
the side of a conductor and low at the centre efdbnductor, this effect increases
with frequency and contributes to the resistanca aonductor. To reduce the effect
for frequencies in the range of few kHz to a few MHitz wire is used. A litz wire
consists of a number of individual insulated stsgnelhich are woven in such a way
that the current will be equally distributed ovee strands, reducing the skin effect.
For coll resistance the frequency dependent resistés modelled as an Effective
Series Resistance (ESR).
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To determine the ESR extensive analysis is nedué@da simple approximation is
given by Kendir [22] and is given by formula (37)

. '&(“ K( Nsx|Dj2(|DJf_U a7)

oD 0.262

where R is the DC resistance of the coilg I§ a factor which considers the shape of
the coil, N is the number of strands in the Litz wire, ID letdiameter of an
individual strand in meters, OD is the outer diagneadf the Litz wire and f is the

4
frequency. The last ter I(I)D;/;] is the Eddy current basis factor.

The power dissipated in the coil can be approxichagng [22]

P =i’ESR (38)
Secondary side
The secondary side of an inductive power link camiodelled like the circuit given

in figure 2.15.

ESF.

N
L1 +
—>

L, T I diode _
e ~ —|. - |Ioadl|:| R
Cre l|(;re5 Ciitter Joad.d
Vioad.de
Vind

Figure 2.15 Non-linear model of the seccﬁdary side.

The load of the secondary side is modelled agsqR the rectifying circuit is
modelled with diode P and capacitor fz;. The resonance circuit consists of the
lossy inductor L with its series resistance ESRnd the capacitor£ [22]

The secondary side can also be approximated withear model, given in figure
2.16.

ESF,,
+ T | + +
vV L2 :
2 Viz 1joCre e Vioad.a
Vind

Figure 2.16 Linear approximation of secondary side
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To justify this approximation the DC load must bansferred to a linear AC load.
The formula to approximate the AC load is giverquation 39.

1 2
E (Vload, at Vdiode) 39
I:ioad, ac Pdiode +P ( )

load

The same voltage over the coil and resonance dapaoust be maintained. The
effective ac load voltage is approximated by equmedO.

V, +V,
Voa ac: load, dc diode 40
oadae = o (40)
This model is only valid if the following relatiaa valid.
1
CLC—: I:ioad,dc (41)

res

When the linear model is not valid the various paters can be determined using
SPICE analyses. With this analysis the inducedageltcan also be determined.

With the linear and non-linear analyses the optimdilictor value can be determined,
such that it minimizes the loss in the inductod #me required induced voltage can be
calculated. From the required induced voltage threesponding magnetic field can

be calculated using equation 2.5-8.[22]

Vind

H =— " 42
ind N2n_2a22 f,uo ( )

Primary side
The primary side can be modelled using the cirslutwn in figure 2.17:

ESFk

driver @ Vi, e - |
Ll \ ’

Figure 2.17 Model of the primary side of the inawetpower link.
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The driver can be a class E driver, described @ riext paragraph. The ESR
corresponds to the losses in the primary cailequals the equivalent load of the
secondary side and is given by:

o

R =

eqgnt

(43)

N

—
[

where B equals the power delivered to the secondary 28il.[

To induce the needed voltage in the secondary ttalcurrent through the primary
coil needs to be:

i — Vind — \/ind
L1 = -
where k is the coupling coefficient, which depewdsthe geometric position of the

two coils, the number of turns and the size. Mh&smutual inductance and is given in
uH by the Radio Engineers Handbook [21] as:

(44)

M =nn,M, (45)

where 1 is the number of turns in the primary coip, the number of turns in the
secondary coil. M(uH) is given by:

M, =2.54N+/ Aa (46)

where A is the radius of the largest colil, a théius of the smallest coil and N is
depends on the relative position of the coils anthbulated in the radio engineers
handbook.[21]

If equation 37, 38 and 44 are combined equatiois #btained:

— Vind2 X 2mp{l+ K (NSX IDjz[ID\/TJ4J (47)

P =
= afk’LL, K.bc oD 0.262

If the coil is operated at a frequency where tha sifect is negligible (the second
term goes to zero) one can conclude that the leseedses when;lincreases [22].
This only valid if the operating frequency is faldw the self-resonance frequency of
the coil.
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Class E driver

A class E driver is a power efficient driver forgaven load. The class E driver is
characterized by the fact that at the switch tineeo voltage is over the switch and no
current is flowing, while the voltage over the sshitis close to zero when the current
is flowing. This minimizes the power dissipatedhe switch. [23] Figure 2.18 shows
a possible implementation.

RFC
C
|1
— [
I switct —_—
+ szitcr | . Is R
VDD = L 'p 122 Cp

Figure 2.18 Class E topology with a multi frequefaad.

While the switch is closed, current from L and (G) flows through the switch and
not to G, as a consequence of the fact that no voltagesuip over the switch.
When the switch opens, L ands Continue to supply current and, @& loaded,
increasing the voltage over the switch. When theectt k changes direction
supplies the current through, @nd L, decreasing the voltage over the switch. Whe
the voltage is diminished, the switch is closedim@nd the process starts again. The
typical waveform is given in figure 2.19.

704 oo
6.04 - - - oo
5.0

404 ... . ..

Voltage (V)
Current (A)

4964 4966 4968 4970 4972 4974 4976 4978 4980 4982
Time (us)

Figure 2.19 Simulation of class E driver, currelmtdugh and voltage over the
MOSFET.
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The component values can be calculated with thehwodelogy proposed by
Kazimierczuk [24]. First, the two resonant frequeBc(o1, woz) With its quality
factors (Q Q) are determined. When the switch is closed:

1
= 48
2 ic. (48)
_al 1
= = 49
Q== @.RG (49)
And when the switch is open,
1
= 50
Wy, [cC, (50)
\/ C,+C,
_ ol _ GG
QZ R wOZRC + C (51)

Where R is the load and the ESR of the coil.
Kazimierczuk defined A and A as the ratio between the resonant frequency
(fo=awy,/2m, f,=aw),/2mr) and the operating frequenty

A= (52)

f
A= Tp (53)

With these parameters, Kazimierszuk set up a setjoétions, which can be solved
numerically. The results were tabulated in a lookalgle, and with these results the
several component values can be calculated. [24]
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2.5 Biocompatibility

During the last century many artificial materiaigladevices have been developed that
can perform functions within the human body. Thesgerials (biomaterials) have to
keep functioning within the human body, where tlagg in contact with biological
fluids and living tissue, without causing rejecgonr adverse reactions. Devices
created form these materials are generally knowimatants or biomedical devices.
Implants are generally accepted and the most comanenorthopedic prostheses,
cardiovascular implants, neural implants, plastid aconstructive implants, dental
implants, ophthalmic implants, catheters and bladdenulators, drug dispensing
implants, general surgical systems (for examplelas. [25]

The traditional the term biocompatibility is givém materials that evoke a minimal
biological response. It suggests that a biocom|eatitaterial display only harmonious
behaviour in contact with tissue and body fluidled it does not state anything about
the effect of biological processes on the mateldhck [26] states that the real
biocompatibility “is not whether there are advemselogical reactions to a material,
but whether the material performs satisfactorily the application under
consideration”. This defined by Williams as “thaliy of a material to perform with
an appropriate host response in a specific apmitain The Williams Dictionary of
Biomaterials [27].

The appropriate host response in a specific agpitas the medical function of the
implant. Which has results in the potential beneffithe implant.

Black defines Biological performance to replace tlieaditional idea of
biocompatibility as: The interaction between matsriand living systems. Two
closely related terms are the host response: tta &md systemic response other then
the intended therapeutic response of living systeama material. And the material
response: The response of materials to living sys{@6]

Host response

Apart from the intended host response, the hostregpond to the biomaterial in a
different non-intended way. This can be local, syst or remote.

Inflammation is a local non-specific response tesue damage. It can also be
triggered by intrusion of foreign materials. Theuk from the inflammation response
can be:

» Extrusion, if the implant is in contact with epilia¢ (tissue composed of
layers of cells that line the cavities and surfagestructures throughout the
body) tissue, the response will be the formatiora gfocket continuous with
the adjacent epithelial membrane.

* Resorption, if the implant is resorbable the impkwentually resolves.

* Integration, the implant is embedded with nearlynmal tissue

* Encapsulization, the implant is encapsulated. iEhise most common case.

Local Specific response to blood vessel damage ldodd tissue damage are
respectively coagulation (thrombosis) and hemolfthisombus). This is the response
induced by PDT. The first one is acute, causeditgcddamage and/or contact with
foreign materials, and the second one is chronised by damages to the blood cells.
Another local host response is adaption to the amplFor example growth of a new
tissue layer (neointima). After insertion of thepilant clotting takes place and a fibrin
surface is formed and within 24 hours it is stallkthin a few weeks the implant is
covered with granulation tissue.
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Systemic specific host response is the immune respoThe system of cells and
mediating agents mediating this response to forergmon-self materials is called the
immune system. If something, foreign tissue ormplant, is recognized as non-self it
produces an inflammatory response called reje¢86h.

The material response, discussed in the next stdmsecan cause remote host
response. Degradation of the biomaterial can cpadicles of the biomaterial to be
transported to other parts of the body or organsrevthey can cause problems. [26]

Material response

Material effects can be swelling, fluids or ionsvas from tissue to the biomaterial,
and leaching, components of the biomaterial mowue ihe tissue. Swelling can cause
the material to exceed its stress limit, or caneeigmce static fatigue. Leaching can
cause undesirable biological reactions of the selégroduct.[26]

Other material effects can be corrosion in metaisl dissolution in ceramic materials
(for example silicone) . The biomaterial is solwedhe fluids surrounding it. This can
cause defects in the material, causing leachingfample. Dissolution depends on
material properties like composition, processingl dmal form, and on local
properties such as pH and p@n the contrary to corrosion it is not dependamt
local applied potential because these materialasctsulators. [26]

Implant life history

The implant life history is “the total combinatiaf requirements that the biomaterial
must meet to be successful in an application”. [26¢ implant life history varies
considerably from application to application andnfr patient to patient. A hip
replacement is a different problem for a 35 yearand a 70 year old. The implant
life history can be used for demand matching athegp to construct a ‘good enough’
device. Objective measures for the implant lifedrg are age (life expectancy) and
gender. [26]

In-Vitro biocompatibility tests.

In Vitro tests are necessary before implantations Idesirable that the material is
tested under circumstances that the material etesuduring operation and after
implantation. Four classes of exposure environmere distinguished for this
reason: Physiological (chemical (inorganic) andrted conditions), Biophysiological
(physiological with cell products, enzymes, proseinetc), Biological
(Biophysiological with viable, active cells), Pegitular (biological but with cells of
the immediate vicinity). In vitro tests are usuadigly carried out under the first two
classes. [26]

Encapsulation

Encapsulation of an electronic circuit is a suiablhay to make a device

biocompatible. Silicone is a suitable material baycompatible sealing of an implant.

[28] Medical grade silicone is commercially avalltand is suitable for extended

duration implantation. [29]

Studies on the effect of medical grade silicon haeen done. It was shown by
Swanson that during a 2-year implantation a weilgtrease of 0.91% was measured.
This was due to absorption of lipids. The mechdmesameters such as elongation
and tensile strength changed considerable duriagriplantation period. The data
from the experiment of Swanson also suggests thailitone is leaching during the

implantation period. [30]
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The silicone from Applied Silicone is especially aeaor long-term implantation and
meets the ISO 10993 requirements for long-term amialtion. [29]

The front-end of the implant will be encapsulatethwbiocompatible epoxy. The
epoxy does is not flexible, it is used to prevéet bondwires from breaking.
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3 Implementation of the System

3.1 General Overview

The main purpose of the system to be developedeisi¢livery of light to a specific
volume of tissue. The light source should be cdieioexternally to the body. The
number of sources would be ideally moderately lamg¢his way the targeted volume
can be illuminated in a controllable and well-detirmanner.

The secondary application is monitoring the treatim€his consists of monitoring the
temperature, the fluence rate, the concentratidhefphotosensitizer and the oxygen
level. This data has to be available for the phgsisupervising the treatment.

The system is meant for long term operation, meammore than 6 months, thus
battery operation is not desirable and the impkimuld be externally powered.
Further, the implant should be packaged in a bigairle way. The system should
be modular in a way that it can be adapted to miffetypes of PDT and different
treatment volumes.

The system consist of three main parts: the optedash deliver and monitor the
treatment, a central unit which communicates andages the power and a base
station which acts as an interface between thesyand the operator at the outside.

Implanted
Unit

Power & _L , J_ Power & aital |
Communications —I— ! —I— Communications Digital Control

External

A/D A/D
Conversion Conversion

Source Analog Source Analog
Electronics Electronics
Detector X Detector Detector

Source Source

o
T
=
5]
=%
o

Detector

Figure 3.1 Impression of the telemetric PDT system.

Figure 3.1 shows a schematic diagram of the fu#ntetric system. Two main

elements are visible in the proposed concept, nartted external unit and the

implant. The external unit should take care of citkely powering the implant and

communicating with it. The implant includes comnuation electronics to exchange
data digitally with the external unit and a digitaintrol unit. This unit is in charge of

multiple optodes, which are combinations of lightises and detectors with suitable
signal conditioning and readout electronics. Thst forototype that we describe here
should be applicable to laboratory rats. For themson, only one optode is
implemented and the optode and main unit are cosabin
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3.2 Functions of the implant

The optodes have two main functions, activatingghetosensitizer and monitoring
the treatment. In order to fulfil their first taskhe optodes need to deliver a
controllable amount of light in the activation wéusgth region of the
photosensitizer. For the second function the optuelds to monitor the three main
ingredients that are necessary for PDT: light, pbensitizer and oxygen. Other
functions of the device could be to monitor the penature and potentially pH.

3.2.1 Activation of the photosensitizer

For the activation a light source with the suitallavelength is needed. This is
obtained from Light Emitting Diodes (LED). These available in a large variety of

wavelengths, can deliver the needed optical pow&no/VN, can be obtained in chip

form, and they are moderately power efficient liglmurces. [31] Compared with

lasers the optical power is less, a few milli Wartistead of a several Watt, and the
beam is not coherent. The output spectrum is muderthen for laser, the spectral
width is about 20nm.

