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Abstract

Tissue vitality monitoring is a crucial process to preserve patients’ health during post-surgical recovery
or to ensure full adaptation and healing of transplanted organs. Among the many local factors for vitality
assessment, tissue oxygenation gives an insight into entire tissue recovery and is directly linked to cell
metabolism. To be able to assess oxygenation at the cellular level, NADH fluorescence sensing is used
due to its contribution to the cellular respiratory cycle and high sensitivity to oxygen concentration. The
current devices for NADH fluorescence sensing are limited to external measurements, where they are
suitable for hospital use. This raises the need for a device that is implantable and bioresorbable so that
it can stay in the body after the surgery and does not require secondary surgery for removal that puts the
patient at risk. The goal of this master’s thesis is to introduce the design of a bioresorbable optical filter
and photodetector for the measurements of oxygen through the detection of NADH fluorescence. The
design consists of an absorption layer, a Fabry-Perot filter, and a wavelength-specific photodetector;
where the overall response is designed to have high sensitivity to the emission wavelength of NADH
(470nm) and low sensitivity to the excitation of NADH (350nm). ZnO nanoparticles are chosen to be the
absorption layer due to their high absorption properties to 350nm and biodegradability, where the optical
response is then tested through spectroscopy measurements. For the Fabry-Perot filter, a design with
Si05 and SiN, layers has been created with simulation and tested with optical measurements. The
complete design consists of 15 layers and has a total thickness of approximately 1um. Lastly; for the
photodetector, Spectra simulations have been conducted for the determination of the optimal design
properties. The choices are then adapted to a mask design for the fabrication, in which the back side
etching of the silicon wafer is required for biodegradability and optical performance. The fabrication of
the photodetector has not been completed due to the time frame of the project. The measurements
on the combination of ZnO and Fabry-Perot filter show that the transmission of 470nm is 2.5-4 times
larger than the transmission of 350nm, which is expected to increase to at least an order of magnitude
when combined with the photodetector. For future experiments, it is recommended to conduct more
tests on the filters and ZnO to ensure repeatability and consistency.
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Introduction

Tissue vitality monitoring is an important process to be monitored with careful attention to preserve
patients’ health and ensure complete recovery. The essential application areas for monitoring include
post-surgical monitoring of the operation area and the monitoring of transplanted organs. During these
processes, many factors can influence or interrupt the healing. One of the examples is the leakage
of anastomoses [1]. An anastomosis is defined as a surgical joint between organs or a joint within an
organ [1]. After gastrointestinal surgeries, there is a 3-12% chance of leakage in anastomoses, which
results in high mortality (10-20%) and morbidity (30-50%) rates [1]. The detection of the leakage is
done based on the state of the patient and it can take up to four or more days. Therefore; the state
of the leakage improves and results in a detrimental abdominal infection, which has to be treated with
a second surgery [1]. However, this surgery is hazardous as the patient is already fatigued due to
the previous surgery and the further improvement of the anastomosis. These complications raise a
need for a method for early detection and treatment of the leakage, where the tissue conditions can be
monitored after the surgery [1].

Local factors around the region of interest are the most fundamental to consider for monitoring the
tissue condition. These factors are the oxygenation (O, and COs levels), temperature, and pH [1].

Oxygenation

Oxygen concentration surrounding the tissue is crucial for energy production, which is an important
indication of cell metabolism and healing [2]. It protects the region from infections due to bacteria and
promotes recovery. At the beginning of healing, due to vascular damage and the oxygen consumption
by the non-damaged active cells, the oxygen level surrounding the tissue is considerably low [2]. This
puts the tissue in a hypoxic state, which is defined as the state of having significantly low levels of
oxygen [3].

Hypoxia is essential for initial healing as it promotes inflammation, but prolonged hypoxia delays tis-
sue healing and endangers the patient [2]. This means even though the oxygen level has to be low
initially for inflammation, it has to increase to carry on with healing [2]. Therefore, monitoring oxygen
concentration throughout this healing process is crucial to assess recovery.

The transportation of oxygen is done through blood, where it is carried in two forms: Dissolved oxygen
in the plasma, which is about 2% of the total oxygen in the blood, and oxygen that is bound to the
hemoglobin protein (98%), which functions as the oxygen carrier in the blood [4]. The oxygen-bounded
hemoglobin proteins are defined as saturated, which are used to determine the oxygen saturation as a
ratio of the saturated hemoglobin proteins over the total hemoglobin concentration. Dissolved oxygen
on the other hand exists in the gaseous form, where its presence can be determined through partial
pressures (oxygen tension) [4].

In addition to oxygen level measurements, the carbon dioxide levels can also be measured [1]. This
is because; while oxygen is an indication of healthy blood circulation, an increase in carbon dioxide



indicates unhealthy blood circulation [1]. Together, they can give an outline of the condition of the
tissue.

Temperature

Temperature changes indicate the body’s response to the surgical wound at the beginning of healing.
An increase in temperature means an inflammatory response, which is the body’s initial response to
the surgical wound [5]. As a result of this, local infections and complications can also be detected by
measuring temperature changes [1].

pH
pH indicates a local infection or changes in the tissue structure, as it is influenced by the carbon dioxide
concentration within the tissue [1].

All'in all, these factors or their combinations could be used to determine the condition of the tissue and
the progress of healing. For the current application of tissue monitoring, the oxygen concentration is
chosen to be the detection agent as it is a factor to be considered throughout the entire tissue healing
process and is directly linked to the condition of cell metabolism. In chapter 2, the existing oxygen
detection methods, the selected oxygen sensing method for this project, and the research goal will be
explained in detail.



State of the art

2.1. Oxygen sensing methods

There are four main methods to detect oxygen concentration in the body: Photoplethysmography
(PPG), electrochemical measurements, photoluminescence, and NADH, which are presented in fig-
ure 2.1. Using these methods, the oxygen concentration in different regions of the body, such as the
oxygen concentration in blood, at the surface of the skin, or deeper in the tissue can be measured [6].
This section will describe each method in more detail and its applicability for tissue vitality monitoring.
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Figure 2.1: Examples of the four main oxygen sensing methods. a) Photoplethysmography (PPG) [7]. b) Electrochemical

sensing: (Left) Clark cell [8] and (Right) a biodegradable galvanic pair [9]. c) Photoluminescence using ruthenium [10]. d)

NADH measurement setup: (Left) Hospital measurement equipment, (Middle) Insertion of the 3-way catheter, and (Right)
Three measurement points on the catheter [11].

2.1.1. Photoplethysmography (PPG)

Photoplethysmography (PPG) is an optical method that uses wavelength ranges at red and near-
infrared (NIR) spectrum to assess volumetric changes in arterial blood circulation [12]. One of the
application areas of PPG is oximetry where oxygen saturation is optically quantified through the con-
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centrations of hemoglobin [7].

Hemoglobin is a crucial protein in the body for the transportation of oxygen in blood which exists in two
forms: Oxyghemoglobin (HbO-) and deoxyhemoglobin (Hb). At the NIR spectrum, these two forms
have different molar absorptivities; which allows for the determination of their concentration through ra-
tiometric measurement. Using the concentrations of Hband HbO; (Crpo, and Crpp), 0Xygen saturation
can be calculated as[7];

Cwvo
SOy = ———22 2.1
? Crvo, + Crp 1)

The design of an oximeter consists of three main components: Photodiodes, red, and NIR light-emitting
diodes (LED) [7] [13] [14]. The operation wavelengths of the LEDs have to be chosen so that Hb has a
lower absorptivity than HbO, at one wavelength and has a higher absorptivity at the other, to be able
to distinguish the concentrations of the two forms.

Additionally, there are two modes of the oximeter: Transmission and reflection mode [7]. In the trans-
mission mode, the light from the LEDs passes through the tissue and is collected by the photodiode
at the opposite side; whereas in the reflection mode, the LEDs and the photodiode are located at the
same side of the tissue. One of the main disadvantages of the transmission mode oximeter is that
the measurement is restricted to the area that can be transilluminated in which the light can penetrate
through the whole tissue (earlobes or fingers) [7]. On the other hand, reflection mode allows for any
type of area to be measured (legs or forehead) as it does not have this restriction. Therefore, using
reflection mode allows for a wider range of tissue applications.

Using the principle of PPG, several devices for oximetry have been designed where three of the ap-
plications will be investigated in more detail in this paper: Reflectance oximeter array by Khan et. al.
[7], deep-tissue sensing patch by Liu et. al. [13] and implantable optical probe by Guo et.al. [14]. For
all of these methods, reflection mode has been used with the main components of the oximeter. Even
though the operation wavelengths are different from each other, the LEDs work in red and NIR range
for all the applications.

Among these three papers, Khan et.al. report a non-invasive method to determine the oxygen satura-
tion of the pulsatile arterial blood when there is blood flow (pulse oximetry) and the relative change of
SO, when the blood flow is restricted (reflectance oximetry). This allows for the transition from high
to low oxygen concentration to be monitored even in the absence of a blood signal. It has been re-
ported that the system is able to measure oxygen saturation with a 1.1% mean error compared to a
commercial device when it is placed on the forehead [7].

Liu et.al. report a sensing patch with microneedle waveguides that pierces through the skin. This
partially invasive technique allows the light from the LEDs to penetrate through the tissue more easily
and makes the system more stable. The system is able to monitor oxygen saturation at the tissue
(tissue oximetry), heart pulsation, and respiratory activities in addition to pulse oximetry. Experiments
show that the microneedle waveguides have the potential to be used for deep-tissue sensing [13].

Lastly, Guo et.al. report an invasive optical probe which uses near-infrared spectroscopy (NIRS) for
oxygenation measurements. Even though the principle of NIRS is the same as PPG; it is a more
advanced version of PPG, as it provides a mixed saturation value based on arterial, capillary, and
venous flow [12]. The implant consists of bioresorbable barbed structures which are designed for
easier penetration and attachment; and are miniaturized for minimal invasion by using micro-scale
LEDs and photodiodes. With this, it is possible to do tissue oximetry, pulse oximetry, and heart rate
measurements. Experiments have shown that the implant applies to various porcine organs, but its
signal-to-noise ratio (SNR) increases significantly over 8mm penetration depth [14].

Overall, all these three devices use the main principles of PPG to assess blood and tissue oxygenation.
Based on these devices and the principles of PPG, it has been observed that PPG is mainly restricted
to the measurements relative to blood (hemoglobin) even though there are invasive devices that can
reach deeper into the tissues. As a result of this, it is only possible to know tissue oxygenation based on
the assumption that hemoglobin is able to deliver oxygen to the cells; which does not give a complete
insight on the changes in cellular level.
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2.1.2. Electrochemical Sensing
Electrochemical measurement of oxygen relies on the principle of the chemical reactions involving the
reduction of oxygen which results in the generation of current based on the amount of reduction [9].

Os + 2H20 + 4de™ — 40OH ™ (2.2)

The measurement setup involves galvanic metal pairs, where corrosion reactions take place at the
anode of the electrochemical cell, and reduction of oxygen or evolution of hydrogen takes place at the
cathodic side [9]. As a result, the lifetime of the electrochemical cell and the measurement time of the
oxygen depends on the total corrosion time of the metal on the anodic side.

The most common type of electrochemical oxygen sensor is the Clark cell that is also developed by
Gray et.al.[15]. It consists of platinum (Pt) as the working (WE) and the counter (CE) electrode, and
silver/silver chloride (Ag/AgCl) as the reference (RE) electrode. For this application, the cell is supplied
with —0.5V using a potentiostat, and the negative currents are measured to quantify the oxygen tension
of the visceral surface tissue (Pr,, ) [15]. The results of stable measurements over 165 minutes have
shown that negative currents are proportional to Pr,,, , where more negative currents indicate higher
partial pressures and consequently, higher oxygen concentrations [15].

In addition to Clark cells, there are different electrochemical oxygen sensor configurations in terms
of biodegradability, shape, and additional measurement parameters [9] [16] [17]. She et.al. report a
biodegradable, self-powered galvanic pair. Molybdenum (Mo) and magnesium (Mg) are used for the
galvanic pair, where Mg is the anode and Mo is the cathode. The pair is embedded in poly-lactic acid
(PLA) and immersed in saline electrolyte.

In this setup, the oxygen concentration is determined based on the spontaneous galvanic protection of
Mo due to oxidation of Mg at the anode (E° = —2.34V). This means that; Mo at the cathode does not
undergo corrosion and either hydrogen evolution or oxygen reduction takes place, which is dependent
on oxygen concentration. In the absence of oxygen, reduction cannot occur and hydrogen evolution
reaction determines the anode-cathode reaction(E° = —0.83V); whereas in the presence of oxygen,
the reduction reaction determines the voltage (E° = +0.401V) [9]. This results in a variation of voltage
which can be approximated as a linear dependence of the anode-cathode potential to the oxygen con-
centration until the point of saturation, where oxygen reduction dominates hydrogen evolution. Based
on this, the range of the sensor is determined to be 0 — 60%atm with a sensitivity of 6mV/%atm oxygen
during a maximum ex-vivo operation time of 66 minutes[9].

Xia et.al. report a flexible thread-based oxygen sensor that can measure oxygen concentrations at
larger surfaces or local spots with high accuracy and sensitivity. The structure is based on silver threads
coated with dielectric ink that are located both at the cathode and anode sides and controlled with a
potentiostat at 0.55V. At the anode, chlorination of the silver thread takes place and at the cathode,
water formation occurs.

Anode :  4Ag+4C1~ — 4AgCl + 4e™ (2.3)

Cathode :  4H" +4e™ + Oy — 2H20 (2.4)

Here, the formation of water and the resulting current flowing through the cathode depends linearly on
dissolved oxygen concentration.

There are two configurations of the silver threads to be used for measurement: Wire sensor and tip
sensor. The wire sensor has a larger sensing area that applies to bigger regions and the tip sensor is
for smaller local points on the tissue. The results show good repeatability, reversibility, and stability for
these sensors for over a week. The sensitivity of the sensors reduced during this period, where more
reduction has been reported for the wire-type sensor. They are calculated to be 867.8 + 87 m"A for

g/L
the wire sensor and 1.94 + 0.35 m’;f/‘L for the tip sensor with a limit of detection of 0.95 and 1.68ppm
respectively [16].

