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ABSTRACT

AN INTEGRATED IMAGING SENSOR FOR RARE CELL DETECTION APPLICATIONS

Altiner, Caglar
M.Sc., Micro and Nanotechnology Department
Supervisor : Prof. Dr. Tayfun Akin

Co-Supervisor : Dr. Selim Eminoglu

November 2012, 75 pages

Cell detection using image sensors is a novel and promising technique that can be used
for diagnostic applications in medicine. For this purpose, cell detection studies with
shadowing method are performed with yeast cells (Saccharomyces cerevisiae) using an
32x32 complementary metal oxide semiconductor (CMOS) image sensor that is
sensitive to optical illumination. Cells that are placed zero distance from the sensor
surface are detected using the image sensor which is illuminated with four fixed leds to
maintain fixed illumination levels in each test. Cells are transferred to the sensor
surface with drying the medium they are in, which is phosphate buffered saline (PBS)
solution. Yeast cells that are zero distance from the surface are detected with a
detection rate of 72%. Then, MCF-7 (breast cancer) cells are detected with the same
sensor when the PBS solution is about to dry. To investigate the detection capability of

the sensor while the cells are in the PBS solution, the sensor surface is coated with gold
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in order to immobilize the surface with antibodies. With immobilizing antibodies, cells
are thought to be bound to the surface achieving zero distance to the sensor surface.
After coating gold, antibodies are immobilized, and same tests are done with MCF-7
cells. In the PBS solution, no sufficient results are obtained with the shadowing

technique, but sufficient results are obtained when the solution is about to dry.

After achieving cell detection with the image sensor, a similar but large format image
sensor is designed. The designed CMOS image sensor has 160x128 pixel array with
15um pitch. The pixel readout allows capacitive and optical detection. Thus, both DNA
and cell detection are possible with this image sensor. The rolling line shutter mode is
added for reducing further leakage at pixel readout. Addressing can be done which
means specific array points can be investigated, and also array format can be changed
for different size cells. The frame rate of the sensor can be adjusted allowing the
detection of the fast moving cell samples. All the digital inputs of the sensor can be
adjusted manually for the sake of flexibility. A large number of cells can be detected

with using this image sensor due to its large format.

Keywords: rare cell detection, CMOS image sensor
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HUCRE TESPiTi UYGULAMALARI iCIN ENTEGRE GORUNTULEME SENSORU

Altiner, Caglar
Yiiksek Lisans, Mikro ve Nanoteknoloji BlUmu
Tez Yoneticisi : Prof. Dr. Tayfun Akin

Ortak Tez Yoneticisi : Dr. Selim Eminoglu

Kasim 2012, 75 sayfa

Goruntt  sensort  kullanilarak  hucre algilama, tipta teshis uygulamalari icgin
kullanilabilecek yeni ve gelecek vaat eden bir tekniktir. Bu amag igin, golgelendirme
metoduyla yapilan hiicre tespit c¢alismalari; optik aydinlatmaya duyarl, 32x32
tamamlayici yari-iletken metal oksit (CMOS) gorinti senséri kullanilarak maya
hiicreleri (Saccharomyces cerevisiae) ile gergeklestirildi.  Sensor ylizeyinden sifir
mesafeye yerlestirilen hicreler, her testte ayni aydinlatma seviyesini korumak amaciyla
yerlestirilen dort sabit led ile aydinlatilan gorintli sensorli araciligiyla tespit edildi.
Hicreler, sensor alanina fosfat tamponlu tuz (PBS) ¢ozeltisinin kurutulmasiyla aktarild.
Sensor yizeyinden sifir mesafede konumlandirilan maya hicreleri %72 basariyla
algilandi. Sonra, MCF-7 (meme kanseri) hicreleri, ayni sensor ile PBS ¢ozeltisi kurumak
Uzereyken algilandi. Sensorlin hiicreler PBS ¢ozeltisi icindeyken algilama kabiliyetini

arastirmak amaciyla yilzey alani, altinla kaplandi ve altin yizeylere antikorlar
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tutunduruldu. Boylelikle hiicrelerin sensor yiizeyine sifir mesafede olmasi saglandi.
Ayni testler bu sensorde tekrarlandi ve golgelendirme metodu ile PBS ¢ozeltisi icerisinde
basarili algilama gerceklestirilemedi fakat, ¢ézelti kurumak tzereyken basarili algilama

sonuglari elde edildi.