Micro- Veum
controller R
C
PWM output I ~* LED
Duty Cycle
<«
VDD !
V| .
ol UL
timeE

Figure 3.2 A) LED drive circuit B) PWM signal.

A micro controller drives the LED with Pulse Widthodulation as seen in figure 3.2.
The amount of light is determined by the currentotigh the LED, which is
determined by the supply voltage, the resistore/and the duty cycle of the PWM.
The last quantity is controlled by the micro cotieng and can be altered from the
outside.

3.2.2 Fluence rate

The scattered fluence can be measured by a sétotd petectors. The radiated light
is known if the radiation pattern of the LED is peoly measured. By fitting a model
of light propagation in tissue, an estimation camiade on the fluence rate absorbed
by the tissue.
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Monte Carlo simulation

A Monte Carlo simulation has been made to deterrhm& much optical power is

available at different distances from a 5 mW soufidee simulation used the input
parameters given in table I. These are parametatsate characteristic for the gray
matter in the brain.[11]

TABLE I. INPUT FOR MONTE CARLO SIMULATIONS

Transparent Brain
Layer Tissue[3]
Absorption Coefficient 0 15
(L/em)
Scattering Coefficient 0 400
(L/em)
G 1 0.9
Refractive Index 1.8 1.37
Thickness 0.00-0.04 15e8

Only gray matter was simulated and the contenthef ilood was not taken into

account. First a point source is simulated whickults in the reflection photon

probability as a function of radius. This simulatibas been repeated with different
thickness of a transparent layer between the opséodethe brain tissue, simulating
the effect of a passivation or packaging layer. Plaekaging layer was assumed
transparent because no data on the packagingusagavailable. The use of medical
grade epoxy satisfies this assumption. The resiti;m the point source are

convoluted to a round flat source with a radiu®®f1 cm. The results are plotted in
figure 3.3.

10 \ \
—flat source, no transparent layer

—flat source, 200 um transparent layer| |
—flat source, 400 um transparent layer| ]

Photonreflection (1/cm2)

n | | | | |
i 0 0.02 0.04 0.06 0.08 01 0.12

Distance (cm)

Figure 3.3 Photon reflection versus distance fraurse.
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As shown in the picture the transparent layer hasigmificant effect on the
distribution of light within tissue when the detectistance to the source is smaller
than the width of the transparent layer. At lardistances the effect is less significant.
The shape of the source is also clearly visibliénfigure.

3.2.3 Photosensitizer measurement

A property of many photosensitizers of interesthat they are fluorescent. This
means that the photosensitizer can be promotedhdtpps with a specific wavelength
to an excited state, and after a certain amouningd it will fall back to its ground
state, radiating a photon. These radiated photomsm indication of the amount of
photosensitizer and can easily be measured by t medector after the source is
switched off. A drawback of this is that the sumding tissue will influence the
measurement.

A fluorescent measurement can be implemented usiegmicrocontroller. The
fluorescent lifetime of the photosensitizer in thplet state is rather long, in the order
of a fewus [32]. Thus a fluorescent measurement can be @wihea micro controller
with a clock of a few megahertz.

Another option is to do the fluorescent measuremétiit a light filter to distinguish
between the excitation wavelength and the fluomgsaavelength. It was chosen not
to do this because the first method is easily imgleted in this configuration of the
implant. A filter can be applied in a later stadifmequired.

3.2.4 Oxygen measurement

The amount of oxygen available in tissue is a dili parameter to measure.
Differential Pathlength Spectroscopy (DPS) has bdewmeloped to this end by

Amelink et al [33]. This method uses the differemecaeflectance spectrum of two

collection fibers. One of the fibers delivers whitght and detects the reflected
spectrum, the other one detects only the reflesjgelctrum. By combining the

information coming from both spectra, we can isoldte properties of the volume
just before the first fiber. From the optical prapes of this region an indication of

oxygen level can be calculated [34].

For implementation of DPS with sufficient spectedolution a rather large amount of
wavelengths is needed. Several sources with a s:all bandwidth (1 to 2 nm)

might be used, but this poses important integratizadlenge. Quantum dots could be
used to achieve this by producing different wavglks at the same time, especially
when combined with filters on the detector. Anotbption is to place a fluorescent
dye on the optode which can be activated by a LE®Dwhich radiates a broadband
spectrum. With this last option a spectral deteig@so needed.

Other oxygen sensors are under investigation. @Gtiyreefforts are being done to

miniaturize the pO2 sensor made by TNO qualityifef. [This sensor consists of a
coating at the tip of an optical fiber. This cogtifruthenium) is excited by a blue
LED (470 nm) and under influence of O2 presentedkeited coating is deactivated
under the emission of light with a wavelength o0 60n. This light is detected with a
photodiode. [35]
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3.2.5 Temperature measurement

The measurement of temperature is a very commontitjayéo measure in medicine.
It is a good measure for local inflammation. It @so monitor the heat generated by
the treatment. If the temperature becomes too [lyperthermia), tissue can be
damaged.

A very simple way to measure the temperature, mé¢asure the voltage over a diode
at a constant current I. The temperature coefficzan be expressed by:

_dv_[k
a_dT (qnlj (54)

where q = 1.602 x 18 C is the charge of the electron, k = 1.38 ¥°0¢ kg s> K is
Boltzman Constant. This temperature coefficiengpproximately 2.0 mV/K. The
circuit in figure 3.4 could be used for a simplengerature measurement, the
‘constant’ current is determined by the digitalputvoltage (VDD), the voltage over
the diode, and the resistor R. This will give a Breaor because of the temperature
dependence of the resistor. For a resistor thedemtyre coefficient is about is 0.0001
R per Kelvin. [33]

With a reference voltage of 1.1V and a 10 bit AB@ps of

1.V

o0 =1.07mV /steg (55)

are possible. When carefully calibrated, it shduddpossible to make an appropriate
measurement of the temperature.

Micro-controller
Digital
output-
X .
ADC+ Photodiode
ADC- [ 1}
R

Figure 3.4 Temperature measurement schematic.
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3.3 Implementation of the optode

The optode should contain the sensors and actuanorelectronics capable of doing
all the functions of the implant. In figure 3.5 iampression of the optode is given.

Photodiode
Chip—form LED’s

___—Electronics

Figure 3.5 Impression of the optode.

Because a short development time is required thetrehics are not included in the
optode and are implemented with discrete componesitsad.

For actuation a LED is used, and for measuring qutiotles are used. The
measurements techniques described can all be didimeywhotodiode (fluorescence,
reflectance and temperature measurement). The @gadade of a silicon wafer as a
carrier for the LEDs and as a substrate for theqaliodes. Four different types are
made with different configurations on the amountBDs and photodiodes.

3.3.1 Photodiode design

The photodiode is designed using the DIMES 02 hipgirocess. In order to
dimension the photodiode, several steps have lad@mn.tin the first place, estimation
on how much optical power would be available at pintodiode was calculated
using Monte Carlo simulations, figure 3.3.

The photodiode is constructed from the junctiomieein the P-substrate and an N-epi
layer. The contacts were made with a deep P ddfysa highly doped P implantation
and a highly doped N implantation. If the contaats not highly doped, a Schottky
diode will be formed, and the contact will only cuet in one direction.

With the properties of the process the depletiadthvis determined and with this the
guantum efficiency is estimated using the absonptefficient of silicon from Green
et al [36]
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Given the expected quantum efficiency the sizehefhotodiode was chosen to be
160*160 um. This gives an expected photocurrent of a fewaaimperes. With the
absorption coefficient the spectral efficiency tbeen calculated for several reverse
voltages and is shown in figure 3.6.

0.24;
—0 Volt
022 . ~—1 Volt
0.2f 2 Volt
T~ [---3 Volt
0.18f
20.16
k3
)
E014
0.12f
0.1
0.08—//\
0.0855 600 650 700

Wavelength (nm)
Figure 3.6 Spectral efficiency of photodiode wighrexal reverse voltages.

The diodes have the layout given in figure 3.7

First metal

N-EPI

High doped N

High doped P

Figure 3.7 the designed photodiode.

The inner ring is for contacting the N-Epitaxiayés. The contact consists of a highly
doped N implantation with a width of 1Bn. That implantation is contacted with the
first metal (aluminium) through a ring form contagndow of 10um wide. The ring
shape is used to insure that the contact has Isxstaace.

The outer ring is the contact to the P-substrat@igh-doped P implantation is used
for contacting the first metal. The contact windewLOum wide and the implantation
and metal are 1pm wide. Again a ring is used for low contact resiste.

The shape was chosen to be octagonal to redueseitieic field in the corners and to
avoid corner breakdown. [36]
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3.3.2 Implementation of the LED

The light source will be implemented with a LEDarchip form. This LED will not
be constructed on the chip itself because the l@ndyg silicon is not of the
appropriate size and the fact that silicon is atirett bandgap semiconductor. The
LED chip has to be placed on the carrier chip. L&ips are available for several
wavelengths, small sizes (<30@) and connections configurations. Most LED chips
have a contact on top and on the bottom, but chifis both contacts on top are also
available. It was chosen to make the carrier chipmatible with both.

The LED chips are placed in a hole covered withameélthis prevents light from
penetrating directly into the silicon, and the rhetn be used as the back contact for
the LED.

The hole is made by means of the following processteps. First the rest of the
wafer is passivated using Silicon Nitride. Afteathithe wafer is patterned and the
holes are etched in Tetramethylammonium hydroxi@i®lIAH). Because of the
anisotropic etch rates of TMAH the walls of thespiesulting from the etching are
tilted with 54.7 degrees, thus the holes in theesponding mask are 64 by
640um to get the desired space to mount the LEDs. Alffiierstep the second metal is
deposited using lift off. With lift off a larger vi@ty of metals can be used, which is
useful for the through wafer contacts.

3.3.3 Contacts

To use the optode in the circuit there should betamis to the other, discrete,
components in the circuit. With normal chips thesatacts are made with bondpads
to which bondwires are bonded. These bondwiresvarg fragile, but this is not a
significant problem because the chips are protdayeithie package. In this application
the chip is the front-end of the application andéhi€lose contact to tissue. The chip
will be protected with silicone as shown in figu8e8. This silicone is flexible and
when bondwires are embedded in the silicon thegitiby that they break is high.

silicone
/\ Chip /\

substrate

bondwire

Figure 3.8 Contacting the chip with bond wires, texied with silicon

For this reason bondwires are not preferred in dpislication, and the possibility of
contacts at the bottom of the chip is investigafdtkese contacts are called through
wafer contacts. To experiment on this topic exw@atdres have been made on the
chip. For now it was chosen to embed the front@nd in an epoxy, this is rigid and
will not break the bondwires.

The proposed through wafer process is as followst pads (100m by 10Qum) are
made on the front of the wafer where the througfemeontacts have to be made, all
these pads are connected to each other. They sgcendiected when the chips are
diced. At the end of the process, the wafer isedrand on the places where the
though wafer contacts have to be made, holes ofm5By 5um are etched using
Reactive lon Etching (RIE). The RIE process stopsh® metal pads. After this step
copper, is grown from the pad (seed) using copfaimng. Because this technique is
experimental normal bondpads are also made.
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3.3.4 Lay out

There are several photodiodes on the wafer witltisga from the source ranging
from 30Qum to 120@um can be measured enabling DPS measurements.eAdlidkdes
have the same dimensions. In the different condiyoins there is room for one or two
LEDs. All the contacts have a though wafer pad (L6©100 um), and bondpads
(200um by 20Qum).

The layout with 4 photodiodes and 2 LEDs is givefigure 3.9

bibi:d

B
EER A Wi

Figure 3.9 Layout of a single optode with 4 photoldis and 2 LEDs

The total optode size is 14&® by 1450um after dicing, the blue markings are the
saw lanes. The four configurations are placed ioeth and 9 of these cells are
repeated in a 10*10mm cell given in figure 3.10c@B& metal lines are added to
make the connections between the through wafer. pads
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Figure 3.10 Cell of 10 by 10 mm with support lirfes electroplating.

These 10*10 mm cells are used in the process fateps except the second metal.
For the second metal a full wafer mask is useds Thbecause extra metal lines are

used to supply the current for the electroplatifige full wafer mask is given in figure
3.11

Figure 3.11 Full wafer mask for patterning of meal
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3.3.5 Process Flow
The process to make the optode is given in tabl€hé whole process is given in the
Appendix. A

TABLE Il. PROCESSFLOW FOR THE OPTODE
Start wafer, P-type Boron (doping level
+- 3 x 10°)

N-type epitaxial layer, Arsenic (doping
level 1x 139

Boron diffusion, deep P.

Arsenic Implantation, N+

Oxide mask for TMAH
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TMAH etch, and stripping of oxide

Create contact windows in the oxide
first metal

for

Deposition of first metal, (0.6u
Aluminium). Etch of first metal.

Oxide deposition for isolation (
second metal.

f

Apply photoresisist (green), devel
photoresists. Sputter second metal.
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Remove photoresist.
TTTT P

From this point the optode is ready. The next stgpp®n in table 1, are for creating
the through wafer contacts.

TABLE Ill. EXTRA PROCES STEPS FORHROUGH WAFER CONTACTS

Reactive lon Etch from backside, land
L 'I'I' ¥ on Oxide
Plasma Etch Oxide

Passivate sidewalls, Plasma Etch Oxide
3 n T Copperplate from TiN seed.

3.3.6 Assembly of optode

The LED’s are mounted by hand. Because the mourttiniipe LED is done after
processing in the clean room, it is possible tdailhglifferent LED’s on different
substrates, which gives flexibility in choosing thghotosensitizer and the
measurement setup. An optode can for example bppmefiwith a LED with a short
wavelength, which is capable of exciting the fllsmence of the photosensitizer in
order to measure its concentration. Another opisojust to equip it with a LED for
activating the photosensitizer.

The LED back contact is made with conductive glad ¢he front contact with a
bondwire.

The contacts to the other components are made tivitHbondwires to the flexible
backplane or by means of the flip-chip techniquemvthe though wafer contacts are
made.
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3.4 Electronics

The electronics in the implant are implemented gisiiscrete components. The main
part of the electronics is the micro controlleristieontrols the LED, has the A/D

conversion on chip and controls the communicatidiss topic is further developed

in subsection 3.4.3. The signal from the photodsodeeds to be converted to a
voltage with the help of a transimpedance amplifidre circuit for that is designed in

subsection 1.