Lastly, Li et.al. introduce a bioresorbable electrochemical sensor based on galvanic coupling for glu-
cose, oxygen, and temperature measurement in subcutaneous tissue. The device consists of a polylactic-
co-glycolic acid (PLGA) substrate, zinc (Zn) (WE), molybdenum (Mo) (CE), and molybdenum-tungsten
(Mo-W) (RE) based electrodes and a sensor for current measurements to determine the change in
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concentrations. For temperature measurements, an additional Mo electrode is added where voltage
change is monitored. For powering, the system is connected to an external reusable control unit with
a lithium battery. The results show a stable operation for 7 days in vitro and 5 days in vivo. During this
period, the sensitivity remains constant at 0.08% for oxygen over the first 5 days; and then increases
gradually to 1.92 times its initial value by the end of day 7. Besides, the sensor degrades 2 weeks
after its placement inside the body and detaches from the external unit in 4 weeks. The complete
degradation is then completed within 2 months [17].

In general, the electrochemical sensors allow for the determination of oxygen concentrations through
the change of electrical properties in the sensor. It is possible to design sensors with different config-
urations depending on the target measurement area or the duration of stay in the body. One of the
main limitations of these types of systems is the lifetime, as the degradation rate and the material of
the electrodes are proportional to the total operation time of these devices. Additionally, based on the
papers described above, the measurement area consists of the surrounding subcutaneous tissue and
the surface tissue which are not based on the cellular level changes.

2.1.3. Photoluminescence

Photoluminescence is defined as the excitation of material with light energy or photons to stimulate
the emission of photons [18]. To determine the oxygen concentration based on luminescence, photo-
sensitive dyes are introduced to the sensor design. Some examples for these dyes include ruthenium
[10][19], platinum octaethylporphyrin (PtOEP) [20] and palladium-benzoporphyrin (Pd-MABP) [21] [22].

In the presence of oxygen; the luminescence intensity and lifetime of the photo-sensitive dye decreases,
which is defined as quenching [10]. By measuring this change, the concentration of oxygen can be
determined using the Stern-Volmer equation [10]:

1
70 = o =1+ K/SV[OQ] (2.5)
T

where I, and 7y are the emission intensity and the lifetime of the dye when there is no oxygen, and
ksv is the Stern-Volmer constant. Based on this equation, both intensity and lifetime give an insight to
oxygen concentration. In contrast to emission light intensity, the lifetime is independent of the excitation
light intensity, dye concentration, filtering effects, and photobleaching [10].

The configurations for photoluminescence based sensors include hydrogel-based nanofibers [22], nanopar-
ticles [19], wearables [20] and implants [10].

Among these configurations, Chien et.al. report hydrogel-based nanofibers, that are injectable into the
interstitial tissue, where the oxygen concentration can be monitored. The fibers are excited with an
external optical device, where the quenching is also monitored with a response time of up to 2.5 years
[22]. Biodegradable versions of these hydrogels have also been investigated by Cybyk et. al., where
different material compositions were tested. The results showed accurate oxygen measurements with
linear Stern-Volmer plots for up to 35 days in vitro [23].

Zhou et.al. introduce mitochondria-specific oxygen nanosensors based on ruthenium. The nanosen-
sors are chemically functionalized so that they target mitochondria to check intracellular oxygen activity.
In vitro tests show that nanosensors can operate with constant illumination of 450nm for 40 minutes.
They have high sensitivity in which their quenching response to oxygen (75%) is approximately the
same as the free nanosensors in the solution (74.1%) [19].

Lim et. al. has designed a wearable sensor patch for transcutaneous oxygen monitoring (tcpO2). tepOa
is used to measure the concentration of oxygen just below the skin, where a heater is used to allow more
oxygen diffusion towards the skin. The intensity based photocurrent measurements at 45°C showed a
intensity sensitivity (é—ﬂo) of 1.61 at 30% oxygen and a measurement range of 0-30% oxygen [20].

Lastly, Sonmezoglu et.al. report an ultrasonically powered implant with a ruthenium-based sensitive
area. The oxygen concentration is characterized through phase luminometry, where the phase shift
between excitation and emission is determined to calculate the lifetime:

A = tan™ 1 (27 fopT) (2.6)
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Here; A® is the phase change, f,, is the operation frequency of the light source (20kHz) and 7 is the
lifetime. The change in the lifetime can then be related to oxygen concentration through the Stern-
Volmer equation. The results show that it is possible to wirelessly monitor deep-tissue oxygenation up
to 10cm with an oxygen sensitivity of ~ 0.066° (mm.Hg)~' and a phase resolution less than 0.38° H z~1/2
[10].

In summary, the photoluminescence measurements allow oxygen to be monitored based on quenching.
For some of the applications, chemical functionalization of the substances is needed to achieve cellular-
level analysis. For the others, the measurement areas involve interstitial tissue and transcutaneous
measurements. Most of the methods are not investigated for biodegradability whereas the investigated
ones show an operation time of 35 days.

2.1.4. NADH

One of the main organelles involved in cell metabolism is the mitochondrion, which is important for
energy supply to the cell. A properly functioning mitochondrion is an indication of vitality, which can be
detected through the oxygen supply to the cell and oxygen demand of the cell to produce energy (ATP)
[3]. The supply can already be determined from the oxygen concentration of the blood and the flow; but
to determine the oxygen demand, the energy (ATP) production mechanisms and the respiratory chain
components have to be considered [3].

Nicotinamide adenine dinucleotide (NADH) has the most significant oxygen sensitivity in the cellular
respiratory cycle, which can be used for intracellular oxygen concentration determination [3]. Its pres-
ence indicates cellular activity and therefore a functioning energy metabolism [3]. There is inverse
proportionality between NADH and O, in the cell as the reduction of NAD™ to form NADH requires
the absence of oxygen. In addition to this, NADH is inversely proportional to the tissue blood flow; as
with more flow, more O is present, which results in the oxidation of NADH that eventually decreases
NADH concentration [3].

Measurement of NADH fluorescence to assess its presence is an old technique that has been estab-
lished starting from the early 1950s [11]. Mayevsky et.al. use this technique to monitor mitochondrial
NADH together with microcirculatory blood flow, tissue reflectance, and oxygenation with a commer-
cially developed device (CritiView). The device consists of a catheter with 3 measurement points and is
placed in the brain of small animals (gerbil and rat), the urethral wall of patients who are in the intensive
care unit (ICU), and patients who undergo vascular and open heart surgeries. The use of the device
allows for multiparametric monitoring where the results from the device are claimed to serve as an early
warning as the measurements show the expected relationships between the measured parameters for
tissue condition monitoring [11].

To summarize, NADH is an important indicator to be investigated for cellular activity which is inversely
related to blood flow and oxygen. The quantification of the NADH concentration can be done through
fluorescence and can then be linked to determine the oxygen concentration through ratiometric rela-
tions.

2.1.5. Selected oxygen sensing method in this project

After careful consideration of each method of oxygen monitoring for tissue vitality analysis, NADH mon-
itoring is chosen as the most optimal method. This is because NADH gives the most insight into the
oxygen concentration in the cell; in contrast to the other methods which are mostly limited to the sur-
roundings of the tissue and the blood. Furthermore, as the detection mechanism and time are not de-
pendent on the measurement agent, unlike the photo-sensitive dye or the metal of the electrochemical
cell, there is a freedom of design in terms of the operation time and material choice. Lastly, fluorescent
characteristics of NADH allow for an optical measurement where a sensor system can be designed
solely based on NADH optical properties that will be directly linked to oxygen.

2.2. NADH Fluorescence Sensing

NADH exhibits fluorescent characteristics that are excitable at approximately 350nm, in contrast to its
oxidized form (NAD™) [24]. The emission spectrum of the molecule is observed at 420-550nm with
an emission peak of 470nm for unbounded NADH (free) and of 440nm for protein-bounded NADH.
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These two states also have different fluorescence lifetimes of 400ps for free NADH and 2500ps for
protein-bounded NADH [25].

The protein-bounded form of NADH is more stable compared to the free form and stays constant
throughout the respiratory cycle. In contrast, free NADH fluorescence intensity changes throughout
the cycle, where it is more when the oxygen is low and less with higher amounts of oxygen. This also
means that the measurement of fluorescence intensity and lifetime is mostly dependent on the free
NADH. For the overall NADH measurements, the results then show higher fluorescence intensities
and shorter average fluorescence lifetimes at lower oxygen concentrations [25].

In addition to NADH, there are also other molecules with fluorescence characteristics that can influ-
ence the measurements. The fluorescence responses of other molecules together with NADH are
presented in figure 2.2 [25]. One of the examples would be flavins which are involved in hydroxylation
and (de)hydrogenation reactions [26]. They have the same excitation wavelength as NADH with an
emission peak at approximately 550nm [25]. This causes interference in the optical measurement of
NADH fluorescence intensity and lifetime as a result.
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Figure 2.2: Cellular autofluorescence spectra [25]. (Left) The absorption spectrum of fluorescent molecules in the body with
the NADH absorption curve shown in green. (Right) The emission spectrum of the fluorescent molecules with NADH-free
emission shown in yellow and protein-bounded NADH shown in blue. The heights show the relative molar absorptivity and the
quantum yield respectively which might vary between samples.

The optical measurement of fluorescence requires an excitation source (350nm) and a detector for the
quantification of the fluorescence. As the emission of other fluorescent molecules in the body might
interfere with this detection, together with the excitation source, an optical filter setup is required to be
able to distinguish between the emission of NADH and other molecules and to remove the influence of
the excitation source. The section 2.2.1 will introduce the filtering methods for the isolation of NADH
emission and the principle of detection to be able to quantify oxygen concentration.

2.2.1. Filter design

Filtering of the excitation wavelength and emissions from other molecules allows for a more specific
and accurate detection. The filtering methods for the determination of NADH molecules are chosen to
be the interference filter and absorption layer.

Interference filters

An interference filter consists of stacks of two different materials with different refractive indexes. The
working mechanism of interference filters relies on the phase shift of the light, due to the thicknesses of
these layers [27]. When the incoming light hits the filter, two reflections occur: Reflection from the top
of the filter (reflection 1) and at the interface of layers after light passes through one of the filter layers
(reflection 2).
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The thickness of an interference filter layer can be calculated based on the refractive index of the
material (n) and the wavelength of interest (\) [27]. When the thickness is 41”, destructive interference
occurs, in which the incoming light is canceled due to a phase shift of 90° between the reflections;
and constructive interference occurs when the thickness is ﬁ due to 0° phase shift [27]. A ﬁ layer is
defined to be an anti-reflective layer and ﬁ is named to be the absentee (spacer) layer [27].

The most basic version of these filters is the bandstop filter, which consists of multiple high (H) and low
(L) refractive index layers with a thickness of ﬁ [27]. As all layers are proportional to the quarter of
the wavelengths, one portion of the spectrum has reduced transmission. By increasing the amount of
stacks, it is also possible to reduce the transmission further.

When a spacer layer is added in between two bandstop filters, it is possible to transmit the wavelength
of interest, while the surroundings are blocked. These types of special filters are called the Fabry-Perot
filters [28]. The transmission spectrum of the Fabry-Perot filter and the bandstop filter is presented in
figure 2.3 [27].
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Figure 2.3: Example for transmission spectrum of filters [27]

As shown in the figure, the bandpass region of the Fabry-Perot filter is very narrow and specific to a
single wavelength. It is possible to increase the bandpass region width by introducing more spacer
layers to the filter design, which will allow for a wider range of wavelengths to pass through while
preventing others [27].

In addition, the filter is dependent on the angle of incidence. This is because, when the light comes
with an angle, its total path in the filter layer is longer, due to the reduction of refractive index based on
the angle (Snell’s Law).

Nangled = noriginals'ine (27)

where nqn 44 is the reduced refractive index and 6 is the angle of incidence. As a consequence, since
the thickness of the layer is the same, the transmission spectrum shifts to lower wavelengths with
decreasing refractive index as A « n at constant thickness [27].

An example of the Fabry-Perot filter is designed by Pimenta et.al. with a transmission peak at 570nm
for neuron physiology assessment [28]. The filter consists of 7O, (H-layer) and SiO, (L-layer) layers
and has one spacer layer that is made with SiO,. In addition, it has 5 interchanging anti-reflective
layers on both sides of the spacer layer, which corresponds to a total of 11 layers. The response of
the filter has an ~ 81.8% transmission peak at 561nm, with a bandpass region of 28nm that is able to
transmit more than 50% of the light. The response of the filter compared to a simulation in TFCalc3.5,
together with its structure is presented in figure 2.4 [28].

The response shows that the experimental transmittance is similar to the simulation. Overall, the pos-
sibility to specify the transmission peak based on material thickness while blocking other wavelengths
makes the Fabry-Perot filter design suitable for the transmission of emission of NADH.

Absorption layers
Absorption layers can be used to eliminate some of the wavelengths, as they have high absorption to a
range of wavelengths while transmitting others depending on their material properties [29]. In addition
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Figure 2.4: Fabry-Perot interference filter example from Pimenta et. al. [28]

to this, the wavelengths can be shifted to different values by using the photo-sensitive properties of
nanoparticles [30]. For this application, a particle with high absorption to undesired wavelengths can
be chosen; which will shift this wavelength to a higher value during emission, due to a decrease in
light energy. It is then important to choose a particle in which the emission does not interfere with the
wavelength of interest.

To sum up, it is possible to reduce the transmission of undesired wavelengths and to limit the range of
detection to the emission spectrum of NADH using these filtering techniques.

2.2.2. Detection principle

Detection of fluorescence is done through the use of photodiodes, in which the current flowing through
the diode is directly proportional to the incoming light intensity. Silicon-based photodiodes are the most
abundant type, which is used in many applications for the detection of broad ranges of wavelengths
[31].

The detection principle is based on the absorption of silicon, where there is high absorption at shorter
wavelengths that decreases for longer wavelengths [32]. At the infrared range, silicon becomes trans-
parent. Based on this, the photocurrent generated due to a single wavelength can be defined as;

$0qSA

o1 (2.8)

Ipc = —
where ¢, is the incoming light intensity, q is the elementary charge (1.6 - 10~°C), S is the surface area
of the diode, ) is the wavelength of the incoming light, h is the Planck’s constant (6.62 - 10734Js), c is
the speed of light in vacuum (3 - 103%), « is the absorption coefficient of silicon and W is the depletion
depth in which the current is generated [31].