Gorlinti sensoru ile hiicre algilamasi saglanmasiyla, benzer ama genis formath bir
gorintileme sensori tasarlanmigtir. Tasarlanan CMOS goriintiileme sensori 160x128
formatindadir ve 15um biyukliginde piksellerden olusmaktadir. Piksel okuma devresi
kapasitif ve optik algilamaya uygun tasarlanmistir. Boylelikle tasarlanan goriintiileme
sensorli, hem DNA hem de hicre algilama uygulamalarini miimkdn kilar.  Pikseldeki
kacak akimi daha aza indirgemek icin sensére yuvarlanan hat ¢ekim modu eklenmistir.
Spesifik alanlarin incelenebilmesi ve dizin formatinin, farkl boyutlardaki hlcreleri tespit
edebilmesi amaciyla degistirilebilmesi icin adresleme yapilabilir. Sensoriin gergeve hizi,
hizli hareket eden hiicre orneklerinin tespiti icin ayarlanabilir. Esneklik saglamasi
acisindan, sensorliin butlin dijital girislerinin manuel bir sekilde ayarlanabilmesi
saglanmistir.  Formati biyuk oldugundan, cok sayida hiicre, bu gorintli sensori

kullanilarak tespit edilebilir.

Anahtar kelimeler: nadir gorilen hiicre algilama, CMOS goérintileme sensori
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CHAPTER |

INTRODUCTION

Cell is the smallest building block of living organisms. Detecting cells, even rare cells, is
more evident in the beginning of 1980s with the detection and isolation of rare fetal
cells which is triggered by the invention of polymerase chain reaction (PCR) [1].
Following this study, cell detection researches reach to the point that will be useful for
diagnosing some specific diseases with detecting rare cells in specific samples. Not only
the researchers found carcinogenic diseases, but also achieve to detect unnecessary
harmful substances in the body with the help of rare cell detection techniques. Similar
to these techniques, DNA detection applications are also helpful for diagnosing
diseases. In this technique, problematic DNA strands are defined and detected as a part

of the treatment. DNA detection is also needed for early diagnosis of some cancer

types.

This thesis describes a technique for cell detection applications with the help of
electronics. An integrated imaging sensor is used for the detection. The detailed
analysis and operating principles will be explained. Since an imaging sensor will be
used, photonic beams reaching to the sensor coming from the samples will be detected.
Shadows of the cells formed by the fixed light sources are examined using an image
sensor. Characteristic beams coming from the sample can also be obtained by giving
characteristic light to the sample. This sensor is not designed for a specific cell
detection application, so according to the sensor architecture, various possible

detection applications will be mentioned.



This chapter gives a brief introduction to both biomedical and electronics parts of the
thesis. Section 1.1 explains how the related studies detect cells in the literature.
Section 1.2 describes the readout electronics in these studies. Section 1.3 gives
information about the readout technique used in this study. Lastly, Section 1.5

describes research objectives of the thesis and thesis organization.

1.1 Electronics Use in Cell Detection Applications

There are several techniques about cell detection applications. These techniques can
include chemistry, optics, mechanics, electronics separately or combination of some of
these disciplines [2]. Very good examples of combination of these disciplines can be
given with BioMEMS chips which use dielectrophoresis technique. Dielectrophoresis
technique is about exerting forces to the charged or uncharged molecules in the
existence of an applied electric field [2]. With the help of this technique, people
succeeded in rare cell population analysis and detection, or even manipulated the

desired individual cells without giving damage to the viability of them [3-4].

Detection of the neural or cardiac activity is another application of this subject. Studies
are carried out for the detection of cells which are responsible for creating action
potentials in neural network or in cardiac network. With the help of this technique,
neural and cardiac maps of human body are generated, and the irregularities and

problems can be detected [5-6].