The communications are implemented with the miontrmdler and a transponder

chip, and antenna. This is described in subsegtion

3.4.1 Transimpedance amplifier

The input of the amplifier is a current of sevemsicroamperes. The output is a
voltage between 0 and 2.7 V, the supply voltagee feedback resistor is given by
formula 26, and is dimensioned to XM

The choice of the operational amplifier dependedseveral factors. The input bias
current should be as low as possible, becauseutinent from the photodiode is very
small. This in requires a very high gain and thésedf could lead to amplifier

saturation.

The input current noise should be very low as iamplified with the feedback

resistance.

The bandwidth of the amplifier should be high,eddt 1 MHz, for the dynamics of
the fluorescence measurement.

For these reasons the OP462 was chosen, with achiaent of 360 nA, Gain

Bandwidth Product is 15 MHz and current noise < /\p#z.

Noise
The output noise due to the feedback resister #s,/4kTR =0.12u VA Hz

The noise due to the op-amp is equal te 0.4pA I/ Hzand g, =9.5nV IN Hz. If C;

iS not implemented, this gives e, =0.4uV N Hzand

e .= (1+86°99.5nVA Hi(with C = 8pF)

The total noise is dominated by the operationalldi@pcurrent noise, and is equal to

e =0.41uV N Hz.

Bandwidth
The bandwidth is given by the GBA and the inputamdance in combination with
the feedback resistor according to equations 3238nd his gives; = 19l81zand a

total bandwidth of 546 kHz.
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3.4.2 Transponder chip

For the communications a standard RFID solutiorchesen. The U3280M is a
transponder chip that is widely used in similar leapions and is used as interface
between micro controller and the communicationd [4]. The chip has its own
power supply that can also be used to power a lmwmep micro controller, but this is
insufficient for this application.

The chip also contains an EEPROM memory, whichlmmead and written to with
RFID, using the onboard bi/phase modulator. The argroan be written to with the
serial interface. Unfortunately, the serial integaof the micro controller and
transponder chip are not compatible. For that redkese two features of the chip
will not be used.

The damping stage is used for the communicatioam fthe transponder and is
controlled by the MOD-pin. The communication sigtalthe transponder will be
available on the NGAP-pin. This is an on-off keysignal.

The antenna will be a colil in the shape of the anpl The Q factor needs to be
around 40 for read and write operations. The cgihds a value of 47.3H with a Q
factor of 37.4. This requires a capacitangefC

C,=— 1 _=343F (56)
L (272t )

for a resonant frequency of 125 kHz. The resonapgtcitor is then tuned until the
coil picks up a maximal signal. It was found to38e2 nF.

3.4.3 Microcontroller

All the activity of the implant is coordinated blget microcontroller. This gives the
functional requirements of the microcontrollensEiof all the microcontroller needs
to be able to drive the LED, which is done with PWAM least two pins need to have
PWM output. The second requirement it needs tolbe @ do A/D conversion, 10
bits is enough for the temperature measurementhallishowed in subsection 3.2.5.
For communication only two digital I/O ports areeded (NGAP and MOD). One of
them needs to be able to generate an interruptatee wp the device (NGAP). The
memory needs to be sufficient to store all funaidy needed for the several
measurements and communications. Further demandsefanicrocontroller are size
and power consumption.

We chose to use the ATTiny861 as it has all thetional demands, has relatively
large memory size and small power consumption. [37]
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3.5 Inductive Power Link

The inductive power link consists of a driving citg primary coil, secondary coil
and rectifier circuit. The most critical designuss are on the secondary side. The
main factor is the loss in the secondary coil thidltcause heating of the surrounding
tissue. The power link is designed from that pahtview. The design procedure
proposed by Kendir et al is followed.[22]

Most important parameters to consider for an implare coil size, losses (heat
dissipation), and magnetic field limitations.

First the frequency of the field is chosen to b&IHz, this is a trade off between
magnetic coupling (better at high frequencies) absbrption by the skin (low at low
frequencies).

3.5.1 Secondary side

The secondary side of the system consists of andodh has the geometry given by
the implant geometry given in subsection 3.7. @tiethat can be constructed on that
area has the same area as a coil with a radiu$ @ii. The rest of the design is based
on a coil with a radius of 1.5 cm, because the rthem that kind of geometry is
available. The approximation of a multiple layeodtsolenoid is given in subsection
2.4.2. The height (C) of the coil was set to 2 mma ghe length (B) was varied
between 1 and 5 mm.

Three types of Litz wire are available, five bursdtg 14 single twisted wires with a
diameter of 0.04 mm (5*14*0.04), 10 single twisteides with a diameter of 0.05 mm
(10*0.05) and 16 single twisted wires with a diaeneif 0.04 mm (16*0.04). The last
two have the same outer diameter, and form thosetlw last one has the lowest
resistance, thus only the first one and the lastaoye considered.

All the geometries with the two kinds of lit wiregere evaluated for loss and needed
magnetic field.

The loss of different configurations of number tfasds and turns is determined
using formulas and data of Litz wires from liter&(22] and from simulations using
Spice with the circuit given in figure 2.15 fourmdghapter 2. The load resistance was
determined to be 520: the supply voltage divided by the supply currehtthe
microcontroller, amplifier and the LED’s. This is@vn in table IV.

TABLE IV. LOAD CALCULATION

device Supply current (mA) @ 2.7 V
microcontroller 0.38
amplifier (4) 2.00
LED 1.40
LED 1.40
total 5.18

The non-linear model was simulated in SPICE to rdatee the optimal resonance
capacitor value and the needed induced voltagen Fne data of the simulations the
loss and H-field are calculated, they are givefigare 3.12 and figure 3.13.
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Figure 3.12 Loss in the secondary coil for diffarkimds of litz wire as a function of
inductor value
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Figure 3.13 Needed induced H field for the diffédands of litz wire as a function of
inductor value

The 5*14*0.04 litz wire has a relatively large autBameter, thus in the same area
less turns can be constructed. From figure 3.12canesee that the loss is gets lower
for larger inductance for the 5*14*0.04 wire. Foet16*0.04 wire that is a minimum
just below 10QH.

From figure 3.13 it can be seen that the higheirtdactance the higher the H-field is
that is needed. A lower inductance is thus preterre

The 3 mm high inductor made with the 5*14*0.04 wweas chosen with an
inductance of 19.1iH and 20 turns.
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Rectifier circuit
For the rectifying circuit the circuit given in fige 3.14 is used. The diode is used to
rectify the signal, the Zenerdiode is used to pméevime rectified voltage from
exceeding the input range of the regulator. Whenwvbitage is to high, the voltage
regulator will not work. The LDO makes sure thag thutput voltage is constant at
2.7V.

| | Vout

> LDO

D Dzene
Lcoil 1 rect e I_J

Cres C:fi Iter T

Figure 3.14 Rectifier circuit at the secondary side

3.5.2 Primary side

The primary side needs to induce the magnetic fib&t is required to power the

implant. The geometry of the primary coll is latgeinduce the field over a big area.
The radius is 15 cm, further there are no othestamts.

The primary coil is made from plain copper wire.eTlire, which is used to make

coil, is very long due to the large diameter tlsisvhy the resistance would be very
high if one of the available litz wire is used.

The mutual conductance is given by equation 45 4#dit was calculated for a

distance of 5 cm. With equation 44 the needed ntimecalculated.

Class E driver.

A class E driver is used for driving the coil, tb&pacitances are calculated with the
help of the equations of 2.4.2. The MOSFET thatused is IRF330, and the
polarization inductor for supplying the current580uH. With the help of SPICE
simulations the circuit is tuned.

Three configurations are simulated with differemimary coils are simulated, one
with 7, 14 and 27 windings, respectively 5QH, 192uH, 659uH. For these values a
class E driver is simulated with the circuit giviarfigure 3.15. The circuit is tuned in
such a way that the losses in the MOSFET are mzadiThis is done by adjusting
the capacitors.

RFC
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Figure 3.15 Power coupling circuit

Practical implementation

- 66 -



The primary coil was made in base plate that vellon the bottom of the cage where
the rat will be when treated. In this plate a dacwcutout is made where the primary
coils can be placed. One for communication and fonehe powering. Two coil
holders are made which can be placed in the culdg.base plate and coil holders
are shown in figure 3.16.

360 mm

&
<

v

300 mm B 300.5 mm

A
A 4
F N
A 4

L T 18 mm ommf] [ _] o0 Lt

v

Figure 3.16 left: base plate, right: coil holderrfthe primary coils.

The three coils were made and measured with thectrspe analyzer. The
measurement data is given in table V. From the oreasents it was found that the
stray capacitance is significant. This has someeguences for thes@nd G. The
inductor value with which the capacitor values esdculated is somewhat larger,
according to formula 57

L
L =— =
W 1-afC. . L

stray

(57)
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Two coils are made, one with 7 and one with 14 wigs. The smaller one is also
made, because the smaller the coil gives a snsdtkey capacitance.

TABLE V. PROPERTIES OF
PRACTICAL PRIMARY COILS

N 14 7

L (uH) 170 44
R (Q) 1.66 0.829
C (pF) 46.1 33.9
Loew(UH) | 246 46.8

Due to this stray capacitance the self-resonaneesignificant problem. This is why
we chose for the 7-turn implementation of the coil.

Tuning the practical circuit
The capacitors of the Class E driver are implentemigh tuneable capacitors. The
circuit is given in figure 3.17. The tuneable cafmas allows simple tuning of the

primary

RFC
C
)i
Iswitct hrand
+ szitcr | . N ls R
VDD = in 'o l—ﬁ Co

Figure 3.17 Implementation of the Class-E driver

circuit. This is needed because the resonant frexyuef the secondary coil is not
exactly 1 MHz. The tuning procedure starts with sueag the resonant frequency of
the secondary side. This resonance frequency  asenput for the class E driver,
Vaitch The capacitors are then tuned until the desisdghiour, minimal loss in the
MOSFET, is accomplished. Then the supply voltageneseased until the current
through the primary coil is enough to supply thelamt; the needed induced voltage

is supplied.
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3.6 Software

An important part of the software of the microcetigr is the communication. The
Finite State machine depends highly on the chosetoqol. For that reason the
communication protocol is first described in setti®.6.1. After that the code is
described with a FSM and several flowcharts forgéeeral functions of the implant
in section 3.6.2. In section 3.6.3 the program,clwhs used to control the implant
from the PC, is described.

3.6.1 Communication protocol

The PC initiates all the communication. Several sneaments and treatments can be
done by the implant. The PC can initiate a procedwy sending a message to the
implant using the standard on-off keying procedare] the implant can answer with
Manchester encoding.

PC to micro controller uplink, On Off Keying
Time between gaps determines the value of theduiigotransmitted namely, zero or
one. The temporal parameters of this encodingigengn table VI.

TABLE VI. TIMING FOR ON OFF KEYING

Symbol Typical Times) | Length @ 200kHz (cycles)
0 80 16
1 324 64
gap 276 55

The data is fed through the transponder gap deieciit to the NGAP pin.

The uplink is implemented by generating an interrop pin change of NGAP and
generating a counter interrupt 64 cycles afterangk of NGAP. The stop condition
is when NGAP is one for more then 64 clock cycléss is shown in figure 3.18.

:/ Start condition Stop condition\ |
] ]
! 1

I

) )
RF Field - '— 1 — 1 —0— 1 — 1 —0 —0 —0 — >64 cycles!
1

Figure 3.18 On-Off Keying.

Every time there is a pin change on NGAP the proced figure 3.19 is evaluated.
When the start condition is met, NGAP is zero fo first time, the microcontroller
goes to send state and the counter is started. WhieeNGAP changes to 1, the
counter is reset. When it the value is 0 againameunt of time passed is evaluated
and the symbol is stored in the memory. When the tbetween two gaps was not
within a range that corresponds with a symbol theraaontroller goes to an error
state.

The stop condition is monitored by the counterrmiet at 64 cycles. When the stop
condition is met, the instruction is evaluated.
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1 NGAP 0 \

\ 4

count = countervalue

v

1 State == senc 0

/ N\

1\ 16=<count=<3z ~ 0 State = recieve,
turn on counter

\ 4
1\ 48=<count=<6</ 0

) 4 \ 4
Shift 0 to instructio Shift 1 to instructio State = Errc

Figure 3.19 Flowchart of the NGAP-interrupt proceelu

Microcontroller to PC downlink, Manchester Encoding

The data stream is generated on the MOD chip ofttaesponder chip and is
Manchester encoded. The data is encoded in thenolyy matter, in the middle of the
clock cycle an edge in the data signal is madeysitipe edge in the data stream is
associated with a one and a negative edge in tlaestt@am is associated with a zero.
This is shown in figure 3.20.

clock Juuduygoyit

Data

1 o o 1 0 1 1 0 1 O

Encoded data stream _f r_l I_I_I | | |

Figure 3.20 Manchester Encoding

The downlink has a speed of 125/32 kbit/s, thia istandard for RFID. One clock
cycle is thus 0.256 ms. The value of the data streeeds to be updated every half
clock cycle, every 0.128 ms. On the positive edgghe clock cycle the encoded data
stream is updated with the inverse of the data,anthe negative edge the encoded
data stream is updated with the value of the data.

A normal RFID transponder chip constantly sendsitsucode in to the atmosphere
when it is within the field. The code contains adber, and if the header is known by
a base station the code can be obtained by thatdbaison by listening.

Thus to send a message from the microcontrolléngéd®C the message has to be sent
several times to make sure that the PC listens whiemessage is send. A repetition
of 15 times was enough in the experiments that wene.

The procedure is implemented according the flowtahaigure 3.21.
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Count=7

Startcounter @ 125 KHz

A 4

0 Sendcount<1 1
Stop counter Bytenumber = 1
End Reply = OXE6
\ 4
1 Bytenumber <eplylengtt 0

A\ 4 A\ 4

1 counter<l€ 0 Sendcount++

A\ 4

MOD = reply(count)
Reset counter

v

1 counter<le¢ 0

A 4

Reset counter
Count--

MOD = reply(count)

A 4

1 Count = OxFF

A 4
Count=7
Reply = answer[bytenumber]
Bytenumber++

Figure 3.21 Flowchart of the Manchester Encodergadure

The message that has to be sent is in the vamasieer. The length of this variable is
stored in the variable replylength. Every half eycl6 cycles of a 125kHz clock, the
MOD output is updated. The variable count countscivibits are sent. After a byte

has been sent the count is reset and the nexidlgtaded. When all bytes are sent the

sendcount is updated and the message is senduagdim is sent 15 times.
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Protocol

PC initiates action by sending 4 bytes with indinnrs to the microcontroller. This
message concludes with a parity bit. If the ingtamcis correctly received (parity
check), the microcontroller answers by sending akndwledge byte. After the
Acknowledge byte has been sent the UC performsnisteuction. If the instruction
has measurement results, these are stored in tm@mef the microcontroller. These
results can be downloaded with a special instractiead result.