For the measurement of current at a specific depth W, Choi et.al. introduce a gated photodiode structure.
Compared to other types of photodiodes, this allows for the differentiation of wavelengths from each
other, which allows for the isolation of the wavelengths of interest. The structure is built on an n-type
substrate with p-well, which is presented in figure 2.5 [31]. Here, by controlling the gate voltage (Vpg),
the depletion depth is adjusted where the photogate current can be determined for the adjusted region
(Ipc). When a voltage V; is applied to the gate, the depletion depth can be defined to be W, and the
photocurrent that flows to the output is Ip5; [33]. A similar case occurs for Ipgo When V5 is applied.
As a result, different relationships for the currents will be obtained at W; and W5 since the absorption
coefficients are different for each wavelength [33]. Additionally, when multiple wavelengths are applied
to the same depth, this will result in a complex relationship where the wavelength with the closest
absorption depth to the depletion depth will dominate the current.

By applying this wavelength detection principle to the emission spectrum of NADH, it is then possible
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Figure 2.5: Gated photodiode structure by Choi et.al. [31]

to determine the fluorescence light intensity from the current as the photocurrent scales linearly with
light intensity (¢g) to determine oxygen concentration. Therefore, this detection principle is chosen to
be combined with a Fabry-Perot interference filter and an absorption layer to be able to isolate the
emission spectrum of NADH from the excitation source and the fluorescence of other wavelengths for
accurate oxygen monitoring.

To be able to place this sensor in the body, the material properties of the design have to be considered.
These properties include the ability to have contact with a living organism without harmful effects (bio-
compatibility), the ability to be decomposed by living organisms with biodegradation of 90% within 6
months (biodegradability), and the ability to degrade inside the human body without any abnormalities
(bioresorbability) [34]. Among these three; biocompatibility is the key requirement to have any interac-
tion with humans, where the applicability of the other two depends on the goal and the application area
of the product. The choice of materials for this current application is described in the following section.

2.3. Material selection

One of the key properties of this design is determined to be the bioresorbability of the materials. This
is because the sensor is designed to be placed inside the body, either for the post-surgical healing
monitoring or for the tissue vitality of transplanted organs, during and after its placement in the body.
When the system is not composed of bioresorbable materials, an additional surgery to remove the
device is required which complicates the healing process of the patient. On the other hand, the use
of bioresorbable materials allows for spontaneous absorption, removal, digestion, and disintegration
when placed in the body, which eliminates the need for a secondary surgery [35].

Even though some of the current applications involve bioresorbable materials in their sensor design,
the measurement of oxygen is restricted to an interstitial tissue-level analysis with short operation times
[9]1[17]. This raises the need for a bioresorbable oxygen measurement system that can do cellular-level
detection with higher operation times.

2.4. Objective of the research

The goal of this project is to introduce the design and experimentation of a bioresorbable optical filter
and detector system for NADH fluorescence sensing to measure oxygen concentration within the tissue.
To achieve this goal, a bioresorbable system design that can provide more than 90% transmission
of NADH fluorescence emission, while rejecting the excitation wavelength at least by two orders of
magnitude will be investigated. The system consists of an absorption layer, a Fabry-Perot interference
filter, and a photodetector. Each has different research questions to be answered for their design, which
are listed below.

» Photodetector: How do the variable gate voltage, device dimensions, and substrate thickness
influence a back-illuminated gated photodiode for the measurement of fluorescence emission of
NADH?
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» Fabry-Perot filter: How can a bioresorbable Fabry-Perot filter be configured to achieve a minimum
transmission of 90% of the fluorescence emission (470nm) and a maximum transmission of 10%
of the excitation (350nm) with minimum influence of angle of incidence?

» Absorption layer: How much reduction of the excitation wavelength (350nm) can be achieved by
depositing ZnO on top of the filter and the detector as an absorption layer?

Based on these research questions, the master project consists of the determination of the optimal de-
sign considerations and materials for the absorption layer, Fabry-Perot filter, and photodetector based
on simulations and experiments. Chapter 3 will explain the method of design and material choice of
each component, together with the simulation results, process steps for fabrication, and the test setup
for measurements. Then, chapter 4 will present the experimental results of each component, and cal-
culations for biodegradation time followed by the discussion of the results and suggestions for future
experiments in chapter 5 and conclusion in chapter 6.



Methods

The biodegradable optical filter and photodetector design consists of three components: The absorption
layer, the Fabry-Perot filter, and the photodetector for light detection through light absorption depth in
silicon [31]. In this design, the first layer encountered by the light is the absorption layer. After it absorbs
some of the light or shifts some wavelengths to higher values, light passes through the Fabry-Perot filter
where most of the undesired wavelengths are expected to be canceled while 470nm passes through.
Lastly, the light enters the photodetector in which current is generated.

In this chapter; the principles of the design considerations, together with modelling, simulation, and
processing steps will be discussed separately for each component. Then, the testing setup for each
component will be introduced, which will be used for the experiments.

3.1. Absorption Layer

An absorption layer is added at the top of the device to shift the excitation source wavelength (350nm)
to a higher wavelength that is not within the NADH emission spectrum. This prevents some of the
excitation source light from entering the device.

3.1.1. Choice of Material

For this application; zinc oxide (ZnO) nanoparticles are chosen as ZnO is bioresorbable with a degrada-
tion rate of 4nm/hour in PBS [36] at 37° and has a high absorption to the ultraviolet-A (UV-A) spectrum,
which contains 350nm [30]. Its absorption increases with increasing nanoparticle diameter up to 40nm
after which the particles start to become opaque to UV and are completely opaque for particles greater
than 70nm [30]. After 70nm, the absorbance starts to decrease due to a decrease in particle density
with an increase in size [30]. Therefore, particles with 25-35nm diameter are chosen to be the optimal
type. Moreover, the emission peak of ZnO is at 546nm when excited with 358nm, which is at the edge
of the emission spectrum of NADH [37]. The spectral response of ZnO nanoparticles is presented in
figure 3.1.

3.1.2. Process steps
The fabrication of the ZnO absorption layer is done on a 1-inch glass wafer for optical characterization,
using 22 wt.% water-dispersed ZnO nanoparticle (25-35nm diameter) solution from Nanografi [38].

Before the fabrication, the glass wafers are submerged in acetone (5 minutes), isopropyl alcohol (IPA)
(5 minutes), and deionized water (5 minutes) baths for cleaning. Then, they are treated with oxygen
plasma for one minute to ensure better adhesion of the particles. After this, the solution is spin-coated at
1000rpm, 1500rpm, and 2000rpm for 80s, 65s, and 40s respectively. Lastly, the particles are annealed
on a 200°C hotplate for 1-10 minutes, where the annealing temperature and time are chosen as the
intermediate values of two different ZnO protocols [39] [40].

The reason for increasing the spinning time with lower speeds is to ensure the drying of the solution

13
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Figure 3.1: ZnO spectral response

before annealing. Additionally, different spin rates are chosen to investigate the effect of spinning on
the layer properties and thickness.

During the fabrication of the complete device, the nanoparticle solution will be drop-casted on the rest
of the components as the final layer and will be left to dry under a fumehood for one hour.

3.2. Fabry-Perot Filter

Fabry-Perot filter is designed for the high transmission of the emission peak of NADH (470nm) while
blocking the excitation source and the emission of ZnO nanoparticles. Several criteria are defined for
the design of the filter:

» Biodegradable/bioresorbable

+ High transmission for NADH spectrum

» Low transmission for excitation source (350nm) and ZnO emission (~ 546nm)
» Maximum thickness of ~ 1um

+ High tolerance to different angles of light

3.2.1. Choice of Material

To make the filter bioresorbable, silicon oxide (Si05) and silicon nitride (SiN,) are chosen to be the
filter layers for low and high refractive index material. They have degradation rates of 0.1nm/day
and 0.794nm/day in PBS solution at 37°C respectively [36]. To ensure bioresorbability within patients’
lifetime, the total thickness of the filter is restricted to 1.m, which corresponds to 27.5 years degradation
time for 1um Si0O5 and 3.5 years for SiN,. The actual filter is expected to have a degradation time in
between these values as the layers are added interchangeably.

3.2.2. Modelling

The thickness of each filter layer is based on the refractive index of the material. The refractive indexes
of Si0O5 and SiN, are ~ 1.46 and ~ 2 respectively [41]. Based on this, the thicknesses of the anti-
reflective layers to cancel 350nm can be calculated as;

A 350nm
t i = = = . ~ .1
Si0, g0, 1146 59.93nm ~ 60nm (3.1)
A 350nm
ts; = = =43.75 ~ 45 3.2
SigNy 4nSi3N4 1.2 nm nm ( )

and for the spacer layers to transmit 470nm can be calculated as;

A _ 470nm
2ngio, 2-1.46

tsio, = = 160.96nm ~ 161nm (3.3)
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A _ 470nm

= = 117.5nm ~ 120nm 34
Fr— ) nm nm (3.4)

tsisN, =
Using these values, simulations are done to determine the optimal filter configuration.

3.2.3. Simulations

Filmetrics spectral thin film reflectance calculator is used to determine the optimal configurations for
the filter design [42]. For the simulation, the medium is set to be the air, and the substrate is set to
be glass. Then, a unit configuration of L-H-L-2H-L-H-L is determined to be the simplest version of the
Fabry-Perot filter, where L represents the low index material (Si05) and H represents the high index
material (SiN.). Here, SiN, is chosen to be the spacer layer as it degrades faster compared to SiO,
and behaves better compared to the simulations where SiO, is the spacer layer.

The thicknesses of the layers are based on pre-determined thicknesses but are also changed to opti-
mize the design. Additionally, the number of unit configurations is increased to have better prevention
of 350nm and to have a larger transmission band within the NADH spectrum. The behavior of the filter
with different angles of incidence is also simulated to check the tolerance of each configuration, where
for all cases a shift towards lower wavelengths is observed.

Overall, four configurations with 15 layers and 3 spacer layers are determined to be built. Their layouts
are presented in table 3.1.

Layer number | Material | Filter 1 | Filter 2 | Filter 3 | Filter 4
1 Si0q 45nm 45nm 60nm 55nm
2 SiN, 45nm 45nm 45nm 40nm
3 Si0q 45nm 45nm 60nm 55nm
4 SiN, 130nm | 130nm 125nm 125nm
5 Si04 45nm 60nm 60nm 55nm
6 SiN, 45nm 60nm 45nm 40nm
7 Si05 45nm 60nm 60nm 55nm
8 SiN, 130nm | 130nm 125nm 125nm
9 Si05 60nm 50nm 60nm 55nm
10 SiN, 60nm 50nm 45nm 40nm
11 Si09 60nm 50nm 60nm 55nm
12 SiN, 130nm | 130nm 125nm 125nm
13 Si04 50nm 45nm 60nm 55nm
14 SiN, 50nm 45nm 45nm 40nm
15 Si09 50nm 45nm 60nm 55nm
Total thickness 990nm | 990 nm | 1035nm | 975nm

Table 3.1: Filter configurations from simulations

Filter 1 and 2 are designed so that each L-H-L pair has the same thickness. The thicknesses are varied
accordingly, to be able to have low transmission for 350nm and high transmission for 470nm. Filter 3
has the same thickness as the pre-calculated values, except for the spacer layer which is 5nm more
than the calculation; and Filter 4 has anti-reflective layers with thicknesses that are 10% less than Filter
3.

The expected transmittance of these filters at 350nm and 470nm is presented in table 3.2 and their
expected transmission spectrum is shown in figure 3.2.

The transmittance of the filters shows that filters 3 and 4 have wider pass-band regions compared to
filters 1 and 2, and that filter 4 shifts to lower wavelengths due to 10% reduction in anti-reflection layer
thickness.

Based on the simulations, these four filters were fabricated for experimentation.
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Filter | Transmission at 350nm (%) | Transmission at 470nm (%) | Freremissionionmn
1 7.05 97.7 13.85
2 7.94 95.0 11.96
3 4.18 954 22.82
4 4.54 84.8 18.68

Table 3.2: Transmission of filters at 350nm and 470nm
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Figure 3.2: Transmittance of the simulated filters

3.2.4. Process steps

The fabrication of the filters is done on 1-inch glass wafers for optical characterization, where Ox-
ford Instruments PlasmaPro 100 - in Kavli Nanolab/ TU Delft - is used for inductively coupled plasma-
enhanced chemical vapor deposition (ICPECVD) of the filter layers. The deposition temperature is
chosen to be 150° to ensure lower stress, based on the specifications from Oxford Instruments [43].
The gases for the deposition are SiH, and O, for SiO5 and SiH,4 and N, for SiN,. The recipe names
are "Kavli SiO2 150C 59nm/min low stress +50MPa, unifor.5% (2)” and "Kavli SiN HR 150c¢ 47.2 nm/min
stress=-283MPa uniformity=1.6% n=2.1" for SiO, and SiN, respectively.

Before the actual deposition, silicon dummy wafers are used to determine the deposition rate of SiO,
and SiN,. First, to determine the Si0O, deposition rate, the chamber of the ICPECVD is conditioned with
SiN, without a dummy wafer to mimic the continuous deposition of the filter. Then, SiO, is deposited
on the dummy wafer at 150°C for two minutes. After this, the thickness of the layer is measured with
JA. Woollam Co. M200F spectroscopic ellipsometer and the deposition rate is calculated. The same
process is repeated for SiN,, at 150°C by conditioning the deposition chamber with SiOx.

After determining the deposition rates for both materials, the required times per layer are calculated
and the filters are deposited. The deposition rate is determined on the same day as the filter deposition
to ensure accurate layer deposition.

During the fabrication of the actual device, the filter will also be deposited with ICPECVD on the back
side of the photodetector.

3.3. Photodetector

The purpose of the photodetector is to determine the current from one wavelength while eliminating
or reducing the effect from the others [31]. For this application, the fundamental wavelength to be
detected is 470nm, which is the peak emission from NADH molecules. The design, which is presented
in figure 3.3, is an adaptation from Choi et.al.
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Photogate voltage

p-substrate

Figure 3.3: Adapted design of the photodetector

In contrast to the gated photodiode design of Choi et.al., this design lacks the deep p-well well in an n-
type substrate and consists of two shallow n+ wells within the p-substrate for current detection instead
of one. Therefore, the structure has a similar layout to a transistor.

3.3.1. Modelling

Matlab was used for the characterization of the detector properties; where the intrinsic properties of the
detector with no applied voltage and the required bias voltage of the shallow n™ wells are determined
based on the doping concentrations of the substrate and the wells, and based on the fundamental
wavelength of 470nm. The Matlab code for this characterization can be found in Appendix A.

A few assumptions were made for these calculations. As the current detection is based on the current
generated within a depletion depth, it is assumed that the incoming light illuminates the depletion region
while the other parts of the device are insulated. Additionally, it is assumed that the currents generated
by higher wavelengths with lower absorptivities in silicon have negligible influence on the measured
current at the n* wells.