Another application area is about the DNA detection techniques. DNA detection shows
similarities with the rare cell detection by means of detecting specific less found
amounts of materials in the sample. In the literature, there are numerous DNA
detection techniques including impedance based, phosphate backbone based or charge
based. In impedance based DNA detection technique, impedance change between
electrodes due to DNA hybridization is measured [7]. In phosphate backbone based
DNA detection technique, hybridization of DNA drives a change in the number of ions in
the solution, and some ion sensitive transistors sense this change [8]. All these

detection techniques rely on the specific, wanted DNA strands’ hybridization. In other



words, if there is a strand that is sought or not sought, the hybridization occurs or not
and the required strand will be detected. Similar study is worked out in METUMEMS
group with the charge based detection technique [9]. In this technique, if the desired
DNA strand is hybridized with the immobilized counterpart, electrons release, and these

electrons are read out by some electronics behind.

Projection of shadow image patterns into the image sensors is very popular because of
its several advantages. Figure 1.1 shows cross sectional view of CMOS sensor fabricated
with well chamber. Distances between the well chamber and the sensor surface are (a)
Oum, (b) 25um, and (c) 685um. Since it is a lens free application and does not require
any mechanical or optical scanning environment, the system is compact. Thus, this
technique is a cost effective cell detection technique. In this technique, labeled cells
are introduced to a well chamber which is placed on top of a commercially available
image sensor [10]. Well chamber to sensor distance is arranged to three different
positions in order to observe the effect of cell distance to the sensor.

Sensor surface 4 mm

B ——

Well chamber

Polyester film

425 pm

(b)
Figure 1.1: Cross sectional view of CMOS sensor fabricated with well chamber. Distances
between the well chamber and the sensor surface are (a) Oum, (b) 25um, and (c) 685um.
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Figure 1.1: cont’d

Figure 1.2 shows CMOS sensor images of various sizes of microparticles under different
separation distances between particles and sensor surface [10]. There is no external
light source used for detecting cells, instead of that chemiluminescent imaging. This is
done by labeling the micro-particles and Hela cells on CMOS image sensor. Three
different sized cells and particles are used for observing the differences of images taken

from the sensor.

Particle size (um)
20.9 15.3 10.2

Z:(l‘m) ) (Al)

(B1)

685

25

Figure 1.2: CMOS sensor images of various sizes of micro-particles (A-C) under different
separation distances between particles and sensor surface (1-3) [10].
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There are several conclusions about the study. The first conclusion is that the images
taken with the particle distance, 685um, are unclear as can be seen at the top row.
Second conclusion is that the images taken with the particle distance 25um above the
sensor are seen as black spots, and they are slightly enlarged images because of the
shadowing effect. The last and the most interesting conclusion is obtained with the
particles that are placed directly onto the sensor. The images of the particles are
brighter than the background image. The reason is said to be the lens effect that is, the

light has been focused to the sensor array by the particles.

Figure 1.3 shows CMOS sensor and microscopic images of Hela cells without and with
heat treatment after trypan blue staining [10]. The brighter image is seen in Hela cells
too. Additionaly, the blue stained cells with the help of heat treatment is also seen as

blue using CMOS image sensor.

20 pm 20 pm

Figure 1.3: CMOS sensor (A) and microscopic (B) images of Hela cells without (Al and B1) and
with (A2 and B2) heat treatment after trypan blue staining [10].



This technique is used to detect bacteria cells [11] or monocytes, NIH-3T3 fibroblasts,
mMESCs and red blood cells [12]. In all these studies, it is seen that the shadowing effect
works for detecting cells. The distance between the cells and the sensor is changed for
observing the effect of it, and also effect of the diameter of the cells are investigated in
these studies. This shadowing technique is also used for size categorization of the
detected cells [13]. The velocity of these particles is also measured in the same study

with using two identical sensor arrays.

The last detection technique uses both optics and electronics. This technique basically
uses optical signals coming from the samples which are excited externally, and detects
these signals with the help of some sensors and electronics. The coming signals to the
sensors including information about the samples’ ingredient and rare cell detection will

be realized.