An instruction consists of a procedure (4 bitsyapaeter TIME (1 byte), parameter
AMOUNT (1 byte), INTENSITY (1 byte), 3 bits 0, paribit as shown in table VII.

TABLE VII. INSTRUCTION

bit 31-28 27-20| 19-12 | 11-4 3-1 0
content ProcedureTime | Amount Intensity| O parity

The procedures are defined as in table VIII

TABLE VIIl. PROCEDURES

0000 | LED1 on with INTENSITY for TIME unit time, dAMOUNT of reflection
measurements

0001 | LED 2 on with INTENSITY for TIME unit time, dAMOUNT of reflection
measurements

0010 | Fluorescence measurement

0011 | Temperature measurement

0100 | LED1 and LED2 on with INTENSITY for TIME uniime, do AMOUNT of
reflection measurements

0101 | Tune measurement

1111 | Read result

The micro controller acknowledges the instructiomew received correctly or
acknowledges a data request with the data, elgeves a not acknowledge. A not
acknowledge can have three reasons:
* timing error: the time between two gaps was nothwita range that
corresponds with a symbol or the gap was too long.
» Parity error: The last bit is not correct with tlest of the message
» Instruction error: The message was received cqrhbedtthe procedure does
not exist

The reply is constructed as in the table IX.
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TABLE IX. MICROCONTROLLER REPLY

Header Ack/nack | Procedure Previous |Data |data | Checksum
procedure length
8 bit | 4 bit 4 bit 8 bit 8 bit | n*8 |8 bit
bit

Acknowledge| E6 F Procedure Checksum
no data
Acknowledge| E6 F F Previous|Data |data | Checksum
with data Procedure length
Timing error | E6 0 0 Checksum
Parity Error | E6 A procedure Checksum
Instruction E6 A procedure Checksum
error

The possible communication scenarios are giveabletX.

TABLE X. COMMUNICATION SCENARIOS

PC Microcontroller answer
Correct instruction: 1-12-FF-04-0 E6-F-1
Timing error 1-12-FF-04-0 E6-0-0
Parity error 1-12-FF-04-1 EG6-A-1
Instruction error 5-12-FF-04-1 EG6-A-5
Data request F-00-00-00-0 E6-F-F-0X-04-XX-XX-XX-Xefrecksum

The first instruction means that LED 2 needs t@bevith an intensity of 18/255, for
255 times the time unit and 4 reflection measuremenll be done.
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3.6.2 Micro controller software.
The software of the microcontroller is written ating to the finite state machine
given in figure 3.22.

v v
IDLE
0

Start conditio

A 4

RECEIVE Invalid Bit R ERROR
1 g 2
Valid datz Invalid Dat: Stop conditiol
A\ 4 A\ 4
SEND ACK (+ SEND NACK
data) 4
3
Ack sen Nack Ser

Perform Action
5

Action dont

Figure 3.22 FSM of the program in the microconteoll

When the microcontroller is introduced to a magnéild, the microcontroller is
switched on and is in the IDLE state. When the NG of the microcontroller is
pulled low, the start condition, a message willéeeived. The microcontroller gets to
state 1, in this state it receives the messageadiogpoto the procedure given in figure
3.19. From here an error can occur due to timirigt€ds2). When the complete
message is received, the stop condition is giveBAR low for more the 64 clock
cycles) and the message is interpreted. The messageither be valid (go to state 3)
or invalid (state 4). When in the error state ttog £ondition will cause a transition to
state 4. In state 2 an acknowledge is sent and tatie an action is performed which
was in the received message (state 5). After theoracis performed the
microcontroller returns to the idle state. Afterethnot Acknowledge the
microcontroller returns to the idle state as well.

For the several functions: treatment with reflectioneasurement, temperature
measurement, fluorescence measurement and thenteasurement the following
procedures are implemented and described in theniolg subsections.
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Treatment with reflection measurement

This procedure has three input parameters: thettime.ED needs to be on (variable
time), the intensity (variable intensity) and thmaaunt of measurements to be done
(variable amount). The intensity and time are adlgd by the method LED_on. The
measurements are done with a standard intervabflarADClInterval) that is equal
to the treatment time divided by the number of meaments.

The intensity is equal to the duty cycle of the PWiput (variable PWMcompare).
The method has the following procedure: every timberval an interrupt is generated,
in this case the time interval equals four secofith& implant is used for long low
dose treatments, thus a minimum length of four seésds acceptable.

In the interrupt handler the treatment time is updgvariable LEDonTime), then it is
determined whether it is time for a measurementigisle ADCTime). When this is
the case an AD conversion is done and the ADCTangpdated. When the time for
the treatment has passed, the procedure is teedinglbe flowchart is given in figure
3.23.

ADClnterval = time/amount
ADCTime = ADClnterval/2
PWMcompare = intensity

Generate interrupt every 4 seconds
LEDonTime =0

A 4

LEDONTime < time
0 1

) 4
LEDONTime ++

[®X

4 second interru

A 4

LEDONTime ==
ADCTime
1 0

A

ADCTtime = ADCTime + ADClInterval
ADConversiol

End

Figure 3.23 Flowchart ofreatmentand reflection measurement procedures
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Temperature measurement

The temperature measurement uses one photodiottarsslucer. This photodiode
needs to be connected in different way from thelsanfiguration for light intensity
measurement. Since this photodiode will alternatevben the two functions, a switch
is used as it is sketched in figure 3.24:

Digital 1/0 port N l 0 ,_Rf_|
L1 <

1 > Vout
+
1

A
Figure 3.24 Circuit for temperature measurement egftection measurement

When the digital output port is set, the switchnidemperature mode, which allows
measuring the temperature dependent voltage oeeptibtodiode. When the digital

output port is switched to zero, the port acts asugd and the reflectance

measurement can be done. The flowchart of the teahype measurement procedure
is given in figure 3.25.

Set Temperature measurement pin
Initialize ADC

Differential AD Conversion(s)

Clear Temperature measurement pin

Figure 3.25 Flowchart Temperature measurements.

Fluorescence measurement
For the fluorescent measurement the LED has toniteheed on in order to provide
the excitation and then switched off to preventiutlsance of the measurement.
Within a few microseconds the ADC needs to samptkleold the voltage that is at
the output of the amplifier.
When the ADC is auto-triggered the sample and haltltake place exactly two
clock cycles after the triggering event. The ADGe#l is 125 kHz, thus a clock cycle
takes 8us.
To get a sample and hold within & of switch off of the LED the following
procedure is used.

» ADC triggered on Timer/Counterl Overflow

* Settimer 1 on 8MHz, period 125 ns

e Set TOP value to 256 (32us)

 Set COMPARE value to 128 — x, time between turnaoffl measurement is

X*125ns.

The timing diagram is then given by figure 3.26:
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Counter [0 256] 0 126] | 128 756

ADC trigger

LED

Compare match
ADC sample&hold

32us 37.75Qs
48us
Figure 3.26 Timing diagram for the fluorescent meament

The ADC is triggered on a positive edge on thegergsignal. If another positive edge
occurs during the conversion this edge will be rgdo

This procedure can be repeated for several valugswhich allows a time resolved
measurement of the fluorescence of the tissue.

Tune measurement

The tune measurement does 10 ADC conversions oR@&P pin. The voltage on
this pin is an indication of how well the commurtioa coils are coupled. When
communication is possible, the communication cafirtgetuned with this method.

3.6.3 PC interface

The PC interface is implemented with the developgnkénfor RFID from ATMEL,
TMEB 8704. This kit comes with a board, antenna atahdard software package
which controls the board via the serial interfacéhe software is just for
demonstrating purposes thus a java program isenritt control the board in a direct
way. This java program is written to translate thstructions from the user the
instructions for the development board, in suchay what the correct messages are
sent. The flowchart of the program is given in fig3.27.

Inititialize

\ 4
Menu

code
\ 4

WriteUC(code)

ReadUC

Figure 3.27 Flowchart of the PC Interface program
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At start up the serial port is initialised in thetialise procedure. The main part of the
program is a menu in which the user can seledlifferent procedures:

» Therapeutic illumination with reflection measurerngen

» Temperature measurement

* Fluorescence measurement

* Read last results

* Tune measurement
When a procedure is selected additional informatieeded for the procedure is
obtained. The procedure and variables are trauslatto the instruction for the
implant and is written to the serial port with tiheethod writeUC2. When an
instruction is send to the implant, a reply is etpd. To get the information the
implant must be ‘read’ this is done directly aftee sending of the instruction with
the method readUC.
Besides this structure the method dataAvailablestzonly monitors the serial port for
data from the serial port.
The three mentioned methods are described in tkiesnbsections.
After the data is received the field is turned odfreduce the amount of interference
during a measurement. The program is halted darittgatment until the treatment is
over. The field will be turned on again when therusishes to write a new command
to the implant.

WriteUC
The writeUC2 method adds instructions for the depelent board. The protocol is
given in table XI.

TABLE XI. PROTOCOL OF THE WRITE COMMAND

Byte 1 Byte 2 Byte 3-4| Byte 5-6 Byte 7-8 Byte ¢ 8y0.. X
Function | Number of Gap Zero One Number Code
code Bytes time Time Time of bits

The function code (write, 80), the zero time, tine dime and the gap time (for on-off
keying), the total number of bytes in the messagkthe number of bits in the code
that has to be written. This information is heetdgdhe development board to send
the instruction to the implant.

ReadUC

The development board only listens to (reads) aspander when it is asked to do
that. When data is expected, after a write comnfancexample, the development
board is asked read the transponder. The protocthé read request is given in table
XII.

TABLE XIl PROTOCOL OF THE READ COMMAND

Byte Byte Byte Byte Byte Byte Byte Byte Byte
1 2-3 4-5 6-7 8-9 10-11 | 10-12 14 15
function| TS TS TL TL TT 1T Header| code
code min max min max min max type

This instruction consists of the function code (Q@g half a clock cycle time (TS),
the full clock cycle time (TL), time-out time (TT)he header (E6) and the type of
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coding used (bi-Phase or Manchester). The infoonas used to let the development
board listen to the implant. When data is receiviee data is put on the serial port by
the development board.

dataAvailable

The program constantly listens to the serial pAg.soon as data is available the
method dataAvailable receives the whole messagee Tlowchart of the
dataAvailable procedure is given in figure 3.28

Output = readbuffer

\ 4

kMessageComple)xg

Output(0..4) =

0000 08XX else
error ack

A 4
D

Message = output + messagg

A 4

Message.length=
answerlengt

A 4

Display error code InterpretMessage
Display message

A 4
MessageComplete = (

Figure 3.28 Flowchart of the Method that implemehtsreceiving of the data from
the serial port

The data is available in the readbuffer. The lerudtthe message is stored in the first
received bytes of the message. When the whole gessanot received yet, a flag is

put up (messageComplete) and the program wait$ tinatirest of the message is

available before it starts to interpret the mess#éfgen the whole message is received
it is interpreted and displayed on the screen.
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3.7 Biocompatibility

The shape and the encapsulation material are th& mmportant issues for the

biocompatibility of the implant. A laboratory ra not a big animal and preferably the
rat has to be able to move during treatment tinoe. this reason, a flexible circuit

board is used. Because the head of the rat isigatrtmugh to host the implant, the
shape in figure 3.29 is chosen. The dimensiongjiasn in figure 3.32. The optode is
on the end of the ‘wire’ and is fixed to the hedtle big part with the electronics is
placed on the shoulders of the rat.

/An-alog

electronic

coil

optode

D

Micro
controller

Commu-

Qcation:

Figure 3.29 Shape of the implant

The big part is designed in such a way that it fodeh in the direction of the dashed
lines. The small part is also flexible. To test #iwee, experiments are done with dead
animals as shown in figure 3.30.

Figure 3.30 Testing the shape of the implant

The flexible substrate is made of polyimide, whisha biocompatible material, and
has been used in implants before [38]. But thetlrics are on top of the substrate
and the tissue needs to be protected from therefecs too. Further more, the
electronics cannot work if in contact with the tiss
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Implant grade silicone is used to encapsulate tiant. [29] The encapsulation of
the optode itself is done with a biocompatible gpdpotek 301. The epoxy is more
rigid which is desired for the fragile wire bonddup. The silicone is used for the rest
of the implant because it is flexible and allows tmplant to bend with the movement
f the animal.

3.8 Implant Layout

The lay out is made according to the schematicchvitonsists of all the separate

circuits presented in the chapter. A double lay@ard is used, with a substrate of 1
mil thick, and stiffeners of 2 mills thick. Theseeaneeded to make the connections to
the electronics robust. The traces are all 260 wide and are orthogonal on the

bending direction to improve flexibility. The padse made of bondable gold, thus the
optode chip can be mounted directly on the flex#bstrate. The layout is given in

figure 3.31

JGK2
O N\
R o k\.A
® o wmmm amplifier

A Stiching holes

Micro controller X

\
i ° ° Transponder chip

':‘ - ‘4. 4
O,I h‘v IL‘_IJ' Optode

W

Figure 3.31 Layout of the implant

On the right the optode is placed, on the bottom i@ left are the amplifier, micro
controller and transponder chip are placed. Thetrackes are on top, and the blue
traces on the bottom. A ground plane is not usedumse it reduces the flexibility of
the substrate. The bending lines are clearly \asilbhe electronics are supported by
the stiffeners, as can be seen in figure 3.32. dilmeensions of the implant are also
given in this figure.
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| 22.25mm | 27.875mm |

38.25mm

Figure 3.32 Layout of the implant with stiffeners

Multiple fixation rings are implemented in the dgsito attach the device to the
anatomy of the rat using stitches and bone cement.
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4 Results
4.1 Optode

The Optode was made in the DIMES facility. The ymetin figure 4.1 shows the
optode during processing after the fabrication hd holes for the LEDs and the
photodiodes and the first metal.