When light hits the depletion region, it generates electron/hole pairs. As the depletion region is void
of any mobile charge and there is an electric field between the fixed electrons at the p-side and fixed
holes at the n-side of the depletion region, the pair is forced towards the opposite ends of the depletion
region. This results in a drift current which is dependent on the generation rate of electron/hole pairs
[44]:

iy ()

= 3.5
G e (3.5)

where i, (x) is the change in light intensity according to distance.
iy () = iy " (3.6)

in which i, is the initial light intensity before it hits the surface of the photodetector and x is the distance
[44].

The total drift current due to light (1;,,,) can then be calculated based on the total generation in the
depletion region, the elementary charge (q), and the surface area of the detector that is in contact with
light (S) [44]:

w w .
Toum = ¢S / Gdz = ¢S / Xiv(@) ) (3.7)
0 0 hC

The solution of the integral then gives the total illumination current (photocurrent), which has been
defined in equation 2.8. During measurement at n* well, the influence of this current is considerably
higher than the current generated outside of the depletion region, as the currents outside the depletion
region are diffusion currents that are regulated by the electron/hole concentration, mobilities, and time
[44]. Hence, the current outside depletion region is considered to be negligible.
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To determine the intrinsic properties and the biasing conditions, one of the n* wells is taken into con-
sideration.

The intrinsic bias voltage (V;;) of the material is based on temperature (7' = 300K), the intrinsic carrier
concentration of the substrate material (n; = 1.5 - 10!°%cm=3), and the doping concentrations of the
substrate (N4 = 110 atoms/cm?) and the n™ well (Np = 3 - 100 atoms/cm?) [44].

Vi = %Tln(N;‘L]QVD) = 0.96V (3.8)

i

Here, the intrinsic carrier concentration is chosen for silicon and the doping of the substrate is deter-
mined based on the common doping concentrations for standard p-type silicon wafers. The n™ doping
is selected based on the available doping dose and energies for ion implantation to achieve shallow
implantation.

The depletion width for the case with no applied voltage (W,,,) can be calculated using the intrinsic bias
voltage.

QETGOVZ;Z' NA + ND
W, = = 356nm 3.9
p \/ . NN, = 396n (3.9)

where ¢, is the relative permittivity of silicon (11.7) and ¢, is the permittivity of free space (8.85 -
10712F/m) [44).

To be able to detect 470nm; the depletion width has to be adjusted so that it is equal to the absorption
depth of 470nm, which can be calculated from its absorption coefficient (azonm = 1.72 - 10*/cm) in
silicon [32].

= 581nm (3.10)

an,new =

I \/2@60(‘@' +V,)Na+ Np

Q470nm q NsNp

where V. is the required reverse bias voltage to achieve this depletion width, and is equal to 1.64V
when the substrate is grounded.

Based on the parameters defined before, the schematics to represent the modelling of one of the n*
wells are presented in figure 3.4.

(a) One well model with reverse bias and depletion width (b) One well model indicating the photocurrent I;,,,,,

Figure 3.4: One-well models with arrows indicating the incoming light

After determining these parameters, the current response can be calculated for different wavelengths
with the same intensity (0.05W/m?). The current response at different depths within the substrate is
presented in figure 3.5.

The response shows that, with the defined parameters, the peak of each location is within the bound-
aries of the spectral response of NADH (420-550nm [25]) where the peak of 470nm is observed for a
depth of 0.3um. This may indicate that the current measured at the n™ well, which is the total current
with contributions from different wavelengths, is dominated by the spectral response of NADH. How-
ever, it should be noted that this model is limited to the depletion region surrounding one of the n* wells
and does not include the effect of the gate on the current and the overall change in current over time.
That’s why, the detector response is investigated in more detail through Spectra simulations.
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Figure 3.5: Current response at different depths within the substrate over the spectrum

3.3.2. Simulation

Spectra simulations have been conducted to determine the current for 470nm and the response of
other wavelengths in more detail; where the effect of the gate voltage, the response based on changes
in channel width, and n™ well size has been investigated.

Five wavelengths are chosen for the simulation; which are 350nm, 400nm, 470nm, 570nm, and 650nm.
The choice is based on the spectrum of NADH and the presence of undesired wavelengths: 350nm
is the excitation wavelength that is desired to be filtered, 400nm is at the lower edge of the NADH
spectrum, 470nm is the peak emission wavelength for free-NADH molecules, 570nm is at the upper
edge of the NADH spectrum and also close to the emission wavelength of ZnO nanoparticles (546nm
[37]) that is desired to be eliminated from the measurement, and 650nm is a red wavelength with low
absorptivity in silicon.

During the simulation of the total current response, the illumination intensities of the wavelengths are
adjusted so that the effect of the absorption layer and the Fabry-Perot filter are taken into consideration.
This means that the intensity in comparison to 470nm is two orders of magnitude less for 350nm, as
it is assumed to be filtered by the Fabry-Perot and absorbed by ZnO nanoparticles, and an order of
magnitude less for 570nm as it is assumed to be filtered by the Fabry-Perot. For 400nm and 650nm,
the intensities are the same as 470nm. Additionally, the intensities are kept the same as 470nm for
single wavelength measurements.

The detector is chosen to be back-illuminated to prevent any reflection of light due to the presence of
the gate and metal connections, and the reverse bias voltage is set to be the same as the calculation
(1.64V). Then, three tests are conducted to determine the most optimal design, where the length of the
device is not taken into consideration as it only contributes to the magnitude of the current but not the
current related to changes in wavelength or light intensity:

» Determination of the gate voltage
« Determination of the channel width and n* well size
» Determination of substrate thickness

Determination of the gate voltage

During the application of gate voltage, the voltage value influences the formation of the channel. To
be able to change and control the channel depth without reaching saturation, the detector has to be
operated at the subthreshold conditions (Vgs < Vip).

Since both n™ wells are supplied with the same reverse bias voltage (V,. = 1.64V), Vg5 can be calcu-
lated from both and is equal to Vi — V. = Vz — 1.64V, and the threshold voltage is calculated from
the intrinsic properties to be 0.38V in which there is a 20nm Si0O, layer in between the gate and the
substrate as the dielectric material. This means that for the subthreshold condition, the gate voltage
has to be between 0 — 2.02V to form an n-type channel. Therefore, five values of gate voltages have
been simulated with different intensities (1uW/m? - 20uW/m?) of 470nm: 0V, 0.5V, 1.3V, 1.85V, and
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1.95V. For this, the simulation conditions are 5um n™-well width, 100m channel width, and 580nm
substrate thickness, which is the same as the absorption depth of 470nm.

Based on these simulations, 1.3V is determined to be the optimal gate voltage. That’s because, with
higher values of voltage (1.85V and 1.95V), the saturation is reached faster which prevents the de-
tection of higher intensities but also fails to detect minor changes in the current with lower intensities;
and with lower voltages (0V and 0.5V) since the channel depth is shallower and almost non-existent,
the magnitude of currents are much lower for 470nm, which prevents the distinction from other wave-
lengths.

In addition to this simulation, a secondary simulation is done to calculate the percentage of other wave-
lengths compared to 470nm and to the total current with the same simulation conditions but with a light
intensity of 20.W/m? for 470nm. For this application, three gate voltages are applied: 0V, 1.3V, and
1.65V. The percentages are presented in tables 3.3 and 3.4.

Wavelength (nm) | OV w.r.t 470nm (%) | 1.3V w.r.t 470nm (%) | 1.65V w.r.t 470nm (%)
350 66.96 25.29 26.81
400 96.41 110.4 116.9
570 65.61 68.68 64.58
650 45.11 50.11 46.45

Table 3.3: Percentage of currents of test wavelengths w.r.t 470nm at different gate voltages

Wavelength (nm) | 0V w.r.t total current (%) | 1.3V w.r.t total current (%) | 1.65V w.r.t total current (%)
350 47.64 8.88 8.63
400 34.46 38.63 37.62
470 35.82 35.03 32.22
570 23.46 24.04 20.77
650 16.11 17.55 14.94

Table 3.4: Percentage of currents of test wavelengths w.r.t total current at different gate voltages

From these three, the optimal gate voltage is also determined to be 1.3V based on the low percentage
of 350nm compared to other wavelengths and the higher percentage of 470nm, except for 400nm. The
percentage of 400nm is adjusted later by the optimization of the substrate thickness, which will be
explained in more detail in "Determination of substrate thickness”.

Determination of the channel width and well width

Channel width and n*-well width are important as they affect the current detection. A wider channel
width allows for a larger detection area which increases current as more electron/hole pairs can be
generated within a larger area. In addition, a wider n*-well decreases the detection time of the current
as more current can be collected with a larger well. This then causes a faster recognition of the current.
For this simulation, several channel widths and n"-well widths are tested to determine the most optimal
configuration for the detector to be sensitive to 470nm with minimal influence from other wavelengths.
The conditions for all the tests include a gate voltage of 1.3V, a bias voltage of 1.64, a light intensity of
20 W /m? for 470nm, and a substrate thickness of 580nm.

The channel widths of 60um, 100um, and 150um with n*-well widths of 5um, 15um and 25um are
simulated and the percentage of current of each wavelength with respect to 470nm and the total current
is presented in tables 3.5, 3.6 and 3.7.
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Wavelength (nm) | 60um (%) | 100um (%) 150pum (%) | 60um (%) | 100um (%) 150um (%)
(470nm) (470nm) (470nm) (total) (total) (total)
350 113.4 25.29 8.06 81.56 8.88 2.27
400 156.2 110.4 118.4 99.48 38.63 33.42
470 100 100 100 90.23 35.03 28.27
570 123.4 68.68 61.09 90.29 24.04 17.25
650 135.1 50.11 33.02 94.85 17.55 9.32

Table 3.5: Percentage of currents of test wavelengths with different channel widths for 5um

Wavelength (nm) | 60um (%) | 100pm (%) 150um (%) | 60um (%) | 100pm (%) 150um (%)
(470nm) (470nm) (470nm) (total) (total) (total)
350 17.45 8.23 49.42 4.44 2.34 10.27
400 123.2 115.2 119.1 31.21 32.54 24.82
470 100 100 100 25.74 28.45 20.96
570 56.97 56.66 30.73 14.47 16.01 6.41
650 25.15 30.35 8.83 6.38 8.57 1.83

Table 3.6: Percentage of currents of test wavelengths with different channel widths for 15um

Wavelength (nm) | 60um (%) | 100um (%) 150pum (%) | 60um (%) | 100pm (%) 150um (%)
(470nm) (470nm) (470nm) (total) (total) (total)
350 75.22 28.59 41.09 45.52 9.78 15.83
400 102.7 111.2 111.0 62.10 37.89 42.56
470 100 100 100 60.55 34.43 38.50
570 90.26 66.74 73.55 54.60 22.85 28.21
650 84.26 47.58 59.51 50.96 16.17 22.91

Table 3.7: Percentage of currents of test wavelengths with different channel widths for 25um

Based on these percentages, four configurations are chosen to be the most optimal: 5um wells with
100pm and 150um channel widths, and 15um wells with 60m and 100pm channel widths. The reason
behind choosing these configurations is fundamentally based on the percentage of 350nm compared
to 470nm, which is desired to be as low as possible. Still, the percentage of 400nm is higher than
470nm, which has to be reduced to be able to have 470nm as the fundamental wavelength.

Determination of substrate thickness

Throughout the determination of optimal gate voltage, channel width, and n*-well width; the substrate
thickness is kept the same as the absorption depth of 470nm (580nm). However, with this thickness, it
is observed that 400nm dominates the current. As the current detection is dependent on the depletion
width and the absorption depth in silicon, a different substrate thickness has been tested for the detector
to be able to cancel out the influence of 400nm.

The absorption coefficient of 400nm (c400nm = 9.52 - 10%em 1) corresponds to an absorption depth of
amf)m = 105nm [32]. As the detector is back-illuminated, increasing the substrate thickness at least
by 105nm, is expected to reduce the effect of 400nm. Therefore, the substrate thickness with 700nm
is tested to simulate this effect. The percentages after this change for the four optimal configurations

are presented in table 3.8.

The simulation shows that by increasing the thickness of the substrate, the effect of 400nm can be
reduced. It should be noted that it is not completely removed, which might be due to diffusion cur-
rents that are close enough to reach the depletion region during the simulation period (10us), which
will contribute to the current. Moreover, inconsistency is observed for 15um wells with 60um channel
configuration when the substrate thickness is increased. This may be because of having a smaller
detection area due to a shorter channel, which may result in smaller magnitudes of current with higher
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Configuration 580nm substrate (%) | 700nm substrate (%)
5um wells with 100um channel 1104 87.69
5um wells with 150um channel 118.4 91.87
15um wells with 60m channel 122.8 40.07*
15um wells with 100um channel 115.2 92.32

Table 3.8: Ratio of 400nm and 470nm with different substrate thicknesses. *Inconsistent and unstable currents

deviations. Still, as a reduction of 400nm is observed with 700nm substrate, it is chosen to be the
optimal substrate thickness.

In addition to these tests, the effect of change in the intensity of light and pulsed light is investigated. For
this, the configurations are tested for the minimum detection intensity of 470nm, which is determined to
be 1uW/m?. Below this intensity, the hole diffusion currents start to dominate the response. The same
observation was observed for the pulsed light. The plots for minimum light intensity determination for
the optimal configurations are presented in Appendix B.

Overall, four configurations with different channel thicknesses and n™-well widths are chosen to be
manufactured, where 1.3V is the optimal gate voltage and 700nm is the optimal substrate thickness for
measurement.

3.3.3. Choice of material

One of the main goals of the detector is its bioresorbability. Therefore, it should be composed of mate-
rials that are compatible with the human body and with spontaneous disintegration. The bulk material
of the detector is silicon, due to its optical properties that allow for separate wavelength detection. How-
ever, it has a biodegradation rate of 4.1nm/day (37°C in PBS), which corresponds to a degradation
rate of approximately 200 years for a 300um thick silicon wafer [36]. Therefore, to shorten the degra-
dation time, the wafer has to be thinned. In addition to this, as mentioned previously, back-illumination
is needed to be able to prevent any reflections. This means that the thinning of the wafer to a pre-
determined value of 700nm is essential both to achieve bioresorbability conditions and to be able to
do accurate optical measurements based on the absorption depth of 470nm. By thinning the wafer, it
is possible to achieve a degradation time of 171 days in PBS at 37°, which is approximately 6 months.
Moreover, for the rest of the detector, molybdenum (Mo) is chosen for the metal contact, SiO, is cho-
sen as the dielectric material and protection layer, and SiN, is chosen as the hard mask for thinning
the wafer. Mo has a degradation rate of 0.2 — 0.6nm/hour in Hank’s solution at 37°C'; and for SiO,
and SiN,, since the thicknesses that are used are low, the slow degradation rate (0.1nm/day and
0.794nm/day) is not expected to prevent the bioresorbability of the device [36]. It should be noted that
the degradation rates of these materials are restricted to certain experimental conditions of solution,
temperature, and pH; which gives a limited indication of what will happen in the body. In the end, the
degradation time will depend on the location of the body and its conditions.