Related to this subject, there are two main imaging methods carried out with the
ultraviolet (UV) wavelength signals. First one is reflected UV imaging, and the second
one is fluorescence UV imaging. In the reflected UV imaging method, UV signal is
introduced to the sample, and the reflected signals coming from the sample is detected.
In the fluorescence UV imaging, again UV signal is exposed to the sample, and detected
signals come from the samples’ re-excitation. These re-excited signals are usually at
different wavelengths from the incoming UV signal, and these different wavelengths are
usually in the visible or near-UV range. The advantage of this method is that visible

sensors can be used in order to detect these signals [14].

In this thesis, one of the main methods that is used for rare cell detection is
fluorescence UV imaging method. In this method, as mentioned above, emission from
the sample due to the initial excitation is detected. This emission is occurred due to

some interactions which takes place in the tissue (sample).

In the tissue, there are several interactions that include scattering, absorption,
fluorescence emission etc. [15]. Figure 1.4 shows light-tissue interactions including
reflectance, scattering, absorption, and fluorescence. Fluorescence UV imaging is

interested in fluorescence emission of this interaction.
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Figure 1.4: Light-tissue interactions including reflectance, scattering, absorption, and
fluorescence [15].

Fluorescence emission is due to the excitation of fluorophores in the tissue. There are
quite a number of fluorophores which are in fact aromatic amino acids present in the
cells. Some of these fluorophores are tryptophan and tyrosine; and some related
coenzymes NADH and NADPH [15]. Each of these fluorophores emits at different
wavelengths when excited at specific wavelengths. Table 1.1 shows excitation and

emission maxima of some endogenous fluorophores.

Table 1.1: Excitation and emission maxima of some endogenous fluorophores [15].

Endogenous Excitation Emission
fluorophores maxima (nm) | maxima (nm)
Amino acids
Tryptophan 280 350
Tyrosine 275 300
Phenylalanine 260 280
Metabolic cofactors
FAD. Flavins 450 515
NADH 350 450
NADPH 336 464




Figure 1.5 shows fluorescence behavior representation (mean spectra) of some
colorectal tissues. All of the endogenous fluorophores exist in the submucosa layer of
the tissue. To excite fluorophores, the incoming light has to penetrate down to the
submucosa layer from mucosa layer. In neoplastic tissues (tissues formed with tumors),
haemoglobin (Hb) concentration is higher. The higher Hb concentration do not allow
incoming light pass through mucosa to submucosa resulting fluorescence emission. So,
in the presence of cancer tissues, the emitted light intensity coming from the tissue is

weaker compared to the normal tissue [16].
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Figure 1.5: Fluorescence behavior representation (mean spectra) of some colorectal tissues [16].

This behavior is obtained from the excitation of the epithelial tissues at around 400nm
to 550nm. It can be understood from Figure 1.5 that fluorescence emission is higher in
normal tissue than neoplastic tissue at wavelength around 515nm [17]. If the sensor is
designed to have higher quantum efficiencies at these wavelengths, early cancer

diagnosis is succeeded.

Designed sensor must be sensitive to the required specific wavelengths in order to
detect the right signals. The absorption of light by the silicon sensor is another issue to
be deal with. Emitted light coming from the tissue is not always directly exposed to the

photosensitive material of the sensor. Over the photosensitive materials, there are



usually passivation layers that protect sensors from the external threats. Different
layers are also laid between the metal layers of the sensor in order to separate each of
them. These layers are usually composed of oxide layers. These oxide layers determine

the transmittance of light coming to the sensor.

Figure 1.6 shows simulated spectral responses of some typical combinations of the
dielectric layers above the photodiode pn-junction. There is nearly a certain
transmittance percentage when no dielectric layer is used. With using dielectric layers,
wavelength dependency occurs. More dielectric layer usage brings highly oscillated
transmittance percentage but also increases transmittance at some wavelengths. It is
very hard to etch all dielectric layers above the photosensitive material because this
process can damage the photodiode with giving roughness on it. So, people in [18] left
one oxide layer on the photosensitive material for their application. Some filters also
can be used in order to sense the specific wavelength of interest. Another solution for
optimizing transmittance is using anti-reflective coating over the sensor but it requires

some post-processing steps over standard CMOS process.
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Figure 1.6: Simulated spectral responses of some typical combinations of the dielectric layers
above the photodiode pn-junction [18].