Figure 4.1 Picture taken from the optode during tieenufacturing process.

As it can be seen in the figure the holes for tiieD& are deep, the bottom is
completely out of focus. In this picture the secamgtal is not deposited yet.

The picture also shows the ground line is veryelkosthe LED holes. This was not an
optimal design choice. It would have been bettehé& ground line were at a larger
distance from the holes. Potentially it is the eaaétwo problems; as shown in the
picture the holes affect the flow of the photoresisring spinning on the resist to
define the second metal. This gives problems whenchip is not in the left part of

the chip. When on the right part, the ground lind photodiodes are not covered with
photoresist and the chip becomes useless. The pthblem that could occur was

under etching during etching the hole. Both proldemre shown in figure 4.2.

Photoresist

spinning
Location of direction. Metal layer 1 ~_
chip in \. Oxide Maskh
figure 4.1 > f ' Intended TMAH etc "/
ol Substrate

Bad photo Under etc ’

resist

coverage.

Figure 4.2 Left: the holes affect the photo res@hning. Right: under etching
during the etching of holes.
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The wire was placed there for LED contacting reastme front contact of the LED is
connected with a bondwire to bondpads that ar&enbig empty spot in the middle.
This could also go directly to the correct bondpaidthe time of designing this was
not carefully considered. Also a different kindomintacting which is more robust was
under investigation.

4.1.1 Photodiode

The photodiode is characterized with the currentdlage characteristic of several
photodiodes on different chips. A voltage was aggplover the photodiode with the
Delta Elektronika E018-0.6D power supply. This agk was measured using the HP
34401 multimeter. After this the current was alseasured with this multimeter. The
resulting curves and is given in figure 4.3.

100 /
80 -
< 60 -
=
o
5 40
O
20
T T ¢ b [ 4 'y ® Y @& “'__/‘ 'W!l T T |
12 -10 -8 -6 -4 -2 2 4 6
-20 -
Voltage (V)

Figure 4.3 Current to voltage characteristic of thieotodiodes.

From this curve two important parameters can berdehed, the serial and parallel
resistance of the diode. The serial resistancebeatetermined form the slope of the
curve when a high positive voltage is applied. Theve will be linear in that part
because the resistance of the diode will be ndigigcompared to the serial
resistance. From the slope of the forward polanmaa series resistance of 30 ohms
was found. If we zoom in to the reverse currengeethe graph given in figure 4.4.

-84 -



-12 -10 -8 -6 -4 -2 ; w D
m -0.5 A
—e
L 2 1
[ |
— g
E, = 15
‘5 *
_ 2
jun z
O ] *
P -2.5 A
L 2 3
35
Voltage (V)

Figure 4.4 Reverse current of the photodiode

From the slope in this figure a parallel resistan€e€8.5 kOhm can be concluded.
Under normal conditions a very high parallel resise is expected, well over 1
MegaOhm. A closer look at the design of the phatdeiis needed to explain this
unusual low parallel resistance. This can be erpthusing the figure in figure 4.5.

Implanted high doped N\

N-Epi layer

Contact metal

~ Implanted high doped P

—— Diffused deep-P

P-Substrate

Figure 4.5 Contacts of the photodiode

The contact to the P-substrate was made using @ Bediffusion. This region not
only diffuses vertically but also horizontally. Bhcaused the P region to have not
only ohmic contact with the P contact window butoalvith the N window. This
ohmic contact is thought to be source of a lowentaxpected the parallel resistance.
The solution to this problem is making the distabe¢ween the contacting metals
larger.

-85 -



4.1.2 Light Emitting Diode
Several LED chips were obtained and mounted ircéwity for the LED. Two types
of LEDs were placed, with both contacts on the tfronwith one contact on the back
and one on the front. The ones with a backcontasewnounted with conductive
glue. In this way the backcontact was connectethéorest of the chip. The front
contact was made using a bond wire. For the LEPsith both contacts on the
front, both contacts were made with a bondwiresTdain be seen on SEM photograph
shown in figure 4.6.

:

Magn D[: WD Exp |—| 1mm

(5 SE 87 1

Figure 4.6 LED mounted in the cavity
In the picture the LED is directly connected to tasing of the chip.

4.1.3 Contacts
The contacting to the implant is implemented withmal bondwires. This due to the

fact that the through wafer interconnect is stildar investigation. The connections
are shown also in figure 4.6. The bond wires amegted with a biocompatible
epoxy. This is shown in figure 4.7.

Figure 4.7 Optode mounted on the flexible PCB, gutatd with epoxy

4.2 Results Electronics
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4.2.1 Transimpedance amplifier
The transimpedance amplifier was tested and sieulils¢parately from the implant.
The simulations were done using SPICE softwarethagractical setup is shown in

figure 4.8.
+ —_—
Vin Cq >H+

]
]

——e
2y
A

|—°.O<

Figure 4.8 Measurement setup for the transimpedanaglifier.

The source resistance was 683 kOhm and the sowmpacitor was 3.3 pF. A
measurement with and one without the compensatesistor was done. The
compensation resistor was also 683 kOhm. The apeehtamplifier was supplied
with a Delta Elektronika power supply E 060-0.6.eTimput was made using the
Norton-Thevenin equivalent and was supplied by daDElektronika dual power
supply E 018-0.6D. The input voltage was variesvben 100 mV and -1V that
corresponds to an input current between 0 andiA.4The input and output voltage
were measured on the Tektronix TDS 2012 oscilloscdfhe results for the DC
analyses are shown in figure 4.9.

Practical, meas

Simulation

output Voltage (mV)

Practical without bias compensation
resistor
— Simulation without bias compensation

resistor
T T G 1 1 T T T T T T 1

-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
input current (UA)

Figure 4.9 DC analyses of the transimpedance araplif

As shown in the figure the input bias current 0@ 3&\ has a significant influence on

the result. The compensation resistor for this wdad a resistor on the positive input
of the operational amplifier that is equal to therghlel resistance of the feedback
resistance and the input resistance. The compensedsistor in this case was not
chosen correctly which is the cause of the offs¢he graph.

Due to the fact that the parallel resistance ofghetodiode is very low, the input

resistance is very low. As a consequence the offisete influence is much less then
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with a diode with high parallel impedance. The D&h&viour of this implementation
of the transimpedance amplifier is good enoughtliig prototype. But in a later
design when the parallel resistance is high, a emsgtion resistor is necessary to
prevent a large offset.

The AC behaviour of the transimpedance amplifiaswalso investigated. Again the
simulations were done using SPICE software. A simsktup was used as in the DC
analyses. In this case the input voltage was am380ptp sine wave with —180mV
offset. In the feedback network a capacitor waseddd have a stabile amplification
without resonant peaks. The Agilent 33220A arbytramveform generator supplied
the input voltage. The frequency was varied and ith@and output peak-to-peak
voltage was measured using the Tektronix TDS 2G&t#loscope. From this the gain
of the amplifier was calculated. The results a@shin figure 4.10

10000000

1000000
Measurement, Cf = 0.47pF N\
—— Simulation, Cf = 0.47pF
100000 Simulation
Measurement \
10000

1000 T T T T T T 1

1 10 100 1000 10000 100000 1000000 1000000
0

Gain (Ohm)

Frequency (Hz)

Figure 4.10 AC analyses of the transimpedance di@pli

The bandwidth of the circuit without the feedbaelpacitor is higher than with the

feedback capacitor, but peaks close to the comeguéncy. This is the case for both
the simulation and the measurement. The measureshents a smaller amplification

just before this peak, a similar behaviour is obsérfor the case with the feedback
capacitor. The reason for this could be parasigments that were not simulated.
This behaviour also reduces the bandwidth of thelifier; the measurement and

simulation of the amplifier with feedback capacistrow bandwidths of 50 kHz and
100 kHz respectively. The amplification factor does decay with an expected 20dB
per decade until about 1 MHz. The corner frequdocyhe measurement without the
feedback capacitor is about 550 kHz, the simulag@ve 500kHz.

Consequences for the limited bandwidth are thate-iesolved fluorescence

measurements are not possible with this amplifier.
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4.2.2 Temperature measurements

The temperature was also tested separately fronintpent. The setup is given in
figure 4.11, the circuit was placed in an oven witree wires to the outside, ground,
Vdd and the voltage over the diode. The photodigden chip and a 1k resistor is
placed in series. The chip was connected to a larg&al block to stabilize the
temperature. The reference temperature was meastteda platinum temperature
sensor.

Figure 4.11 Temperature measurement setup.

The temperature of the oven was first increaseoh fB® to 50 degrees Celsius and
after that decreased form 50 to 30 degrees Cel3ius. measurement results, the
voltage over the diode versus the temperature meted by the platinum temperature
sensor, are plotted in figure 4.12.
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Figure 4.12 Photodiode voltage versus temperature

The temperature coefficient is 1.493 mV/K. With @ kit AD converter with a
reference of 1.1 V, the voltage resolution willh®74 mV. This gives a temperature
resolution of 0.71 K, which determines the quarimraerror to be 0.207 K.

The difference between increasing and decreasingpdgrature is caused by the
settling time of the oven. The chip was not petfeattached to the metal block, this
causes small temperature differences between fpeadd the platinum sensor when
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a short settling time is chosen. The temperatufierdnces could occur due to

different heat capacities between the block andctiie, one heats up faster than the
other. In later experiments it was shown that tiféer@nce is less when longer

settling time was used. With longer settling tintles value for R squared improved

from 0.99884 to 0.99905 and with the longest sejttime to 0.99972

The resolution of the measurements is high enoagiotthe necessary temperature
measurements, which only require detection of teatpee increase over a threshold
of 1 Kelvin.

4.2.3 Power Link

Class E driver

The resonant frequency of the secondary side wiasndimed to be 1.155 MHz. The

values of the capacitors were determined with theatons in paragraph 2.4.2. They
were determined to be 410 pF and 7.51 nF for th@lsand parallel capacitor

respectively. These values were used as starevatutune the practical circuit. The
tuning of the circuit was done using the TektromR@S 3034B and the voltage and
current waveform over the MOSFET was observed uh#l right behaviour was

obtained, no voltage when the MOSFET was on, andunent when the MOSFET

was off.

The parts used in the final implementation of tieutt given in figure 3.15 are given

in table XIIl. The current and voltage waveformstloé practical circuit are given in

figure 4.13.

TABLE XIll. PARTS USED IN
CLASS E DRIVER.

MOSFET IRF330
L(uH) 500
Cy(pF) 1500
C4(pF) 310

LDrimarv(pH) 46.8

I—secondary(|J H) 19 ' 7
Rs secondarv(Ohm) 17
Cres(PF) 1000
Diode BAS316
Criter(MF) 1.0
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Figure 4.13 Practical current and voltage waveforofigshe Class E amplifier

The values for the parallel and serial capaciterrauch different then the calculated
ones. The reason for this could be the fact theiQSFET is used and not using an
ideal switch. The MOSFET has parasitic elements #ra not considered in the
calculation of the capacitor value. Another reasould be the fact that the inductor
value of the coil is changed due to the couplinghvthe communication coil. A
significant change in behaviour is observed whencthil is moved around relative to
each other.

When the Class-E amplifier is tuned correctly odlg5 W of power is wasted in the
MOSFET, this is much less then the maximum of 75TWe Class-E amplifier can be
tuned to another frequency in the case that otk@tation frequencies are needed.

Efficiency

The power link efficiency was determined by measythe peak-to-peak voltage on
the circuit given in figure 4.14. It consists oftsecondary coil with the resonant
capacitor and a load resistance of 120 ohm in lg&ral

ESFK

IiLZ C pu—

res

+

Vload.a«

1

] Rload.an

Figure 4.14 Secondary side of the power link whi lbad approximated with a
resistor
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The primary coil was driven by the class E drivene class E driver was controlled
by the Agilent 3320 A arbitrary waveform generatond supplied by a Delta
Elektronika EO060-0.6 power supply. The secondamgudi was moved from the centre
of the coil (radius = Ocm) to the perimeter ofé tboil (radius = 15 cm). This was
done for several heights. The results are plotidijure 4.15.
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Figure 4.15 Efficiency of the power link for sealattistances from the primary coll

After this the induced voltage was determined ussi®tJCE and the corresponding
mutual inductance was calculated using equation ¥ theoretical calculated
mutual inductance and the practical measurementutfial inductance in the centre
of the primary coil at different heights are givarfigure 4.16.
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Figure 4.16 Theoretical approximation of the mutumluctance, and the practical
measured mutual inductance
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As it can be seen, the practical mutual inductastegher than the theoretical mutual
inductance. A reason for this could be the fact the secondary coil is approximated
with the model for a round coil with a radius ofil.cm, which has the same area of
the actual secondary coil.

The overall efficiency at the centre of the primaoyl is also determined. The input
voltage was 10 V and the input current 145 mA, ttihespower to the input equals
1.4W. The secondary coil picked up 2.69 mW of poaethe center of the coill,

which is an efficiency of 0.2 percent.

The peak power usage of the implant equals 14 mkihacorresponds to 1 percent
efficiency with this power source, and is thus oabhieved within 4 cm distance
from the side of the coil. But normal power constiopis much lower; thus, with a

buffer the power source is sufficient.

The buffer is implemented in with 0.3 F capacitdaced in front of the voltage

regulator.

4.2.4 Flexible PCB
The amplifier, microcontroller and transponder caip successfully implemented on
the flexible PCB. As shown in figure 4.17.

Figure 4.17 Flexible PCB with all components soktkexcept the coils and optode

Due to some mistakes in the design not all compisnare placed and some extra
components are soldered on the PCB. In a laterepbfashe project it was found that
the flexible PCB is not as robust as needed. Adl\tias were not reliable, especially
the four bigger ones which are supposed to corttaetcoils. For this reason a
hardwired solution was made to contact the coith¢orest of the circuit.

After mounting all the components the board waspsulated in silicone as shown in
figure 4.18.
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Figure 4.18 Flexible PCB encapsulated with medgralde silicone

In the picture air bubbles can be seen in theosibc The air bubbles are possible
leaks of the implant and are thus unwanted. Indhge it was not harmful because it
is just a first prototype but in the future thisoald be prevented. When special
equipment is used airless silicone rubber can b#emeghis can for example be done

by specialized packaging companies.
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4.3 Software

4.3.1 PC Interface

The Pc interface is a text based input screen.r8ktreatments can be chosen in the
menu, after which the treatment parameters carntéed. The results are stored in a
comma separated excel file for easy access. A rsatamp for a tune operation is
given in figure 4.19.