The dopings of the n* wells and the p™-well are done with phosphorus (P) and boron (B). To make sure
their presence does not influence health, the amount of dopants in the body has to be determined and
compared with the daily consumption dose. For boron, the daily upper limit of consumption is 20mg,
and for phosphorus, it is approximately 700mg [45]. Assuming a maximum doping concentration of
1-102*atoms/cm? and a maximum well volume of 1¢m?, which is significantly larger than the um-sized
structures of the detector, the mass of the dopants can be calculated as 17mg for boron and 206mg
for phosphorus. This shows that the amount of dopants inside the device is lower than the daily upper
limit. Since silicon degradation is expected to be within ~ 6 months, the resulting dose is much lower
than the daily dose.

All'in all, the thinning of silicon and the choice of materials allow for a bioresorbable detector design
that can be used for wavelength-specific detection.

3.3.4. Mask Design
A mask has been designed for the lithography processes of 6mm-6mm dies based on the pre-determined
configurations in which half of the mask is used for the fabrication of the photodetector, while the other
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half is used for another project.

There are two versions of the same detector configuration: 2 n™-wells separated by a channel and 3
n*-wells, where each pair is separated by a channel. They are presented in figure 3.6.

R 0 S5 N 5
B R R R

(a) Detector structure with 2 nt-wells

(b) Detector structure with 3 n-wells

Figure 3.6: Structures in the mask design. (Blue) N-wells for the reverse biasing, (Purple) P-wells for the substrate biasing,
(Orange) Gate, (Navy blue) Location for the via opening on the wells. All the structures are covered with (Brown/Green)
molybdenum interconnect for the biasing.

Here, figure 3.6a consists of two n-wells (blue) for the reverse bias and two p-wells (purple) for the
biasing of the substrate, which are separated by the sensitive area that is controlled by the gate (orange).
Unlike the 2-well structure, figure 3.6b consists of three n-wells for the reverse bias and two p-wells at
the boundaries of the device for substrate biasing. In this version, two channels are present between
the n-wells. The reason for having this version is to have a larger sensitive area (orange) while keeping
the device dimensions smaller compared to the situation where the 2-well structure is duplicated.

Within the mask, there are thinned regions for optical testing and non-thinned regions for the electrical
behavior characterization tests of the transistors. The transistors in the non-thinned regions are replicas
of the ones in the thinned regions to make sure the behavior of the transistor is not affected by thinning.
Therefore, the choice of design is based on the structures in the thinned regions, where the channel
widths and n™-well widths are chosen based on the simulation results and the channel length varies
according to the space available within the thinned region of the mask (a total area of 800um - 1800um).
The configurations present in each part are presented in table 3.9.

Test type | Channel length (um) | Channel width (um) | n™-well size (um) | nT-well number
Optical 796 150 5 2
Optical 796 150 5 3
Optical 796 100 5 2
Optical 796 100 5 3
Optical 796 60 15 2
Optical 796 60 15 3
Optical 796 100 15 2
Optical 796 100 15 3
Optical 254 150 5 3
Optical 254 100 5 3
Optical 254 96.5* 15 3

Electrical 796 150 5 2

Electrical 796 100 5 2

Electrical 796 60 15 2

Electrical 796 100 15 2

Electrical 254 150 5 3

Electrical 254 100 5 3

Electrical 254 96.5* 15 3

Table 3.9: Devices in the mask. *The channel width is reduced from 100um due to availability of space.
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The mask consists of nine images, which are presented in figure 3.7.

Image 7 Image 8 Image 9
Pad opening Pad opening Shallow trench
(Positive PR) (Negative PR) isolation

Image 4 Image 5 Image 6

Contact Metal Back-side
opening (via) interconnect etching

Image 1 Image 2 Image 3
P-type doping N-type doping Gate opening

Figure 3.7: Images of the mask. SP: Shallow P-type doping, SN: Shallow N-type doping, CO: Contact opening for the gate,
CV: Contact opening for via, IC: Metal interconnect, BS: Back side opening, SO: Pad surface opening (positive photoresist),
OS: Pad surface opening (negative photoresist) and Sl: Shallow trench isolation.

During the design, the minimum dimension between structures of an image is chosen to be 1.5um as
mask fabrication has a resolution of 1m and the minimum distance within structures of differentimages
is set to be 0.5um to compensate for any misalignment during lithography. Additionally, to check the
alignment of the images, Vernier scales are added. An example of Vernier scales is presented in figure
3.8.

Figure 3.8: Vernier scales. (Green) Vernier scales from image 9 (shallow trench isolation) and (Purple) image 1 (p-type
doping). Image 9 is used as the base alignment mark.

Here, green and purple scales are from differentimages, where the center marks are aligned with each
other. The first small marks to the left and right have a misalignment of 0.1um and the ones next to
those have a misalignment of 0.2um. The misalignment increases up to 0.5um until the larger marks
at both ends of the scale. When there is perfect alignment, this is how the scale should look; whereas
when there is misalignment, the alignment of the originally misaligned marks will be observed at the
location equal to the misalignment amount.

In addition to Vernier scales, other test structures are added for resistivity (Van der Pauw), etching, and
contact resistance (Transfer length method). The examples for test structures are presented in figure
3.9.

Van der Pauw structures

Van der Pauw structures are used to determine the resistivity of the substrate, p™-doped region, n"-
doped region, and the metal; which is then used to determine the doping concentration of the substrate
and the doped regions [44]. For the metal, it is present to determine its resistance.
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STI mask (front) P-type doping

N-type doping IC N
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Pad opening Via opening Pad opening P-type doping N-type doping Ic

(a) Van der Pauw test structure (b) Etching test structure (c) TLM test structure

Figure 3.9: Test structure

The principle of Van der Pauw structures is based on a 4-point probe measurement, where an example
of the structure is presented in figure 3.9a. The four brown regions in the figure are the contact locations
for the measurement. The resistivity is determined by the sheet resistance, based on current and
voltage measurements at the adjacent contact locations.

_ ™ R34,12 - R12,34

n2 2
where R34 12 is the resistance calculated from the voltage between the two adjacent contacts V34 and the
current between the remaining contacts I;,, and vice versa for R12 34 [46]. From the sheet resistance,
the resistivity is then calculated.

(3.11)

S

p =Ryt (3.12)

where t is the thickness of the doping region or the metal.

Etching test

The etching test is used to determine the etching and deposition rates, and the accuracy of etching and
deposition of these layers. This is done by using a profilometer, where the thickness is determined and
then divided by the time of etching/deposition to determine the rates. The test structure for this mask
is presented in figure 3.9b. Here, blue represents the etching of the vias for contact, brown represents
the metal deposition, orange represents the gate opening and red/navy represents the pad opening.

Transfer length method (TLM)

TLM is used to determine the contact resistance between the metal and the doped regions (both n™
and p™) to ensure good contact. A low contact resistance indicates better contact between the metal
and the doped regions. The structure of TLM is presented in figure 3.9c.

The structure is organized on either an n* type (blue) or a p* type (purple) region, where metal contacts
(brown) are located at a distance that doubles with each placement of metal. Then; the resistance is
measured between the first metal and the rest, where a linear plot is generated with respect to distance
(L). The y-intercept of this plot gives double the contact resistance (2 - R¢), the magnitude of the x-
intercept gives double the transfer length (L) and the slope gives % which can be used to calculate
contact resistance (R¢) [47].

. RSLT

w

Rc

(3.13)

where w is the width of the tested area.

Using these test structures allows for close monitoring of the detector fabrication process steps to
prevent any issues at each fabrication stage. The upcoming section will detail the process steps for



3.3. Photodetector 26

detection production while introducing each mask image and its specific purpose. The complete mask
design for the detector can be found in Appendix C.

3.3.5. Process steps

The construction of the photodetector is done on a < 100 > 4-inch 300um thick, double-side polished
(DSP), p-type (Boron) silicon wafer with low resistivity (0.17-0.23 Ohm-cm), which is purchased from
Siegert Wafer. The process steps will be explained for the thinned region and a 2 n*-well detector in
the non-thinned region.

1) Shallow Trench Isolation (STI)

After the etching of the alignment marks for the wafer stepper to both sides of the wafer, the shallow
trench isolation image is exposed to the wafer (Image 9). STls are needed for the thickness control of
the wafer during back-side etching. For this purpose, the STl is etched with plasma etching to a depth
that is equal to the desired substrate thickness for the detector (700nm). They are located around the
thinned region so that when the thickness of 700nm is reached from the back side, the regions with STI
will become transparent. In addition to this, they are added to isolate the transistors at the non-thinned
regions to make sure the biasing of one does not affect the other.

After the etching of the STI, a 20nm thermal oxide layer is grown (dry oxidation) for protection. Figure
3.10 shows the STI structure and process steps.

Silicon substrate Silicon oxide

STI dry etching (0,7um)

Thermal oxide growth (20 nm)
STI mask (front)

Figure 3.10: STI etching and thermal oxidation

2) P-type doping

Image 1 (SP) is exposed for p-type doping. The doping with boron is done at an external company (lon
Beam Services (IBS)), with an implantation dose of 3 - 10° ions/cm? at 15keV. The resulting structure
is shown in figure 3.11.

Silicon substrate Silicon oxide . P-type doping
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Figure 3.11: P-type doping

3) N-type doping
Image 2 (SN) is exposed for n-type doping. The doping with phosphorus is done at an external company
(lon Beam Services (IBS)), with an implantation dose of 6 - 10'° ions/cm? at 20keV. The resulting
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structure is shown in figure 3.12.
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Figure 3.12: N-type doping

After the doping, the wafer is annealed at 1000°C' by wet oxidation to also form 80nm oxide.

4) Gate opening

Image 3 (CO) is exposed to open the gate. Then, the 100nm oxide (20nm from protection and 80nm
during annealing)on top of the gate is etched with wet etching, using 1:7 buffered HF (BHF) at room
temperature. After this, 20nm oxide is thermally grown at 1000°C' (wet oxidation) to be the gate oxide.
This process also contributes to the annealing of the dopants. The result is shown in figure 3.13.
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Figure 3.13: Gate opening and oxidation

5) Contact opening

Image 4 (CV) is used to etch the contact openings for the n™ and p™ wells. The etching of the 120nm
oxide (20nm from dry oxidation and 100nm from wet oxidation) is done with 1:7 BHF. The mask image
and the structure are shown in figure 3.14.
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Figure 3.14: Contact opening
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6) Metal deposition and interconnect

After contact opening, 500nm molybdenum is deposited at 350°C. Then, image 5 (IC) is exposed to
the wafer. To form the interconnect layer, wet etching of Mo is done with hydrogen peroxide (H203).
Since wet etching is isotropic, the dimensions of the interconnect mask are chosen so that there is a
tolerance for the 500nm under etch. After the etching and alloying of Mo, 2um PECVD oxide to the
frontside and 300nm PECVD nitride to the frontside and the backside are deposited as the protection
during back-side etching. The resulting structure is presented in figure 3.15.
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Figure 3.15: Metal deposition and interconnect

7) Back-side etching
Image 6 is exposed for the back side etching and the hard mask (PECVD nitride and thermal oxide) is
removed.

Most of the back side etching is done with 25wt. % tetramethylammonium hydroxide (TMAH) with 10%
IPA at 85°C, where it selectively etches < 100 > silicon compared to < 111 > plane . As a result,
an angle of 54.74° is present between the mask and the silicon substrate [48]. The formed shape is
presented in figure 3.16.

54.74°\

—

<111>

<100>

Silicon substrate Positive photoresist mask

Figure 3.16: TMAH etching profile

Additionally, the back etching increases the fragility of the wafers, as the wafers become thinner at
certain locations. The size of the back etching region is chosen to be 3mm - 3mm so that the wafer
stays stable and the back etching of the whole device area is possible. This means that half the area
of the die will be thinned.

The wet etching is done until 50pum is left, where the rest of the etching is done with plasma etching.
The process steps for the back etching are presented in figure 3.17.

8) Pad opening
Two possibilities are considered for opening the pads for wire bonding: Positive and negative photore-
sist (SU8), where two separate images are designed (Image 7 and 8). After the image’s exposure
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Figure 3.17: Back side etching

based on the photoresist type, the pads are etched by plasma etching of the 300nm nitride and 2um
oxide at the front side. Then, 2um PECVD oxide is deposited at the back for protection.

A possibility to use SU8 is considered to increase the stability of the wafer during the testing period, as
the SU8 will stay at the parts except for the pad openings which will create a support layer after back
etching. It will not be present in the device, as it is not biodegradable.

After the process steps are completed for each component, two different test environments are required
to investigate the optical properties of the Fabry-Perot filter and the ZnO absorption layer and to analyze
the current response of the detector. The setup requirements and the testing method are explained in
the following section.

3.4. Test setup

The testing of the Fabry-Perot filter and the ZnO absorption layer is done separately from the testing of
the photodetector. This is to ensure that the optical properties of the filter and the absorption layer fulfill
the requirements. Therefore, two setups are required: Optical testing setup and current measurement
setup. In addition to these setups, the thickness of the ZnO layers is measured with Bruker Dektak XT
profilometer.

3.4.1. Optical Test Setup

The testing setup consists of an Ocean Optics DH2000 Deuterium Tungsten Halogen lamp, a 1-inch
sample holder, a rotating stand, two convex lenses on both sides of the sample holder, an Ocean
Optics Flame-S-VIS-NIR-ES spectrometer, and two Thorlabs optical fibers (M151L01). The picture of
the setup is presented in figure 3.18.

The light from the lamp passes through the optical fiber and is then adjusted by the lens so that the rays
are parallel to each other. After passing through the sample, it is focused by the lens to pass through
another optical fiber, where it is collected by the spectrometer. The measurement with the spectrometer
is done using OceanView 2.0.16 spectroscopy software by Ocean Insight. For the measurement, the
integration time of the software is set to be 10ms, and 5 scans are done for an average result.