The disadvantage of this solution is that post-processing increases the cost of the
sensor. Another opportunity to optimize the spectral response of photosensitive
material is changing the junction depth of it but again this is a costly process because of

being not a standardized process.

The last example of these detection techniques is measuring uric acid in serum, plasma
or cell. Figure 1.7 shows the macroscopic measurements of absorbance spectra for
different uric acid concentrations. Decrease or increase in uric acid in human body
causes disorders like leukemia, Wilson’s disease etc. To detect abnormal uric acidic
cells can prevent a person to suffer from these diseases. The principle is similar with
the above examples. Samples with higher uric acid concentration absorb light more so
intensity of light coming to the sensor directly shows the difference between different

uric acid concentrated samples [19].
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Figure 1.7: Macroscopic measurements of absorbance spectra for different uric acid
concentrations. From bottom to top curve: 5, 10, 15, 20, 30, 40, 60, 80, and 120mg/dI [19].
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The figure explains that, the peak absorbance wavelength is around 494nm so the
designed sensor must be sensitive to this value. To detect this specific signal, optical
filters should be placed on top of the sensor in addition to selecting the suitable oxide

thicknesses explained above [19].
1.2 Readout Electronics in Rare Cell Detection Techniques

Identifying specific DNA strands is realized with the readout electronics. The sensor
designed in METUMEMS senses the electrons that reveal as a result hybridization of
DNA strands. The function of the sensor is to capture the electrons, and give this
information to the outer world. Electrons, revealed on the sense node results a net
charge. As a result of this charge, voltage on the sense node is buffered to the output.
The critical point in this design is that even small number of electrons must be read out
so the noise of the system is very important, and the noise is achieved in the range of

seven electron levels [9].

The cell detection techniques mentioned in Section 1.1 are all about detecting the light
emitted from the samples or reaching to the sensor surface from the source. Generally,
these photons are detected with photosensitive diodes, preferably silicon based
photodiodes because of their standardized and conventional processes. A photodiode
is actually a diode, and its I-V characteristic is dependent of light illumination that it is

exposed.

Figure 1.8 shows photodiode symbol with the characteristic curve [20]. In the
applications used as a detector, these kind of diodes are used in the reverse bias region
in these applications, and anode probe of the diode is connected to the lowest voltage
in the circuit (i.e. Vp is negative). In the reverse bias, there is a small negative saturation
or dark current flows from diode even if there is illumination or not. With the
increasing illumination, reverse bias current begins to increase, and the total diode

current is equivalent to

Ip = —Ipark — IpHoOTO (1.2.1)
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Figure 1.8: Photodiode symbol with the characteristic curve [20].

Figure 1.9 shows cross-section of a pn-junction photodiode. The increasing current
leads to a voltage across the diode, and this voltage or charge on the diode is read out
by some electronics behind it. Because of this voltage formation, the diode can be

modeled as a capacitor.

I Cathode

n+

p-epilayer

Figure 1.9: Cross-section of a pn-junction photodiode [17].

There several ways of reading this diode voltage. Generally, active pixel sensor
topology is used for reading the photodiodes. Because of the reset noise of the source

follower transistor correlated double sampling (CDS) is used for eliminating this noise.

12



CDS can be done either with a circuit in the sensor or out of the chip with some

software.