O -0 x|
Menu:

1. Turn field on. B
2. Turn field off.

3. Implant Command

4. Exit

5. Change operating Frequency
6. Write Transponder

7. WUrite to UC

3. Read UC

?. Reset
3
Me
il
2
3
4
5

nu:
- PhotoTreatnent
. Temprature measurement
. Fluorescence neasurement
- Read last results
. Afsluiten

6. Tune

6
SEND: 8@ ——RECIEVED: @808AAB4
Interface initialized

SEND: BOBCFE38FDDOFS102650080000 —RECIEVED: B808AFA4

Urite command succes

SEND: 8@ ——RECIEVED: @808AAB4

Interface initialized

SEND: CA81%788638064000FOAAFSOELAEGSA ——RECIEVED: 18B825F5EGB4
3 bytes received

UC: Command 5 acknowledged

press enter to read result

SEND: 80 —RECIEVED: @808AAB4
Interface initialized
SEND: 888CF83B8FDDBAFS10A20FFRB0B0A —RECIEVED: G8000F34
Write command succes
SEND: 00 —RECIEVED: @8808AAB4
Interface initialized
SEND: CO819008638064000FOBAFEAELBELSD ——RECIEVED: C8068341@338833CA33B034203
3DA338033EA3430339031405FFERA4
25 hytes received
UC: Command F acknowledged
UC: Data Response (28 hytes? for instruction 5:
B339 2.8625 Uolt
B343 2.8875% Uolt
B33E 2.875 Uolt
H338 2.86 Volt
B33D 2.8725 Uolt
1342 2.885 Volt
2.8675 Volt
2.87 Volt
2.86 Volt
2.8825 Volt
2

1. Turn field on.
. Turn field off.
. Implant Command
. Exit
. Change operating Freguency
. Write Transponder
. Write to UC

Serial port closed see yout A

Figure 4.19 Screen dump of the PC interface duargne operation.
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4.4 Complete Setup

The complete external setup is shown in figure 4.20

Supply

Waveform generator

RFID Control Board

Class E driver

Primary powering coil

Primary communiactions coll

Figure 4.20 Complete External setup.

The different parts of the system can be seenemptbture. The treatment area is a
circle with a diameter of 30 cm. This is enoughltoa treatment in a rat. The spacers
used are temporary and will be replaced with adstdige like structure in such a way
that the rat cannot get out of the treatment area.
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5 Conclusions and outlook

A system has been developed which can administermamitor metronomic PDT. It
has been shown that the main function of the systemmely illuminating a specific
volume with a specific wavelength at regular intdsvover a period of several weeks
has been successfully implemented. The other rexpints on communication and
powering are fully implemented, but not all theuggments on the monitoring of the
treatment are available at this stage.

Optode

The front-end chip for the system, an optode cairtgi photodiodes and used as
carrier for a LED was designed and manufacture@. dgtode is manufactured at the
DIMES facility with a custom process based on addad bipolar process with added
micro machining steps. These were necessary tdeceeaavity to carry solid-state
sources. Different LEDs were mounted successfallpwing up to two wavelength
sources per optode. Because the LED is placed ens#fime substrate as the
photodiodes are made, the sources and detectordnamtose proximity. The
photodiodes were successfully made in the sameegsodlthough a low parallel
resistance was measured due to a design flaw, libeogiodes are useful for the
application.

Implant Electronics

The rest of the implant was implemented using steth@lectronic components. A
microcontroller was programmed to control the impilacommunication as well as
the different treatment and monitoring modes. Tafensare was written in C.

An amplifier was designed to amplify the signalnfrthe photodiodes. The bandwidth
of this amplifier is 50 kHz. This is enough for @ntinuous wave reflection
measurement but not fast enough for a time resdluedescent measurement. A/D
conversion is done by the onboard AD conversiothefmicrocontroller.

The circuit was designed in such a way that onequhode can also be used as
temperature sensor. The temperature sensor haslatren of 0.7K.

The communication was implemented using a transgoobip, a custom designed
coil and a communication protocol programmed in tmécrocontroller. The
communication is high level, making it possibleatijust every treatment parameter,
such as intensity and treatment time.

The implant is powered by an inductive power liflkhe powering circuit was
implemented with a coil, a super capacitor and Hage regulator. The coil was
designed for low losses in the coil to prevent ingadf the tissue. The super capacitor
is used as a buffer to ensure operation when thenowes out of the plane. The
implant can be provided with power anywhere witthi@ primary coil.

A flexible circuit board was designed and manufeedu All the components and
optode were mounted on a flexible substrate artdde=xtensively. Unfortunately the
vias of the substrate were not very reliable, stearh solution was to make extra
connection with wires. The circuit is flexible, wh allows the laboratory rat to move
without destroying the electronics.
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External Electronics

The primary side of the communication electrongsmplemented with a custom
made 15 cm radius coil. The primary coil is corgdlwith a standard RFID control
board from ATMEL. The software to control this bdaand with it the implant, was
made with Java. The user interface is a simple menwhich all treatment and
monitoring options can be selected and parametareatment can be adjusted. It is
also possible to change the excitation frequenath by software and hardware. This
allows custom tuning for different implants.

The primary side of the inductive power link is iiemented with a custom made coil
and is driven with a Class-E driver. The class-Eeattrcan be adjusted for several
frequencies around 1 MHz, allowing custom tuningdidferent implants.

A specially made supporting plate on which treatimoam be done supports both the
powering and the communication coils

Functionality

The LEDs controlled by the microcontroller makeatreent possible. Different
intensities and illumination times can be selected.

The monitoring of PDT is partly achieved; the flaerrate and temperature can be
monitored by the system. This allows feedback oethdr treatment is being done
and the temperature response of the chip durigntrent.

The time resolved fluorescence measurement is mmgaiéed in the software of the
microcontroller but the amplifier implementationsha bandwidth of only 50 kHz,
which is too slow for a time resolved fluorescemoeasurement. Another option for
the fluorescence is an implementation with filtergront of the photo detectors. This
would be possible on the basis of the current implatation of the optode but further
development is needed. As a consequence no immhicabn photosensitizer
concentration can be measured with this system.

The oxygen measurement is not implemented. Juesthié fluorescence measurement
it is possible to implement this on the currentigieof the optode. At this moment
the system is not capable of measuring oxygen cratens in the tissue.

The whole implant can be fitted in the laboratoay, mlthough the first prototype is
bigger than expected due to the bigger coils ardtdihe fact that encapsulation was
done manually with no molds or specially develofmling or machines. This allows
an experiment within the laboratory rat.

The implant is fully controllable within the twoiprary coils with a radius of 15 cm.
The measurement data can be read out anywherenhthiarea of the two coils. This
allows the rat to move freely within the 15 cm rtagiconfined circle during a
treatment.

The implant is provided with power with an induetipower link. The device needs
10 minutes in the field to charge. After this, thevice can monitor without the
powering field on. This is important because tleddfinfluences measurement results
significantly.

The implant has been made biocompatible by encainsglit with biocompatible
epoxy and biocompatible silicone. The implant damstbe used in a laboratory rat
without causing unintended damage, or biologicgppomse of the rat.
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Outlook

This project was a pilot project for the developinainsystem for treating cancer with
metronomic photodynamic therapy. Although a systas been made which is useful
in this phase, this thesis is only the beginningadérge project. In this perspective
one can imagine that a lot of recommendationsuturé work are presented.

In the near future the present system can be twiekperform a lot better. First of

all the bandwidth of the amplifier must be increhsesuch a way that time resolved
fluorescent measurements are possible or changa ttedicated topology for

fluorescence measurements.

To understand the measurement result better bohdri€l the photodiode have to be
characterized. The illumination pattern and intgnsif the LED and the quantum

efficiency and spectral response of the photodiodes essential for good

interpretation.

The implant can also be made smaller in the nearduy making a mold for the

silicone encapsulation, resorting to external esgkgion services and/or by
decreasing the size of the secondary coils.

The interface to the user can be improved by dewadpa graphical interface for the
control software.

To add functionality to the current setup filterancbe applied on top of the

photodiode allowing fluorescent measurements. Aypger measurement technique
must also be implemented like the fluorescent teglenimplemented in the pO2

sensor of TNO or the Differential Pathlength Spesitopy developed by Amelink et
al.

The next step would be to implement the electroaitship. The readout electronics:
amplification, sample and hold, A/D conversion &fD drive on chip.

The external electronics can be improved by dewe¢pp dedicated communications
board for the RFID and an auto tuning circuit tog powering coil.

The final step for developing the system woulddartplement multiple optodes with

one power and communications chip. This will make $ystem adaptable for use in
bigger animals and humans.

The ultimate goal of the project would be to get 8ystem approved for human
treatment of cancer.
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From our department | would like to thank Eduardaryallo Balbas and Dafina
Tanase for supporting during the whole period, FaBench for supervising my
research, Gregory Pandraud for helping me witrDIMES processes and Piet Trimp
for all the support, hands on tips and contact withmechanical workshop.

| also appreciate all the work Wim van der Vlistdduud Klerks from DIMES did on

mounting my devices.

The people from Rotterdam | would like to thankwasdl, Dominic Robinson, Riétte

de Bruijn, Angélique van der Ploeg van den Heuvel &loor van Zaane for the
possibility they gave me to work with them on thise project. | wish them, my
successors/colleagues in Delft good luck with tatiouation of the project.
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APPENDIX A: Flowchart

Fabrication Process for The optode for demonstratiop PDT
Basedon biMES02

STARTING MATERIAL

Use processwafers, with the following specificasion

Wafer specifications: type: p-type, boron
orientation: 1-0-0, 0 deg off orientation
resistivity: 2-5Qcm
thickness: 525+ 15 um
diameter: 100.0 £ 0.2 mm

If the wafers are taken out of an unopened waf&r bo cleaning will be necessary.
Wafers taken from an already opened box must ket following the standard procedure.

6 wafers
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1. MARKER OXIDATION 1

Furnace no: C1 Program name: MARKOXB
Total time:  198.5 min Program no: N9
Process temperature gasses & flows time remarks
[°C] [liter/min] [min]
boat in 800 nitrogen: 3.0 5
oxygen: 0.3
stabilize 800 nitrogen: 3.0 10
oxygen: 0.3
heat up +10C/min nitrogen: 3.0 30
oxygen: 0.3
stabilize 1100 nitrogen: 3.0 10
oxygen: 0.3
oxidation 1100 oxygen: 2.25 38.5
hydrogen: 3.85
cool down -5°C/min nitrogen: 3.0 100 wait for operator
boat out 600 nitrogen: 3.0 5

Note: - The total process time can be slightly reducetthé "cool down" step: the "boat out" step can
be started after £ 60 minutes, when the actugbéeature of the furnace will be about 8@

Jan 1995

- When this furnace is already in use, it is gessible to use program MARKOXB-N7 in furnace D1.

MEASUREMENT: OXIDE THICKNESS
Use the Leitz MPV-SP measurement system to medsamxide thickness:

Program: Th. SiO2 on Si, >50nm auto5pts
Oxide thickness: 500 - 530 nm on the processwafers

COATING AND BAKING

Processing will be performed on the CONVAC wafertraotomatically:

this includes a HMDS (hexa methyl disilazane) tresit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3430 rpmin sime 30 s) , and prebaking for 1 minute at@5
Follow the instructions specified for this equipreand always check the temperature of the hotfilste

Use coatingprogram 2 (resist thickness: 1.400 um at 48% RV).

ALIGNMENT AND EXPOSURE

Processing will be performed on the ASM PAS 500@6tbmatic waferstepper.
Follow the operating instructions from the manubkw using this machine.

Usemask COMURK , job Litho/EPI2.0 and the correct exposure enéchgck energy list).
This procedure will result in alignment markersessary for further processing with a @r8 thick epilayer.
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DEVELOPMENT
Sep 1998
After exposure a post-exposure bake at A@5or 1 minute is performed on the CONVAC wafertraichiowed
by
a development step using Shipley MF322 developegléspuddle process) and a postbake at°@idr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotplats.

Use developmergrogram 2 and temperature program 2.

INSPECTION: LINEWIDTH AND OVERLAY

Feb 1996
Visually inspect the wafers through a microscopel eheck linewidth and overlay.
WINDOW ETCHING
Jan 1995
Rinse Use wetbench “B/TRITON X-100" and the special carrier with thedhiot;
added to the tank: 1 ml Triton X-100 per 5000 ernilwater. Rinse for 1 minute.
Etchant Use wetbench "Sj@ts (1:7)"; use the carrier with the blue dot.
Buffered HF solution (Merck LSI selectipur, SiD.7)
Etch time Depends on the oxide thickness and coitipros
Etch until the backside fydrophobic, plus an extra 30 seconds.
The etchrate of thermally grown oxide is 1.3 +0r@/s at 20 °C.
QDR Rinse in the Quick Dump Rinser with the stangaoyram until the resistivity is 5 QI
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
Inspection Visually, through a microscope. All thimdows must be open.
The hydrophobic test may be applied.
CLEANING PROCEDURE
Sep 1998
Acetone Use wetbench "aceton" and the carrier thightwo red dots.
Dissolve the photoresist in acetone (temp. 40 T®)e = + 1 minute.
Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.
10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).
QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.
Cleaning 10 minutes in concentrated nitric acid @keHNO; (65%), selectipur; temp. 110 °C).
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
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27. EPITAXY

Jan 1995
Use progranDIMESO02 on the ASM-Epsilon reactor to grow the followingjtexial layer:
Process conditions: Layer characteristics:
arsenic doping: 1 x £0(1E16) atoms/cr thickness: 2.8+0.1um
temperature: 1050 °C sheet resistance: 1600 - @010sq
pressure: 60 Torr resistivity: 0.5+ 0.1 ohmcm

Note: Immediately after the epitaxial process the weigkasurement and the "Wet oxidation: masking oxide 1
steps must be performed.