The measurements of the sample are done at different angles of —60° to 60° with respect to the per-
pendicular orientation to the light (0°), with 15° increments to determine the effect of different angles of
incidence. Three orientations of the sample within the sample holder are then tested to get an average
result for the overall sample.

3.4.2. Photodetector Current Measurement Setup Concept

The testing setup of the photodetector should consist of a monochromator and a printed circuit board
(PCB) to determine the current at the n™ well. For this setup, the currents from one well of the detector
are expected to be low (orders of nano ampers based on the simulation). Therefore, the PCB design
should consist of an amplifier to amplify the current magnitude and a small resistor at the output (~ 112)
to measure the current across.

After putting the detector in a sample holder with a rotating stand, the desired wavelength has to be
sent with the monochromator and the current response has to be measured at the output of the PCB. In
addition, it is also possible to measure the current response to the whole spectrum by using the Ocean
Optics DH200 Deuterium Tungsten Halogen lamp. Here, to understand the actual response to 470nm,
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Figure 3.18: Optical test setup

it is essential to determine its response with respect to other wavelengths.

For the final combination of the device, it is expected to use the same measurement setup as for the
photodetector; whereas for the filter and absorption layer combination, the optical test setup has to be
used. The results obtained for these components are presented in chapter 4.



Experiments and results

This chapter is dedicated to the experimental progress of the project, where the experimental results
of the ZnO layer and the Fabry-Perot filter, and the pre-fabrication test results of the photodetector will
be presented.

At the end of the project, it was possible to optically test multiple samples of the ZnO absorption layer
with different spinning rates and annealing times, and the four configurations of the Fabry-Perot filter,
together with the surface characterization of the ZnO absorption layer. Then, the best protocol for ZnO
is chosen based on the cancellation of 350nm and the tolerance to different angles of incidence to be
combined with the Fabry-Perot filter. The combination of the two is then optically tested to determine
the response of the filter-absorption layer configuration.

For the detector, tests on Mo etching rate in H,O, and back-side etching were done to ensure these
methods are feasible. However, it was not possible to complete the fabrication of the whole detector,
as the process has stopped due to the time constraints of the project.

4.1. Absorption Layer

Two batches were prepared for the test of ZnO absorption layers, where three different annealing times
were set: 1 minute, 2 minutes, and 10 minutes. The first batch consists of three different protocols for
spinning and 10-minute annealing, where one sample is prepared for each protocol. The spin coating
protocols are 1000rpm for 80s, 1500rpm for 65s, and 2000rpm for 40s. The transmission spectrum of
each sample was measured by the optical test setup at three different orientations of the sample. For
the response analysis, the transmission of 470nm over 350nm is calculated for each measurement and
the ratios are averaged for the same angle magnitude for different sample orientations. The results are
presented in figure 4.1, together with the standard deviations between the different orientations of one
sample and a reference measurement without any ZnO layer.
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Figure 4.1: Transmission of 470nm over 350nm at different angles of incidence for 3 different samples with 10-minute anneal
and different spin-coating protocols. The bars at each data point indicate the standard deviation within three different
orientations of each sample.

The results show a transmission ratio within the range of 2 and 3, where the overall response with
different angles is relatively the same. The highest ratio is observed for 2000rpm (2.61), followed by
1500rpm (2.42) and 1000rpm (2.26). Among these three, the lowest standard deviation is calculated
for 2000rpm, where the deviation is 10% of the average result. For 1500rpm and 1000rpm, these
deviations are approximately 11% and 19% respectively. This results in an overlap of the measurement
points between each speed, which means that the factors obtained at different speeds are relatively
the same.

After this initial test, a second batch of ZnO samples is tested with shorter annealing times (1 and 2
minutes) to investigate the effect of annealing time on the layer properties. For this batch, protocols with
1500rpm and 2000rpm are chosen to be the spinning speeds, as they have lower standard deviations
and higher average transmission ratios. The measurements are then compared with the 10-minute
annealing time and are presented in figures 4.2 and 4.3 for 1500rpm and 2000rpm respectively with
the reference measurement.
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Figure 4.2: Transmission of 470nm over 350nm at different angles of incidence for three samples spun at 1500rpm with
different annealing times. The bars at each data point indicate the standard deviation within three different orientations of each
sample.
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Figure 4.3: Transmission of 470nm over 350nm at different angles of incidence for three samples spun at 2000rpm with
different annealing times. The bars at each data point indicate the standard deviation within three different orientations of each
sample.

The results show that the transmission ratio is approximately the same for different annealing times.
For both of the speeds, the ratio is within a range of 2 to 3, similar to the observation for the samples
with 10-minute annealing times. The standard deviations are less than 10% for all the cases, however,
there is a large overlap within the samples. All in all, the annealing time does not have a significant
impact on the transmission of the ZnO nanoparticles.

The spectral response of each sample is presented in Appendix E. The response shows that for all of
the samples, the transmission of all of the wavelengths is reduced with increasing angle of incidence
even though the transmission ratio is kept the same.

In addition to the transmission measurements, the thicknesses of each sample are measured with the
profilometer. The results are presented in table 4.1.

Sample Average thickness (nm)
1000rpm/80s, 10-minute annealing 2250
1500rpm/65s, 1-minute annealing 898
1500rpm/65s, 2-minute annealing 427
1500rpm/65s, 10-minute annealing 1310
2000rpm/40s, 1-minute annealing 678
2000rpm/40s, 2-minute annealing 161
2000rpm/40s, 10-minute annealing 1007

Table 4.1: Thicknesses of ZnO absorption layers

These results show that, within the same annealing time, the thickness of the layer decreases with
increasing speed. However, when compared with the other annealing times, 2-minute annealing has
the lowest thickness compared to the rest. Overall, there is a high deviation of thickness for the same
spinning speed.

4.2. Fabry-Perot Filter

The measured transmission spectra compared to the simulation at 0° angle of incidence are presented
in figure 4.4 for each filter.
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Figure 4.4: Transmission spectra of the Fabry-Perot filters. (Navy blue) The simulated transmission response and (Green) the
experimental response.

The results show that for filter 1 (figure 4.4a) and filter 2 (figure 4.4b), there is a 70nm shift for the
minimum transmission wavelength, which was designed to be 350nm according to the simulation. The
transmission band for the range of 400-500nm is also shifted towards a higher wavelength, in which
there is approximately a 30nm shift for the transmission peak within these bands. Additionally, com-

pared to the simulations, there is a reduction in the transmission of 470nm, which has reduced approx-
imately 20% for both of these filters.

For filters 3 (figure 4.4c) and 4 (figure 4.4d), the shift in the response towards higher wavelengths is
observed less, which is 30nm and 20nm respectively. In contrast to filters 1 and 2, there is only a shift

of approximately 5nm for the peak transmission within the band of 400-500nm. The transmission of
470nm is also reduced by approximately 10%.

For all the filters, the effect of different angles is also explored. To determine the cancellation perfor-
mance of 350nm, that is the excitation source, the ratio between 350nm and 470nm is calculated for
different angles of incidence and the results are presented in figure 4.5.
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Figure 4.5: Transmission ratio of 350nm and 470nm at different angles of incidence
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Here, a lower percentage indicates a better cancellation of 350nm compared to 470nm and a higher
percentage shows the filter behavior is similar for 350nm and 470nm. When the percentage is higher
than 100%, this means that the filter is preventing the transmission of 470nm more compared to 350nm.
The transmission spectra of the filters at different angles are presented in Appendix D.

The results show that, among the four combinations, filter 4 has the lowest percentage of 350nm
(34.3%) when the light perpendicularly hits the filter (0° angle of incidence). The percentage then
decreases to approximately 28% for 15° and 30°. However, when the angle is increased more, the
transmission of 350nm increases significantly and is more than 470nm (more than 100% ratio). A simi-
lar response is observed for filter 3, where the 350nm transmission increases significantly after 30°. In
this filter, a maximum 350nm percentage (54.7%) is observed for perpendicular illumination compared
to other filters. Overall, both of these filters have low angle tolerance, as their response to 350nm
transmission decreases significantly when the angle of incidence is more than 30°.

In contrast to filters 3 and 4, filters 1 and 2 have a more stable response. For an angle of incidence
range of 0—45°, the ratio of 350nm with respect to 470nm is approximately 36% for both of the filters. At
60°, this reduces further to 27.8% and 23.8% for filters 1 and 2 respectively. This means that the filters
are suitable to use for cases where there are high angles of incidence and when there are variable
angles of incidence.

The reciprocal of this ratio indicates the factors of 470nm related to 350nm, which is shown in figure
4.6. This can then be used to determine the cancellation response of the filter.

0 15 30 45 60
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Figure 4.6: Factor of 470nm with respect to 350nm at different angles of incidence

This figure shows that 470nm is transmitted 2-3 times more compared to 350nm at 0 degrees and that
changes for different angles. As shown before, filters 1 and 2 have a more stable relationship between
470nm and 350nm, and filters 3 and 4 have lower factors between 470nm and 350nm at higher angles.

4.3. Photodetector

Pre-fabrication tests were done on the etching of molybdenum and back-side etching to optimize the
etching rate and the etching conditions. Due to safety concerns, 33% wt. potassium hydroxide (KOH)
at approximately 80° is used instead of TMAH for the back-side etching. Since KOH and TMAH have
similar etching profiles, this is not an issue in terms of structural tests. However, when KOH is used
for back etching for an active device like the photodetector, there is a chance of charging the surface
which influences the properties of the device.

For the molybdenum etching test, a 500nm Mo is deposited on a silicon wafer and a mask with square
openings is exposed. For the test, H,O, is poured on the wafer and then stayed for 15 minutes (figure
4.7a). Then, the wafer is dumped in a water bath and dried. The results showed that the positive
photoresist, which is used for lithography, is completely etched by H>O, that also etched the molyb-
denum layer on the wafer. Therefore, a 2um PECVD oxide is deposited as the hard mask before the
lithography process to protect the Mo under the mask. With this optimization, it was possible to protect
the molybdenum. However, the etching process was non-uniform throughout the wafer, in which the
sides of the wafer were etched less compared to the center. This non-uniformity is observed during
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the etching, where flakes of metal are observed at the sides. This is then removed by more etching but
this results in an over-etch in the middle of the wafer, which might cause issues with metal interconnect
formation.

A 33%wt. KOH solution is prepared with 2kg KOH salt from Sigma Aldrich and 4 liters of distilled water
for the back side etching of the DSP silicon wafer, where PECVD SiO, (2um) and SiN,, (300nm) are
used as the hard mask on both sides of the wafer. After removing the hard mask for the back-etch
region, the wafer is etched for 2 hours. The results show a 133um etching of silicon, where the etching
rate can be calculated to be ~ 1.1um/min. Overall, the etching is observed to be uniform throughout
the wafer. The experimental setup for both the Mo etching and back-side etching are shown in figure
4.7.

(a) Molybdenum wet etching test setup (b) Back-side etching test setup

Figure 4.7: Pre-fabrication tests for photodetector

Additionally, the first step of the detector fabrication has been completed by STI etching, using Trikon
Omega 201 to etch the silicon with reactive ion etching (RIE). To determine the etching rate, a test
wafer is used, and the resulting etching thickness is determined using Dektak 8 profilometer. From
this, the etching rate is determined to be approximately 240nm/min. The etching time for the desired
substrate thickness (700nm) is then determined to be 2 minutes 55 seconds.

The STI etching results and their deviation with respect to 700nm for four DSP wafers are shown in
table 4.2.

Wafer number | STI depth (nm) | Error (%)
1 764.05 9.15
2 752.93 7.56
3 752.16 7.45
4 749.1 7.01

Table 4.2: STI etching results

After this process, the fabrication of the photodetector has been stopped in the context of this master
project and will be continued later.
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4.4. Combination of the different parts of the system
Based on the results from the Fabry-Perot filter and the ZnO absorption layer, the expected cancellation
factor is in the range of 2-3 for both of the components. The total cancellation factor after combining

these components is then the multiplication of the cancellation factors, which corresponds to a range
of 4-6.

To test this performance, the pre-fabricated Fabry-Perot filters are spin-coated with ZnO nanoparticles
at 2000rpm/40s, and annealed for 2 minutes at 200 + 3°. During annealing, Filter 1 delaminated from
the glass wafer, which is shown in figure 4.8 with its initial look. This did not occur for the rest of the

samples.
“ N,

(a) Original filter 1 (b) Delaminated filter 1

Figure 4.8: Delamination of filter 1 after annealing

After the fabrication, the transmittance of each sample is measured for different angles at three different
orientations. The average results with standard deviations are presented in figure 4.9.
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Figure 4.9: Transmission of 470nm over 350nm at different angles of incidence for the combination of the filters with the ZnO
absorption layer. The bars at each data point indicate the standard deviation within three different orientations of each sample.

The results show that for 0° and 15°, all of the combinations have a transmission factor in the range
of 3-4, and afterward, this factor starts to decrease for all of the combinations. The most significant
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decrease is observed for filter 4 with ZnO, followed by filter 3 and ZnO. They both reduce to a factor of
1 at 60°, which means that the transmission of 470nm is the same as 350nm. For filters 1 and 2 with
Zn0O, the reduction in transmission ratio is less, and the minimum transmission is equal to 2.55 at 60°
and 2.56 at 45° respectively. Additionally, the standard deviations overlap with each other for 0° and
15°, which means that the responses of the combinations are approximately the same.

To compare the response of these combinations with the filters, the transmission ratios of the filters are
plotted with these results. The plot is presented in figure 4.10 and the percent change compared to the
old transmission ratio is shown in table 4.3.
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Figure 4.10: Transmission of 470nm over 350nm at different angles of incidence for the Fabry-Perot filters and the
combination of the filters with the ZnO absorption layer. The Fabry-Perot filters are plotted partially transparent.

Angle Filter 1 Filter 2 Filter 3 Filter 4
(degrees) | percent change (%) | percent change (%) | percent change (%) | percent change (%)
0 27.3 45.9 100.4 22.9
15 26.0 34.7 86.9 -4.0
30 18.1 -4.4 26.5 33.9
45 15.9 13.5 23.9 -94
60 -29.1 -35.1 35.2 24.2

Table 4.3: Percent change of the combination of ZnO absorption layer and Fabry-Perot filter compared to Fabry-Perot filters.
The negative influence of the combination is indicated in red.

The results show that all of the combinations have an improvement at 0°, where the most improvement
is observed for filter 3. For all angles, it exhibits an improvement, at least more than 23.9%. A similar
improvement is observed for filter 1 but with deterioration at 60° (-29.1%). Another decline in perfor-
mance is present for filter 2 at 60° (-35.1%). Lastly, filter 4 shows improvements for some angles while
there is a slight decrease in performance at 15° and 45°. The complete transmission spectra of each
sample can be found in Appendix F.