28. MEASUREMENT : WAFER WEIGHT WITH EPI LAYER
May 2000
Use the Mettler Toledo AT20 measurement systemdasare the weight of the ngatype
process wafer(with DIMESO2 EPI layer). Store the weight in tineasurement computer
for layer thickness calculations.

Use the CDE ResMap measurement system to measushéke resistance of the epitaxial layer: 1600 0200
ohm/sq

Note: The maximum allowed weight on this system is @lygrams, and therefore it is strictly
prohibited to use it for other purposes than meaguhe weight of one single wafer !!

29. WET OXIDATION: MASKING OXIDE 1

Jan 1995
Furnace no: C1 Program name: DPMASOX
Total time: 175 min Program no: N10
Process temperature gasses & flows time remarks
[°C] [liter/min] [min]
boat in 800 nitrogen: 3.0 5
oxygen: 0.3
stabilize 800 nitrogen: 3.0 10
oxygen: 0.3
heat up +10 °C/min nitrogen: 3.0 30
oxygen: 0.3
stabilize 1100 nitrogen: 3.0 10
oxygen: 0.3
oxidation 1100 oxygen: 2.25 55
hydrogen: 3.85
cool down -5 °C/min nitrogen: 3.0 60
boat out 800 nitrogen: 3.0 5
Note: When this furnace is already in use, it is alsssfigle to use program DPMASOX-N9 in furnace D1.
30. MEASUREMENT: OXIDE THICKNESS
Oct 1996
Use the Leitz MPV-SP measurement system to me#isemaxide thickness:
Program: Th. SiO2 on Si, >50nm auto5pts
Oxide thickness: 615 - 625 nm
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31.

32.

33.

34.

35.

COATING AND BAKING

Sep 1998

Processing will be performed on the CONVAC wafertraotomatically:

this includes a HMDS (hexa methyl disilazane) wesit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3430 rpmin §me 30 s) , and prebaking for 1 minute at@5
Follow the instructions specified for this equiprheand always check the temperature of the hotfilste

Use coatingprogram 2 (resist thickness: 1.400 um at 48% RV).

ALIGNMENT AND EXPOSURE

Sep 1998

Processing will be performed on the ASM PAS 500@6tbmatic waferstepper.
Follow the operating instructions from the manubkew using this machine.

Usemask DP, the correct litho job and the correct exposuaer@y (check energy list).

DEVELOPMENT

Sep 1998

After exposure a post-exposure bake at @ 5or 1 minute is performed on the CONVAC wafertraichiowed

by

a development step using Shipley MF322 developegléspuddle process) and a postbake at®@fdr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotplats.

Use developmergrogram 2 and temperature program 2.

INSPECTION: LINEWIDTH AND OVERLAY

Feb 1996

Visually inspect the wafers through a microscope, eheck linewidth and overlay.

WINDOW ETCHING

Rinse

Etchant

Etch time

QDR

Drying

Inspection

Jan 1995
Use wetbench 28/TRITON X-100" and the special carrier with theédhiot;
added to the tank: 1 ml Triton X-100 per 5000 ernilwater. Rinse for 1 minute.

Use wetbench "Sj@ts (1:7)"; use the carrier with the blue dot.
Buffered HF solution (Merck LSI selectipur, SiD.7)

Depends on the oxide thickness and coitipros

Etch until the backside tydrophobic, plus an extra 30 seconds.

The etchrate of thermally grown oxide is 1.3 +08r@/s at 20 °C.

Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.

Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier

Visually, through a microscope. All tiimdows must be open.
The hydrophobic test may be applied.

- 110 -



36.

37.

CLEANING PROCEDURE

Sep 1998
Acetone Use wetbench "aceton" and the carrier thightwo red dots.
Dissolve the photoresist in acetone (temp. 40 T®)e = + 1 minute.
Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.
10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Cleaning 10 minutes in concentrated nitric acid (keHNO; (65%), selectipur; temp. 110 °C).
QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
BORON DEPOSITION
Nov 2000
Furnace no: B3 Program name: DEPOSBN2
Total time: 157 min Program no: N10
Process temperature gasses & flows time remarks
[°C] [liter/min] [min]
Heat up 600 nitrogen: 6.0 20
boat out 700 nitrogen: 6.0 10 Wait for operator
boat in 700 nitrogen: 6.0 15
Heat up +10 °C/min nitrogen: 3.0 10
Oxygen: 3.0
stabilize 800 hydrogen: 0.1 5
sourcing 800 nitrogen: 3.0 10
H2 injection 800 nitrogen: 3.0 2
oxygen: 3.0
hydrogen: 0.1
heat up +10 °C/min nitrogen: 6.0 35
soaking 975 nitrogen: 6.0 55
cool down -5 °C/min nitrogen: 6.0 50
boat out 400 nitrogen: 6.0 15

Notes: The front side of each processwafer must faceranboitride wafer.

As soon as the boat is out, immediately put tloegsswafers into the drive-in furnace.

Processwo n-type process wafersone for measurement of oxide thickness and gdlesattance directly
after

the deposition, and the other one for processirigeé subsequent boron drive-in step.

Before processing a test run can be performededokcthe boron deposition process.
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38.

39.

40.

MEASUREMENT: OXIDE THICKNESS AND SHEET RESISTANCE

Nov 2000
Immediately rinse one of the testwafers after tiardn deposition” step in demi water for 1 minute.
After drying measure the oxide thickness and sresi$tance.
Use the Sagax measurement system to measure tleethidkness:
Oxide thickness: 60 - 160 nm
Use the CDE measurement system to measure therehiséance:
Sheet resistance: 28 ohm/sq
BORON DRIVE-IN: ISOLATION DIFFUSION
Jan 1995
Furnace no: Bl Program name: DPDRIVES3
Total time: 215 min Program no: N10
Process temperature gasses & flows time remarks
[°C] [liter/min] [min]
boat in 800 nitrogen: 3.0 5
oxygen: 0.1
heat up +10 °C/min nitrogen: 3.0 25
oxygen: 0.1
stabilize 1050 nitrogen: 3.0 10
oxygen: 0.1
drive in 1050 nitrogen: 3.0 100
oxygen: 0.1
oxidation 1050 oxygen: 2.25 10
hydrogen: 3.85
cool down -5 °C/min nitrogen: 3.0 60
boat out 800 nitrogen: 3.0 5
Process theecond testwaferfrom the "Boron deposition" step for measurememppses.
MEASUREMENT: OXIDE THICKNESS AND SHEET RESISTANCE
Nov 2000

Use the second testwafer from the "Boron depositste to perform the following measurements:

Use the Sagax measurement system to measure tleethidkness:
Oxide thickness: 330 -400 nm Note: these vadweld and may have changed slightly.

Use the CDE measurement system to measure thershis¢nce:
Sheet resistance: 9.5 - 11.5 ohm/sq Note: thdsewvare old and may have changed slightly.

Clean the testwafer after the measurements and udtein the "Wet oxidation (DPDRIVEW3)" step.
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41.

42.

OXIDE STRIPPING

Jan 1995
Etchant Use wet bench "HF (40%)"; use the carrién thhe two black dots.
Concentrated HF (Merck selectipur), ambient tentpega
Etch time Depends on the oxide thickness and coitipresEtch until the whole wafer isydrophobic.
The etchrate of thermally grown oxide is abouhh®s.
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
Inspection Visually, in floodlight.
CLEANING PROCEDURE
Sep 1998
Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.
10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).
QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.
Cleaning 10 minutes in concentrated nitric acid @keHNO; (65%), selectipur; temp. 110 °C).
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 M.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
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43.

44.

45

WET OXIDATION (DPDRIVEW?3)

Jan 1995
Furnace no: Bl Program name: DPDRIVEWS3
Total time: 225 min Program no: N13
Process temperature gasses & flows time remarks
[°C] [liter/min] [min]
boat in 800 nitrogen: 3.0 5
oxygen: 0.3
stabilize 800 nitrogen: 3.0 15
oxygen: 0.3
heat up +10 °C/min nitrogen: 3.0 25
oxygen: 0.3
stabilize 1050 nitrogen: 3.0 15
oxygen: 0.3
oxidation 1050 oxygen: 2.25 100
hydrogen: 3.85
cool down -5 °C/min nitrogen: 3.0 60
boat out 800 nitrogen: 3.0 5
Process theecond testwafeifrom the "Boron deposition" step for measurememppses.
MEASUREMENT: OXIDE THICKNESS, SHEET RESISTANCE AND JUNCTION DEPTH
Nov 2000
Use the second testwafer from the "Boron depositste to perform the following measurements:
Use the Leitz MPV-SP measurement system to me#isemaxide thickness:
Program: Th. SiO2 on Si, >50nm auto5pts
Oxide thickness: 650 - 700 nm Note: these vadweld and may have changed slightly.
Use the CDE measurement system to measure therehiséance:
Sheet resistance: 17 - 19 ohm/sq Note: these valgeold and may have changed slightly.
Use the bevel measurement equipment to measujenttéon depth:
Junction depth: 3.0-3.4um Note: these valueolt and may have changed slightly.
OXIDE STRIPPING
Jan 1995
Etchant Use wet bench "HF (40%)"; use the carriér the two black dots.
Concentrated HF (Merck selectipur), ambient tentpeza
Etch time Depends on the oxide thickness and coitipresEtch until the whole wafer isydrophobic.
The etchrate of thermally grown oxide is abounhi@s.
QDR Rinse in the Quick Dump Rinser with the stangaodjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier

Inspection Visually, in floodlight.
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C46

C47.

C48.

C49.

DRY OXIDATION: DIRT BARRIER

Nov 2000

Furnace no: Al Program name: DIBAR
Total time: 115 min Program no: N10

Process temperature gasses & flows time remarks

[°C] [liter/min] [min]
boat in 800 nitrogen: 8.0 5 Temperature goes G380
after selecting the program !

stabilize 800 nitrogen: 3.0 10

heat up +10 °C/min nitrogen: 3.0 15

stabilize 950 nitrogen: 3.0 10

oxidation 950 oxygen: 3.0 35

cool down -5 °C/min nitrogen: 3.0 35

boat out 800 nitrogen: 3.0 5

Process a testwafer for oxide thickness measursnaait continue processing this wafer in the nedtgss
steps until the "Antimony drive-in buried layerépt Then this wafer will be used for measuremegaéna

MEASUREMENT: OXIDE THICKNESS
Use the Leitz MPV-SP measurement system to medsamxide thickness:
Program: Th. SiO2 on Si, <50nm auto5pts
Oxide thickness: 20 -21 nm
COATING AND BAKING
Processing will be performed on the CONVAC wafertraotomatically:
this includes a HMDS (hexa methyl disilazane) tresit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3430 rpmin sime 30 s) , and prebaking for 1 minute at@5

Follow the instructions specified for this equipmeand always check the temperature of the hotfilste

Use coatingprogram 2 (resist thickness: 1.400 um at 48% RV).

ALIGNMENT AND EXPOSURE

Processing will be performed on the ASM PAS 500@&6tbmatic waferstepper.
Follow the operating instructions from the manubkew using this machine.

Usemask DP, the correct litho job and the correct exposuaergy (check energy list).
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C50.

C51.

C52.

C53.

C54.

C55.

DEVELOPMENT
Sep 1998
After exposure a post-exposure bake at A@5or 1 minute is performed on the CONVAC wafertraichiowed
by
a development step using Shipley MF322 developegléspuddle process) and a postbake at°@idr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotplats.

Use developmergrogram 2 and temperature program 2.

INSPECTION: LINEWIDTH AND OVERLAY

Feb 1996
Visually inspect the wafers through a microscompe, eheck linewidth and overlay.
BORON IMPLANTATION: DP+

Jan 1995
lon B
Energy 40 keV
Dose 5x 1& (5E15) ions/crh
Remarks The angle of implant is standard 7 deg.

The flat side of the wafer must be turned 22 dedgineast; this is only possible in end statioriLno

CLEANING PROCEDURE
Sep 1998
Plasma strip  Use the Tepla plasma system to reth@vghotoresist in an oxygen plasma.
Follow the instructions specified for the Teplapgier, and use the quartz carrier.
Useprogram 1: 1000 watts power and automatic endpoint detecti@minutes overetching.

Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.
10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).

QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Cleaning 10 minutes in concentrated nitric acid (keHNO; (65%), selectipur; temp. 110 °C).
QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
COATING AND BAKING
Sep 1998
Processing will be performed on the CONVAC wafertraotomatically:
this includes a HMDS (hexa methyl disilazane) wresit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3430 rpmin §me 30 s) , and prebaking for 1 minute at@5
Follow the instructions specified for this equiprheand always check the temperature of the hotfilste
Use coatingprogram 2 (resist thickness: 1.400 um at 48% RV).
ALIGNMENT AND EXPOSURE
Sep 1998
Processing will be performed on the ASM PAS 500@&6tbmatic waferstepper.

Follow the operating instructions from the manubkw using this machine.

Usemask WN , the correct litho job and the correct exposuaergy (check energy list).
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C56.

C57.

C58.

C59.

DEVELOPMENT
Sep 1998
After exposure a post-exposure bake at A@5or 1 minute is performed on the CONVAC wafertraichiowed
by
a development step using Shipley MF322 developegléspuddle process) and a postbake at°@idr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotplats.

Use developmergrogram 2 and temperature program 2.

INSPECTION: LINEWIDTH AND OVERLAY

Feb 1996
Visually inspect the wafers through a microscopel eheck linewidth and overlay.
ARSENIC IMPLANTATION: WN

Jan 1995
lon As
Energy 100 keV
Dose 5.0 x 18 (5.0E15) ions/cth
Remarks The angle of implant is standard 7 deg

The flat side of the wafer must be turned 22 deineast; this is only possible in end statiorilno

CLEANING PROCEDURE

Sep 1998

Plasma clean Use the Tepla plasma system for wifaning.

Follow the instructions specified for the Teplapgier, and use the quartz carrier.

Useprogram 2: etch for 1 minute at 600 watts.
Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.

10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).
QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.
Cleaning 10 minutes in concentrated nitric acid (keHNO; (65%), selectipur; temp. 110 °C).
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier
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C60.

Ce61.

C62.

C63.

Co64.

C65.

C66.

C67.

C68.