4.5. Biodegradation time

The expected biodegradation rates of each component are calculated based on the degradation val-
ues given in the literature. These values are calculated separately for the photodetector, the 4 different
configurations of the filter, and the maximum thickness that has been measured for the ZnO absorp-
tion layer. The degradation medium conditions are PBS at 37° (pH 7.8) for ZnO (4nm/hour), SiO,
(0.1nm/day), SiN, (0.794 or 1.3nm/day) and silicon (4.1nm/day), and Hank’s solution at 37° for Mo
(0.2—0.6nm/hour) [36] [49]. For the Fabry-Perot and ZnO, as they are built on glass wafers, the degra-
dation calculation is done by assuming that only one side of the component is exposed to the solution;
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whereas for the detector it is assumed to be both sides as all its materials are biodegradable.

The calculated degradation times for each component are presented in table 4.4.

Component Degradation time
Photodetector ~ 57 years
Filter 1 12-13 years
Filter 2 12-13 years
Filter 3 14-15 years
Filter 4 13-14 years
ZnO layer (2250nm) 23.5 days

Table 4.4: Total expected biodegradation times of each component

In addition, the degradation rate is also calculated for the case when it is combined altogether. This
means that when placed in the body, the degradation will start from both sides of the device, which
means the bottom of the detector and the ZnO at the uppermost layer will be exposed to the body. For
the setup, it is assumed that the 2um support at the backside is replaced by the filter and the ZnO layer.
Based on this, the maximum degradation time is calculated to be ~ 38 years.



Discussion

5.1. Test setup

The optical measurement setup for the Fabry-Perot filter and the ZnO absorption layer needs some
improvements regarding its measurement range and the spectrum of the input light source. The Ocean
Optics Flame spectrometer is calibrated for measurements within the range of 350nm-1000nm. This is
at the edge of the spectrum for the measurement of 350nm. As a result, high fluctuations are observed
at this wavelength, which might have influenced the accurate measurement of the response for 350nm.

Additionally, the DH2000 Deuterium Tungsten Halogen Lamp spectrum has low intensity of 350nm,
compared to the other wavelengths. Its spectrum is shown in figure 5.1. As a result, when the trans-
mission is normalized to 100% for all of the wavelengths, a slight change in the intensity of 350nm
affects the transmission response more compared to wavelengths that are with high intensity. Eventu-
ally, this might have caused large fluctuations in the measurement.
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Figure 5.1: Spectrum of DH2000 Deuterium Tungsten Halogen Lamp

One way to eliminate these effects is to increase the averaging of the data per sample. It was set to 5
scans to average for these measurements, but it is recommended to increase it further to reduce the
fluctuations further.

5.1.1. Future Outlook

For future experiments, it is recommended to use a spectrometer with a larger measurement range
and to choose a lamp with a larger intensity of 350nm so that the measurement of 350nm can be done
more accurately. An increase in scans to average can also improve the measurement as mentioned,
but the improvement in the measurement setup will allow for a better result.

40
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For this experiment, it was not possible to build the test setup for the photodetector, but for future
experiments, it is suggested to use the PCB concept with a lamp with a higher intensity of 350nm.

Overall, the measurement setup was sufficient to have data that is comparable with each other but
requires improvements to have more accurate results.

5.2. Absorption Layer

At the end of this project, it was possible to fabricate and test ZnO absorption layer samples with
different annealing times and spinning protocols. The results show that ZnO nanoparticles can indeed
be used for the cancellation of 350nm, compared to the other wavelengths. The results from the tests
of different fabrication protocols and annealing times show that the spectral behavior of ZnO is not
affected by different protocols. The reduction of transmission, that is observed for every sample, can
be explained by an increase in the reflectivity of ZnO nanoparticles with an increase in the angle of
incidence [41]. This decrease does not influence the transmission ratio of 350nm and 470nm, as the
decrease in transmission is observed for all the wavelengths.

However, the measurements have high standard deviations, which results in an overlap between the
responses of each protocol. This means that the measurements of each sample have essentially the
same behavior and therefore a decision on the best protocol cannot be made. Even though some
experimental choices are made based on the standard deviation and the magnitude of the cancellation
factor, these choices are limited to the measurements from a single sample.

In addition, there is high variability within the thicknesses of the ZnO layers, even at the same spinning
speeds (table 4.1). It was expected that for a higher spinning speed, the thickness would be lower;
whereas for a slower speed, it would be higher. It was possible to observe this relationship for samples
with the same annealing times and different speeds, but the samples with the same spinning speeds
and different annealing times do not have similar thicknesses as expected. The results also indicate
that this variability in thickness does not influence the optical behavior of the layer, as the transmission
measurements for the same spinning speeds show similar behavior (figures 4.2 and 4.3).

Overall, the measurements of the ZnO absorption layer show that the optical performance is not de-
pendent on the thickness and the fabrication protocol. This could be because the layer consists of
nanoparticles, where the optical performance of the particle itself is of interest, but not the overall per-
formance of the layer. As long as there are particles covering the surface, the 350nm will be absorbed
and its absorption will not be thickness-dependent. Since the sizes of these particles are chosen so
that they have high absorption to 350nm, the absorption at the surface of the ZnO absorption layer
allows for sufficient absorption.

5.2.1. Future Outlook

For future experiments, it should still be noted that the measurement results and observations are based
on the measurements from single samples. To ensure that the results are consistent and reproducible,
the fabrication protocols have to be replicated for multiple samples and tested accordingly. Additionally,
the surface properties of the layers have to be checked with the atomic force microscope (AFM) and
scanning electron microscope (SEM) to see the distribution of the nanoparticles and the structure of
the layers.

5.3. Fabry-Perot Filter

By the end of the project, it was possible to test four different configurations of the Fabry-Perot filter.
The results show a higher transmission of 350nm and a lower transmission of 470nm, compared to the
simulations in Filmetrics. This then results in a significant reduction in the transmission ratio of 470nm
and 350nm (table 3.2 vs. figure 4.5). The reductions are 81.2%, 79.0%, 92.0%, and 84.4% for filters
1-4 respectively.

One of the reasons for this decrease in the transmission ratio is the reduction of 470nm transmission in
all of the filters. The reduction in 470nm or any other wavelengths is expected compared to the simu-
lation, as the simulation conditions assume a pure setup without any non-idealities. The spectroscopy
measurements are done in the open air, where there is the presence of dust particles that could interfere
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with the measurement. This means that any particle, that is present within the measurement path or
on the surface of the filter, could cause reflections of light which will eventually reduce the transmission
of the light. A solution to eliminate this effect could be a measurement in a dust-free environment.

Another reason for the reduction of ratio is the shift in the transmission spectrum of the filters towards
higher wavelengths. Even though this is less for filters 3 and 4, it still increases the transmission of
350nm, as the local minimum that is designed to be on 350nm is shifted. This shift could be because
of the fabrication limits of the ICPECVD.

The PlasmaPro 100 ICPECVD machine is designed to deposit a minimum thickness of 20nm [50].
Since the thickness of the anti-reflective filter layers is only a factor of 2 or 3 larger than the minimum
resolution of the machine, the optical properties of the filter can be affected greatly due to the possibility
of large fluctuations that can go up to 20nm during deposition. In addition to this, the deposition of the
filter layers is done consecutively in the same chamber. During each deposition, the chamber walls
also come in contact with the deposition gases that result in the accumulation of the material. When
the deposition is shifted from one material to the other, the residues of the previous material that are
collected in the chamber can land and interfere with the deposition of the current layer. This then
results in a gradient between the interfaces of the layers, which might influence the optical behavior.
Consequently, both due to the minimum deposition thickness specification of the ICPECVD and due
to residues of the chamber, the shift in the spectrum might have occurred, which might have also
influenced the transmission of other wavelengths.

Besides the resolution of ICPECVD, the fabrication accuracy was also limited by the measurement
of the thicknesses of each filter layer. As multiple layers of SiO, and SilN, are being deposited at
the same time and since each layer is transparent, the measurement of the film thicknesses was not
possible to measure with the ellipsometer. Therefore, the exact thickness of the filter layers is unknown
even though the deposition rate is calculated beforehand. This prevents the complete characterization
of the device dimensions, which can only be estimated through the behavior observed by the optical
measurement as a shift in the spectrum. A solution to fix this issue could be the deposition of each layer
one by one, which will increase the fabrication time greatly, or by the inspection of the cross-section of
the filter with SEM after the fabrication is completed.

5.3.1. Design considerations

During fabrication, filters 1 and 2 are fabricated and tested before filters 3 and 4. Therefore, optimiz-
ing the design of 3 and 4 is done based on the results of filters 1 and 2. As a shift of 30nm at the
transmission peak was observed for filters 1 and 2, the spacer layer of the other filters is decreased
by 5nm. Additionally, to compensate for the shift of 70nm at the minimum transmission wavelength
towards higher wavelengths, the anti-reflective layers of filter 4 are reduced by 10% (~ 4 — 6nm). In
the end, for filters 3 and 4, the shift in peak transmission was reduced to 5nm, and the shift in minimum
transmission was reduced by 10nm in filter 4, compared to filter 3. This means that it is possible to
optimize the design of the filter based on the shifts in the transmission spectrum.

5.3.2. Future Outlook

This experiment consists of a total of 4 samples with no replica of the same sample. Therefore, the
measurements are limited to the behavior of a single filter. For future experiments, it is recommended
to fabricate more filters with the same configuration so that the variability within the chamber and the
samples can be understood. Additionally, it is recommended to fabricate the same filter at different
times to understand the reproducibility of the result. To be able to match the desired simulation behavior
completely, the thickness of the anti-reflective and the spacer layer should also be varied further, where
different variations can be tested to settle on the best thickness. Lastly, an experimental setup can be
created to model the medium inside the body to analyze the optical behavior of the filter. This will allow
for the understanding of the optical restrictions to consider when the body is involved so that the filter
design can be adjusted accordingly.

5.4. Photodetector

The pre-fabrication tests of the photodetector show that back-etching stability is preserved when the
wafer is etched approximately halfway through. It should be noted that during the etching, the KOH
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concentration increases with water evaporation as the solution is heated. To minimize this effect and
ensure that the evaporated water returns to the solution, the top of the KOH bath is closed.

Additionally, the STI etching results have less than 10% deviation compared to the desired depth. This
deviation is within the acceptable range and the expected result from this is a further reduction in 400nm
current, as was observed with the simulation with an increase in substrate thickness. There is also a
possibility of a minor reduction of 470nm, but since the absorption of 470nm is still within the depletion
region, it is not expected to influence the measurement results.

The choice of low-resistive wafers is essential to have a doping of approximately 10'atoms/cm?, as
when the substrate doping concentration is decreased, the intrinsic depletion width increases signifi-
cantly more than the desired depletion width of 580nm. This then prevents the controlling of the deple-
tion width.

5.4.1. Future Outlook

For future work, as the wet-etching of molybdenum resulted in nonuniform etching, it is suggested to
proceed with dry etching. This will allow for a more uniform etching of the metal without undercuts due
to anisotropic etching of the metal. It should be noted that the mask was created so that it has tolerance
to these undercuts, but switching to dry etching will improve the interconnect layer quality.

Moreover, it is recommended to conduct the back-etching tests with TMAH, to be able to quantify the
etching properties before the fabrication of the actual photodetector. The etching tests should also be
conducted until the desired substrate thickness, where the stability of the wafer under vacuum or in
other machines has to be checked.

The photodetector fabrication must be completed on double-side polished low-resistivity wafers to
achieve optimal electrical performance in line with calculations and simulations. Additionally, post-ion
implantation doping concentrations should be verified using TLM test structures to confirm they align
with simulated conditions.

As the fabrication process has not been completed due to time constraints, it is not possible to assess
the device’s performance at the current stage of the project.

5.5. Combination of the different parts of the system
5.5.1. Fabry Perot filter and ZnO absorption layer

During the spin coating of ZnO on filter 1, the layers of the filter delaminated from the surface of the
glass wafer. This might be due to the organic residues or particles on the glass wafer before the
deposition of the filter. The wafer was only cleaned with a nitrogen gun to get rid of any dust particles,
but any remaining residues on the wafer could have stayed there during deposition. Then, when the
wafer is heated during annealing, these residues might have expanded or created stress on the surface
that could result in delamination from the wafer. This effect was not observed for other combinations
and when compared with the behavior of other combinations, the results seem to be not significantly
affected.

The results from the absorption layer and filter combination show that there is an improvement in the
filter behaviors, especially for the angle range of 0 — 30°. The expected improvement is less than the
expected range of 4-6. This could be due to the variability that was observed for the ZnO layer.

In addition, for some of the combinations, a degradation of performance is observed with an increase in
angle, when compared to the initial filter behavior. This could be attributed to the increase in reflectivity
of ZnO with an increase in the angle of incidence, which might have resulted in worse behavior in terms
of intensity.

From these measurements, filter 3 with ZnO shows the most amount of improvement compared to the
rest. It has the best performance for the angle range of 0 — 30°, where the factor of transmission then
starts to decrease. This behavior makes this filter suitable for a design where the excitation source
has a low angle of incidence on the filter. This could be done by choosing the distance between the
excitation source and the filter, and the distance between the filter and the tissue so that the angle of
incidence is less than 30° within the illumination of any location on the filter. For designs, where the
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angle of incidence can go up to 60°, filter 1 is more favored compared to the rest, as it has a stable
angular performance with a higher transmission factor.

Overall, the choice of which combination is suitable is based on the positioning of the excitation source
and the tissue distance.

5.5.2. All

The combination of all components has to be done after the fabrication of the photodetector, where the
filter has to be deposited with ICPECVD and ZnO has to be drop-casted. The test for this combination
can only be done with current measurements as the back side of the photodetector is opaque.

Based on the simulation results of the photodetector and the measurements of the filter-ZnO combi-
nations, the expected transmission factor can be calculated. The minimum transmission factor of the
detector is simulated to be 3.95 and the maximum is 12.5. As the combination of the filter and the ZnO
layer has a transmission factor range of 2.5-4 at 0°, the total cancellation factor can be expected to be
in the range of 10.0-50.0, where it is assumed that the photodetector works the same as the simulation.
The actual experimental result might be lower than this range.