***HOLE ETCHING*

DEPOSITION OF LPCVD TEOS (380 nm)

Jul 1995
Furnace no: El Program name: LO300
Total time: 152 min Program no: N2

Deposition temperature: 70C€ / pressure: 250 mTorr / gasses: TEOS bubblet@0

Follow the instructions for the LPCVD furnace; afteackfill, loading, and pumpdown cycles the
deposition will start. The final thickness of thE@S layer depends on the total deposition timeidiobr
command). It can be necessary that a test depositicst be done in advance. Ask the responsiblespsoc
technician for the condition of the furnace tube.

A testwafer can be deposited together with the geewafers to check the etch process in the Drytasna
etcher.

The deposition time for a 300 nm layer will be abéd minutes.

Depositon time 50:40 minutes for a 380 nm layer

MEASUREMENT: TEOS OXIDE THICKNESS

Jul 1995
Use the Leitz MPV-SP measurement system to me#selfBEOS oxide thickness:
Program: Th. SiO2 on Si, >50nm auto5pts
TEOS thickness: 380 = 10 nm on a bare testwafer

COATING AND BAKING

Use Program 4

ALIGNMENT AND EXPOSURE

Use masklMAH with energy E= 105 mJ

DEVELOPMENT

Use program 4

INSPECTION: LINEWIDTH AND OVERLAY

WINDOW ETCH

Use progran©X3300A on the Drytek 384T plasma etcher.
Follow the operating instructions from the manubkew using this machine.
The process conditions of the etch program mayaathanged !
Program description:

1. bulk step (RIE): ¢Fs/CHF; = 36/144 sccm 180 mTorr 300 Watt RF 12 Torr He time
041"

TMAH ETCHING

265 um deep.

PLASMA ETCH TEOS OXIDE
Jul 1995
Use progranC3DMTEOS on the Drytek 384T plasma etcher.
Follow the operating instructions from the manubkew using this machine.
The process conditions of the etch program mayaathanged !

Program description:
1. bulk step (RIE): ¢Fs/CHF; = 12/108 sccm 130 mTorr 300 Watt RF 12 Torr He time
0'36"
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C69. CLEANING PROCEDURE: HNO3; 100% AND 65%

112.

C70.

Cleaning

Use wet bench "HN§X(100%)" and the carrier with the red dot.

QDR

Cleaning

Use wet bench “HN@X(65%)” and the carrier with the red dot.

QDR

Drying

ANNEAL ARGON GAS
Furnace no: C2
Total time: 165 min

Process

boat in
stabilize
anneal
heat up
stabilize
anneal
cool down

boat out

temperature
[°C]

600

600

600

+10 °C/min
1000

1000

-5 °C/min

800

Program name: ANNEALN1

Program no:

gasses & flows

[liter/min]
argon: 6.0
argon: 6.0
argon: 6.0
argon: 3.0
argon: 3.0
argon: 3.0
argon: 3.0
argon: 3.0

N5

Note: - Each processwafer must be placed between twangunafers!
- Inall cases this step must be performed before metidiida
- TCA-cleaning before processing is very important

DEPOSITION OF LPCVD TEOS (300 nm)

Furnace no: E1
Total time: 152 min

Deposition temperature: 70C€ / pressure: 250 mTorr / gasses: TEOS bubblet@0

Follow the instructions for the LPCVD furnace; afteackfill, loading, and pumpdown cycles the
deposition will start. The final thickness of thE@S layer depends on the total deposition timeigiober
command). It can be necessary that a test depositist be done in advance. Ask the responsibleepsoc
technician for the condition of the furnace tube.

Program name:

Program no:

time
[min]

5

10
20
40
10
35

40

LO300

N2

10 minutes in fuming nitric acid (Merck: BN100% selectipur) at ambient temperature.

Rinse in the Quick Dump Rinser with the stangaodjram until the resistivity is 5 .

10 minutes in concentrated nitric acid @keHNO; 65% selectipur) at110 °C.

Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 0.

remarks

argon shower

argon shower

Use the Semitool "rinser/dryer" with therefard program, and the white carrier with a red dot

Jan 1995

Jul 1995

A testwafer can be deposited together with the geewafers to check the etch process in the Dryiakma

etcher.

The deposition time for a 300 nm layer will be ab4d minutes.

Depositon time 50:40 minutes for a 380 nm layer
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C71.

113.

114.

115.

116.

117.

MEASUREMENT: TEOS OXIDE THICKNESS
Jul 1995
Use the Leitz MPV-SP measurement system to medserBEOS oxide thickness:
Program: Th. SiO2 on Si, >50nm auto5pts
TEOS thickness: 380 + 10 nm on a bare testwafer

COATING AND BAKING
Sep 1998
Processing will be performed on the CONVAC wafertraotomatically:
this includes a HMDS (hexa methyl disilazane) wresit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3630 rpmin §me 30 s) , and prebaking for 1 minute at@5
Follow the instructions specified for this equiprheand always check the temperature of the hotfilste

Use coatingprogram 3 (resist thickness: 1.358 um at 48% RV).

ALIGNMENT AND EXPOSURE

Sep 1998
Processing will be performed on the ASM PAS 500@&6tbmatic waferstepper.
Follow the operating instructions from the manubkw using this machine.

Usemask CO, the correct litho job and the correct exposunergy (check energy list).

DEVELOPMENT
Sep 1998
After exposure a post-exposure bake at A@5or 1 minute is performed on the CONVAC wafertraichiowed
by
a development step using Shipley MF322 developegléspuddle process) and a postbake at°@idr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotpfats.

Use developmergrogram 2 and temperature program 2.

INSPECTION: LINEWIDTH AND OVERLAY

Feb 1996
Visually inspect the wafers through a microscopel eheck linewidth and overlay.
WINDOW ETCHING (constant time)
Nov 2000
Rinse Use wetbench 28/TRITON X-100" and the special carrier with thedhiot;
added to the tank: 1 ml Triton X-100 per 5000 ernilwater. Rinse for 1 minute.
Etchant Use wetbench "Sj@ts (1:7)"; use the carrier with the blue dot.
Buffered HF solution (Merck LSI selectipur, SiD.7).
Etch time Etch the same time as in the previouslminetching step (for WN).
NOTE: The DP and DN areas must be hydrophobic !
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier

Inspection Visually, through a microscope. All tiimdows must be open.
The hydrophobic test may be applied. Especialgckithe DP and DN windows!
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118.

119.

120.

131.

132.

CLEANING PROCEDURE
Jan 1995

Acetone Use wetbench "aceton" and the carrier thightwo red dots.
Dissolve the photoresist in acetone (temp. 40 T®)e = + 1 minute.

Cleaning Use wetbench "HN@100%)" and the carrier with the red dot.
15 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).

QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier

Note: No 65% HNQ cleaning step!

DIP ETCHING
Jan 1995

Etchant Use wetbench "Sj@ts (1:7)"; use the carrier with the blue dot.
Buffered HF solution (Merck LSI-selectipur, SiD.7).

Etch time 30 seconds. The etch rate of thermathyvgroxide is 1.3 £ 0.2 nm/s at 20 °C.
QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.
Drying Use the Semitool "Rinser/dryer" with the stard program. Always use the special orange carrier

Note: Immediately after drying, metallization must befpemed.
Don't use the rinse module with Triton X-100.

FIRST METALLIZATION: SPUTTERING OF Al/Si

Jan 2000
Use the TRIKON SIGMA sputter coater for the depositdf the 1st metal layer on the processwafers.
The target must exist of 99% Al and 1% Si; deposithust be done at 350 °C and with a 100 sccm Aw. flo
Follow the operating instructions from the manubkw using this machine.

- If no anodisationstep is needed:
Use recipet0.6mu Al @350Cto obtain a 0.6 + 0.1 um thick layer.
In this case the optional process steps on thepages can be skipped, and processing can
be continued with coating of the wafers and expgpsie IC mask

COATING AND BAKING
Sep 1998

Processing will be performed on the CONVAC wafertraotomatically:

this includes a HMDS (hexa methyl disilazane) wesit with nitrogen carrier gas , the coating with
Shipley SPR 3012 resist (spin velocity 3430 rpmin sime 30 s) , and prebaking for 1 minute at@5
Follow the instructions specified for this equipmeand always check the temperature of the hotfilaste

Use coatingprogram 2 (resist thickness: 1.400 um at 48% RV).

ALIGNMENT AND EXPOSURE
Sep 1998

Processing will be performed on the ASM PAS 500@&6tbmatic waferstepper.
Follow the operating instructions from the manubkew using this machine.

Usemask IC , the correct litho job and the correct exposaergy (check energy list).
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133.

134.

135.

136.

DEVELOPMENT

Sep 1998

After exposure a post-exposure bake at @ 5or 1 minute is performed on the CONVAC wafertraichiowed

by

a development step using Shipley MF322 developegléspuddle process) and a postbake at°@idr 1 minute.
Follow the instructions specified for this equiprheand always check the temperature of the hotplats.

Use developmergrogram 2 and temperature program 2.

Note: etch as soon as possible_if watuminium etching must be performed !!

INSPECTION: LINEWIDTH AND OVERLAY

Nov 2000
Visually inspect the wafers through a microscopel eheck linewidth and overlay.
NOTE: Always check for sufficient Aluminium overlap &tet contacts holes. If there is not enough
overlap then dry etching may be necessary. Cohia¢tanver for instructions.
ALUMINIUM ETCHING: 1ST METAL
Jan 1995

Rinse

Etchant

Etch time

QDR

Drying

Inspection

Note:

Use the special container filled with demiawato which Triton X-100 is added.
Rinse for 1 minute.

Use wetbench "Aluminium-ets" (35 £ 1 °Ce tise carrier with the yellow dot.

1 liter buffered etch fluid (Merck selectipur) ¢aims:

770 ml concentrated phosphorus acid (H3PO4, 8%%nl concentrated nitric acid (HN@65 %),
140 ml concentrated acetic acid (CH3COOH, 100%)7dhihl deionized water

Depends on the aluminium thickness amaposition.

Etch until the pattern iglearly visible over the whole wafer.

The etchrate is + 150 nm/min at 35 °C. Etch tin894mnin

Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.

Use the Semitool "Rinser/dryer" with the stard program.
Always use the special blackrrier with the red dot.

Visually, through a microscope. Croskdibetween patterns are not allowed.

If the time between development and wet aluminaiahing is more than 4 hours,
an extra oven bake of 1 hour at 120 °C must bepagd !!

POLY SILICON DIP ETCHING

Etchant

50%)

Etch time
QDR

Drying

Inspection

Jan 1995
Use wetbench "HNMIF (poly-ets)" (ambient temperature); use theieawith the green dot.
1 liter poly etch fluid (Merck selectipur) contain
705 ml concentrated nitric acid (HNO65 %), 15 ml concentrated hydrogen fluoride a&idF,
and 280 ml deionized water.
30 seconds.

Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.

Use the Semitool "Rinser/dryer" with the stard program.
Always use the special blackrrier with the red dot.

Visually, through a microscope.
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139 CLEANING PROCEDURE
Jan 1995
Cleaning Use wetbench "HN@100%) metaal" and the carrier with the yellow aed dots.
10 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).

QDR Rinse in the Quick Dump Rinser with the stangaogdjram until the resistivity is 5 Q.

Drying Use the Semitool "Rinser/dryer" with the stard program.
Always use the special blackrrier with the red dot.

145. INSPECTION: LINEWIDTH AND OVERLAY
Feb 1996
Visually inspect the wafers through a microscompe, eheck linewidth and overlay.

146. PLASMA-OXIDE WINDOW ETCHING
May 1995
Use progranPLASMOX on the Drytek 384T plasma etcher.
Follow the operating instructions from the manubkw using this machine.
The process conditions of the etch program mayaathanged !

Program description:

1. bulk step: GF¢/CHF; = 36/144 sccm 180 mTorr 300 Watt RF 12 Torr He time=
1'03"

2. landing step: &¢/CHF; = 36/144 sccm 180 mTorr 100 Watt RF 12 Torr He time=
1'30"

147. CLEANING PROCEDURE
Jul 1997
Plasma strip  Use the Tepla plasma system to reth@vghotoresist in an oxygen plasma.
Follow the instructions specified for the Teplapgier, and use the quartz carrier.
Useprogram 1: 1000 watts power and automatic endpoint detecti@minutes overetching.

Cleaning Use wetbench "HN@100%) metaal" and the carrier with the yellow aed dots.
15 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).

QDR Rinse in the Quick Dump Rinser with the stangmodjram until the resistivity is 5 Q.

Drying Use the Semitool "Rinser/dryer" with the stard program.
Always use the special blackrrier with the red dot.

Note: No 65% HNQ cleaning step!
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LO1

LO2

LO3

LO4

LO5

LO7

SECOND METAL LIFT OFF
COATING AND BAKING ( AZ 5214 E)

* Evaporate HMDS on the substrates
* Start with AZ 5214 E
Spin it with the following parameters:

RPM: 3000
Accel.: 750rpm/min
Time: 30s5

* Pre-bake at 90C, 2min

ALIGNMENT AND EXPOSURE

Processing will be performed on the ASM PAS 500@6tbmatic waferstepper.
Follow the operating instructions from the manubkw using this machine.

Usemask IN , the correct litho job and the correct exposuergy (check energy list).

DEVELOPMENT

* Expose, 3.5secs in the new contact
* Bake for Image Reversal: 120C, 42sec

* Flood expose, 8s

* Develop in 2min in MF321

* Rinse in water and spin dry

INSPECTION: LINEWIDTH AND OVERLAY

Visually inspect the wafers through a microscopel eheck linewidth and overlay.

NOTE: Always check for sufficient Aluminium overlap &gt contacts holes. If there is not enough
overlap then dry etching may be necessary. Cohia¢tanver for instructions.

SECOND METALLIZATION: EVAPORATION OF Al

Use the Temerscal the deposition of the 2nd maya&irlon the processwafers.
Standard recipe for 200nm thick layer

CLEANING PROCEDURE

Acetone Use wetbench "aceton" and the carrier thightwo red dots.
Dissolve the photoresist in acetone (temp. 40 T®)e = + 1 minute.

Cleaning Use wetbench "HN@100%) metaal" and the carrier with the yellow aed dots.

15 minutes in fuming nitric acid (Merck: HN@L00%), selectipur; ambient temperature).

Rinse Rinse in demiwater

Drying Use the spindryer in MEMSlab with the stambprogram.
Always use the special blackrrier with the red dot.

Note: No 65% HNQ cleaning step!
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