5.5.3. Future Outlook

For the rest of the experiments, it is recommended to clean the surface of the glass wafer with 5-minute
acetone, 5-minute IPA, and 5-minute distilled water baths before filter deposition, similar to the cleaning
for the absorption layer. The fabrication of filter 1 and ZnO layer combination is recommended to be
repeated to ensure the results are not affected by the delamination.

Additionally, as these measurements are conducted based on a single sample for each combination, it
is recommended to fabricate and test more samples for repeatability and consistency of the measure-
ments.

5.6. Biodegradation time

The materials of the design were chosen so that the filter and the optical detector are possible to de-
grade in the body and that they are bioresorbable. Even though this is theoretically the case for each ma-
terial choice, the total biodegradation time results in the device being classified as long-term/permanent
based on International Standard ISO10993-1 [51]. Among the materials that are chosen, SiO; has the
slowest degradation rate, which increases the degradation time of the device. It is possible to accel-
erate the degradation rate of SiO, by increasing the pH of the medium around the device [49]. For
example, by increasing the pH of PBS to 10, the degradation rate of silicon, SiO» and SiN, can be
increased to 624nm/day, 0.6nm/day, and Tnm/day respectively [49] [52]. This then reduces the total
degradation time to ~ 6.5 years. It is also possible to reduce this further by replacing the support of the
photodetector at the metallization side with Si/V,,, which reduces the degradation time to ~ 2 years.

It should also be noted that this calculation assumes a degradation only from the top and the bottom
and that each material exists as a full layer, instead of a structure. In the real case, it is expected to
degrade faster since the degradation will also be from the sides and around each structure.

5.6.1. Future Outlook

For future experiments, it is recommended to test the possibility of a support layer that is different from
Si0O- and the effect of the pH. The possibilities to change the pH and the ways to prevent any harm
to the body have to be investigated in more detail, as the placement of a sensor with a higher pH can
cause complications near some of the organs, such as the heart, and the open wounds. One solution
could be a casing around the device that has a similar degradation time as the degradation of the device
at a higher pH. This might prevent the high pH medium from interfering with its surroundings.

Another possibility is to investigate the addition of holes or dents in the material to accelerate the
degradation, as it will allow the penetration of the surrounding medium to interfere with the device and
initiate the biodegradation process.

Additionally, it is recommended to create a test setup with accelerated biodegradation tests in PBS at
37° to know the exact degradation rates of the materials used for this design, as the material properties
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may vary within the machines that are used for fabrication. This setup could be created by the formation
of a thin layer of any pre-selected material on a glass wafer, and then the measurement of its thickness
loss within a pre-determined time.

In summary, the experiments for the filters, ZnO absorption layer, and the combination of the two have
to be replicated to be able to have a consensus on the optimal filter and ZnO fabrication protocol choice.
The choice is also affected by the positioning of the device with respect to the excitation source and
the tissue. The repetition of the experiment will also show the reproducibility and consistency of the
design.

Furthermore, the choice of materials for the fabrication of the photodetector support layers has to be
reconsidered with the possibilities of acceleration of the degradation to be able to shorten the degrada-
tion time. Overall, the fabrication of the photodetector is needed to know its performance compared to
the simulation and its biodegradation time.



Conclusions

The goal of this project was to design a bioresorbable optical filter and photodetector to determine
tissue oxygen levels for the assessment of tissue vitality through NADH fluorescence measurements.
The design of the system was done so that the transmission of the emission peak of NADH (470nm) is
the highest compared to the rest of the wavelengths and lowest to the excitation wavelength (350nm).
The design consisted of a ZnO absorption layer, a Fabry-Perot filter, and a wavelength-specific gate-
controlled photodetector, where the optimization of the properties was done through calculations and
simulations.

At the end of the project, it was possible to build and test different Fabry-Perot filters and ZnO absorption
layers separately and combined. The results show variability within samples and are based on single
samples. Therefore, repetition of the experiment is required to have a conclusion on the optimal choice
of design. In addition, the results regarding the photodetector are based on pre-fabrication tests and
simulations, as it was not fabricated during the project. However, it is possible to estimate the overall
device performance based on the simulation results and the measurements of the Fabry-Perot filter
and ZnO absorption layer combinations. These results show that the optical filter and the photodetector
design can achieve a cancellation of more than an order of magnitude, which is a minimum cancellation
by a factor of 10 for 350nm.

Additionally, the biodegradation calculation of the design is higher than the requirements, but by inves-
tigating acceleration methods and the replacement of some parts of the device, it is possible to shorten
this period.

In conclusion, with this design for the optical filter and photodetector, it is possible to isolate the peak
emission wavelength of NADH and cancel its excitation wavelength by an order of magnitude to be
able to quantify oxygen concentration through fluorescence measurements for tissue vitality analysis.
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Matlab Code for Detector
Characterization

The Matlab code is used to determine the intrinsic bias voltage, reverse bias voltage, and illumina-
tion current in relation to the wavelength range of 250-1450nm. The values of the constants and the
equations are obtained from Neamen, D. (2012) [44] and the absorption coefficients for the wavelength
range of 250-1450nm are obtained from Green et. al[32].

%% CHARACTERIZATION OF THE PHOTODETECTOR

%% Constants

q=1.6%x10"(-19); %elementary charge (C)

e=2.718281828459045; %Euler's number

h= 6.62*x10°(-34); %Planck's constant (Js)

c= 3%x107(8); %speed of light in free space (m/s)

k= 1.38e-23; %Boltzmann constant (J/K)

n_i= 1.5e10; % silicon intrinsic carrier concentration at 300K (cm-3)
n_i_m= n_i*le6; % silicon intrinsic carrier concentration at 300K (m-3)
eps_r= 11.7; Yrelative permittivity of silicon

eps_0= 8.85%107(-12); %vacuum permittivity (F/m)

eps_oxr= 3.9; Yrelative permittivity of silicon oxide (Si02)
phi_m=4.6; %Molybdenum metal work function (V)

E_g=1.12; %Bandgap energy of silicon (eV)

elect_aff_si=4.01; %Electron affinity of silicon (eV)

%% Design parameters

T=300; %Temperature (K)

t_ox=20e-9;%thickness of the gate oxide (m)

N_a= 1el16; Jp substrate doping (atoms/cm3)

_m= N_ax*le6; %p substrate doping (atoms/m3)

3e20; %n-well doping with phosphorus (atoms/cm3)
m= N_d*1e6;%n-well doping with phosphorus (atoms/m3)
= 200%200%107(-12); %sensing area (m2)

QA p
]

N
N
N
S

%% Intrinsic Bias Voltage Determination

phi_fp=(k*T/q)*log(N_a_m/n_i_m); %Potential difference between E_Fi and E_f in p-type
semiconductors (V)

x_dt=sqrt ((4*eps_O*eps_r*phi_fp)/(q*N_a_m)); %maximum space charge width (m)

Q_SD_MAX= g*N_a_m*x_dt; %maximum space charge density per unit area (C/m2)

phi_ms= phi_m -(elect_aff_si +(E_g/2) + phi_£fp); %Metal-semiconductor work function
difference (V)

V_tn= Q_SD_MAX*(t_ox/eps_oxr) + phi_ms + 2%phi_fp; %Threshold voltage (V)

V_bi= (k*T/q)*log((N_a_m*N_d_m)/(n_i_m)~2); %intrinsic bias voltage (V)

%% Reverse bias voltage determination

x_n= sqrt (((2*xeps_r*eps_0.*V_bi)./(q))*(N_a_m/N_d_m)*(1/(N_a_m+N_d_m))); %n-side depletion
width (m)

W_pn= sqrt(((2*xeps_r*eps_0.*V_bi)./(q))*((N_a_m+N_d_m)/(N_a_m*N_d_m))); % total depletion
width with no applied voltage (m)

x_p= W_pn-x_n; %p-side depletion width (m)
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W_pnr= 0.58e-6; % desired depletion width in the presence of reverse bias (m)

V_r= (W_pnr~2 - W_pn~2)*(q/(2*eps_r*eps_0))* (N_a_m*N_d_m/(N_a_m+N_d_m)); ’%reverse bias
voltage needed for 580nm (V)

W_pn_biased=sqrt (((2*eps_r*eps_0.*(V_bi+V_r))./(q))*((N_a_m+N_d_m)/(N_a_m*N_d_m))); %reversed
biased depletion width (m)

x_n_biased= sqrt (((2*eps_r*eps_0.*(V_bi+V_r))./(q))*(N_a_m/N_d_m)*(1/(N_a_m+N_d_m))); %
reversed biased depletion width (n-side) (m)

x_p_biased= W_pn_biased-x_n_biased; Yjreversed biased depletion width (p-side) (m)

%% Illumination current determination

lambda= unnamedl(:,1); Y%wavelengths of interest (250-1450nm)

abs= unnamedl(:,2); % absorption coefficients for the wavelength range of 250-1450nm in
silicon(/m)

abs_depth = 1./abs; ’absorption depths of 250-1450nm (m)

distance=(0:0.1e-6:1e-6); %Depth inside the silicon substrate

intensity_i= 5000e-05; %intensity of incoming light (W/m2)

intensity_final=intensity_i*e.  (-abs.*distance); Jintensity of incoming light with distance(W
/m2)

lambda_nm=lambda/(le-9); %wavelength in nm

I= ((gq*S.xlambda)./(h*c)).*(l-e. (-abs.*W_pn_biased)) .*intensity_final; %Illumination current

€9)

I_nm= I/(1e-9); %Illumination current in nA

%% Plot

figure

plot(lambda_nm, I_nm)
xlabel ('Wavelength, (nm) ')
ylabel ('Current,,(nA) ")



Minimum light intensity
determination

The minimum light intensity that can be measured with the photodetector is simulated by testing out dif-
ferent intensities of 470nm, starting from 20 W /m? down to 0.1W/m?2. The results are also compared
with the case with no light. The intensity at which the current starts to become unstable and similar to
the no-light condition is chosen to be the detection limit. From these tests, 1.W/m? is determined to

be

the detection limit and the current is plotted for the intensities from 1, /m? up to 20uW/m? with in-

crements of 5,1//m? to show that the current plots have a distinction from each other for different light
intensities. The current response at different intensities for pre-determined configurations is shown in

figure B.1.
1.00E-09 1.00E-09
5.00E-10 5.00E-10
0.00E+00 0.00E+00

Current (A)

Current (A)

0.008+0 2.00E-06 | - .00E-! 0.008700 2.00E-06 4.00E-06 8.00E-06 1.00E-05

-5.00E-10

Current (A)

-1.00E-09 -1.00E-09

-1.50E-09 -1.50E-09

-2.00E-09 -2.00E-09

-2.50E-09 -2.50E-09

Time (s) Time (s)
no light 1uW/m2 5 uW/m2 10 uW/m2 =15 uW/m2 ——20 uW/m2 no light 1 uW/m2 5 uW/m2 ——10 uW/m2 15uW/m2 ———20 uW/m2
(a) 5pum n-well and 100pm channel configuration (b) 5em n-well and 150m channel configuration
1.00E-09 1.00E-09

5.00E-10

0.00E+00
0.00

-5.00E-10 €
£
8

~1.00E-09 3 -1.00E-09

-1.50E-09 -1.50E-09

-2.00E-09 -2.00E-09

-2.50E-09 -2.50E-09

Time (s) Time (s)
nolight ——1uW/m2 ——5uW/m2 10 uW/m2 15uW/m2 ———20 uW/m2 no light 1 uW/m2 =5 uW/m2 ——10 uW/m2 ——15 uW/m2 20 uW/m2
(c) 15um n-well and 60pm channel configuration (d) 15um n-well and 100pm channel configuration

Figure B.1: Current response of the device configurations at different light intensities
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All of the simulations show an overlap between the no light condition and the light intensity of 1.1 /m?,
which indeed shows that it is the limit for detection. For the rest of the intensities, the separation between
the intensities indicates the possibility of their detection based on the current magnitude. The expected
drift current sign is negative, as the wells are n-type, and therefore, the current is the opposite of the
flow inside the n-well. A switch in the current sign is observed for lower intensities, which is attributed
to the presence of hole diffusion currents. This is because, with lower intensities, the magnitude of the
drift current gets lower compared to the diffusion currents that can reach the depletion region. As a
result, the diffusion currents start to dominate the simulation, which will show a positive value based
on hole movement.



Mask Design

The mask is designed in KLayout 0.28.17 and consists of 9 images. Two of the nine are designed for
pad opening, which is suitable for positive and negative (SU8) photoresists. Each layer of the mask
and the complete mask design with the labeling of the regions of the mask are presented.

Figure C.1: Image 1: P-type doping
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Figure C.2: Image 2: N-type doping
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Figure C.3: Image 3: Gate opening
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Figure C.4: Image 4: Contact opening
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Figure C.5: Image 5: Metal interconnect
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Figure C.6: Image 6: Back-side opening
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Figure C.7: Image 7: Pad opening (Positive photoresist)
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Figure C.8: Image 8: Pad opening (Negative photoresist)

Figure C.9: Image 9: Shallow Trench Isolation
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Figure C.10: Complete mask design with labeling of the specific regions of the mask



Transmission spectrum of filters at
different angles of incidence

For all the filters, the transmission spectrum shifts toward lower wavelengths as expected based on
Snell’s Law.

5 5
Wavelength (nm) Wavelength (nm)

(c) Filter 3 (d) Filter 4

Figure D.1: Transmission spectra of the Fabry-Perot filters at different angles of incidence
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Transmission spectrum of ZnO
absorption layers at different angles of

incidence

The transmission spectrum of each ZnO sample is shown for different annealing times and spinning
speeds.

All of the transmission spectra show a reduction in the transmission of 350nm compared to other wave-

lengths. In addition, a reduction in the total transmission is observed for increasing the angle of inci-
dence.

Wavelength (nm)

——0degrees ——15degrees ——30 degrees ——45 degrees  —— 60 degrees

Figure E.1: Transmission spectrum of ZnO sample with 1000rpm/80s spin coating and 10-minute annealing
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Transmission (%)
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Figure E.2: Transmission spectrum of ZnO samples with 1500rpm/65s spin coating
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Figure E.3: Transmission spectrum of ZnO samples with 2000rpm/40s spin coating



Transmission spectrum of filters with
ZnO absorption layers at different
angles of incidence

Transmission (%)
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(a) Filter 1 with ZnO absorption layer
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(c) Filter 3 with ZnO absorption layer
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(b) Filter 2 with ZnO absorption layer
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(d) Filter 4 with ZnO absorption layer

Figure F.1: Transmission spectra of the Fabry-Perot filters with ZnO absorption layers at different angles of incidence
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