Figure 1.10 shows readout diagrams of a CDS performing sensor. The voltage on PDC is
transferred to APS,,; node for CDS operation. Firstly, the reset voltage is stored on C,;
capacitor with srst signal. At the end of integration, output of the pixel voltage is stored
on Cg capacitor with ssig voltage. Finally, with coming en signal, voltage on Cg,
capacitor is subtracted from voltage on C., capacitor, and the result is buffered to a
spatial filter circuit. Spatial filter block processes the output of CDS block, and makes
the binary comparison of each pixel’s voltage with the average voltage of all the pixels.
Thus, every change for the coming light to the photodiodes results in change in the

binary data of the spatial filter.
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Figure 1.10: Readout diagrams of a CDS performing sensor. (a) Active pixel sensor topology (b)
Correlated double sampling circuit (c) Schematic diagram of spatial filter and digital block
performing serialization of the spatial filter's outputs [13].
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Figure 1.11 and Figure 1.12 shows block diagram of the photodiode readout circuit, and
comparator input and output voltages implemented in [18]. For the rare cell detection
applications in [16-19], analog to digital conversion technique is used on the same die
with the photodiodes. A comparator compares the photodiode voltage with a
reference voltage, and produces a bit stream signal chain with the frequency
proportional to the photocurrent which shows the intensity of light transmitted from

the sample.
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Figure 1.11: Block diagram of the photodiode readout circuit [18].
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Figure 1.12: Comparator input and output voltages [18].
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1.3 Active Pixel Sensor Readout Techniques

There are two types of CMOS pixel structures. First one is passive pixel structure, and
this structure directly gives the diode voltage to the column with a switch behind it. No
amplification or buffering circuitry is used in these kind of pixel structures. Second type
is active pixel structure. Minimum three transistors are used in this type of pixels. A
switch transistor is used to reset the diode voltage, another transistor is used for
buffering, and a last transistor for giving the buffered voltage to the column bus. The
advantage of these structures is that the diode voltage is not given directly to the
column bus, and therefore charge sharing between the small diode capacitance, and
the large bus capacitance is prevented. In active pixels, amplification of the input signal
can also be done in the pixel level. There are several active pixel structures changing

from three to several number of transistors in the literature.

The main goal of the active pixel readout circuit is to read the charge or voltage across
the diode. In some applications, this voltage or charge on the diode can be read
directly [9], while some of the techniques use amplification in the column level [21].
While reading the signal on the diode with any of these techniques, noise is the most
problematic issue that must be cancelled. Reset noise generated by reset transistor and
fixed pattern noise generated from column signal chain is the noise sources that can be
cancelled by using a method called correlated double sampling [22]. In this method,
pixel is read before and after reset operation. The difference of the outputs between
two consecutive readings results in the noise free output of the system. This can be
done with either on-chip readout methods or out of chip technique which the samples

are differentiated externally by the help of software.

In this thesis, an active pixel sensor with a modified three transistor structure is used to
read the photodiode. To eliminate reset noise or fixed pattern noise, out of chip CDS

method is used.
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1.4 Performance Parameters of Image Sensors

Performance of CMOS image sensors are evaluated by some parameters according to
the application areas. In fact, there are two main parts of an image sensor. The
detector detects the incoming photons, and generates electrons. The readout circuit
behind the detector reads these electrons, and processes this information to give an

output from the system.

In our case, the detector is a photodiode, and the function of the photodiode is to
generate electrons from incoming photons but how many photons can reach to the
photodiode? To answer this question, the beginning point is the illuminance (light
level) parameter. The Sl unit of illuminance is lux, and 1 lux is equal to 1.464 mW/m?>
To give an example, 1x10* lux illuminance level corresponds to the full daylight where
1lux approximately shows a full moon illuminance level at a clear night. 1 photon at
500nm wavelength (this value is taken into account for the calculations in this chapter
because the wavelength value that is targeted to be detected with the image sensor is

around this value) has an energy value in terms of W/sec

hc  6.626 X 10734 x 3 x 108 (1.4.1)
E=—= = 3.9756 x 1071° W. sec

A 500 x 10~°

where h is the Planck’s constant, c is the speed of light, and A is the wavelength. So, at
1lux illuminance of 500nm wavelength light, the number of photons falling to a unit

meter square at 1 second is

0.001464 (1.4.2)
_ _ 15 2
@1 lux = 39756 x 10-° — 3.68 X 10> photons/sec.m

Number of photons falling to a single photodiode area which is 4.7um x 4.7um is

# of photons per diode = 3.68 x 10*° X (4.7 X 107°)? = 81345 photons/sec (1.4.3)

An important parameter for photon detectors is responsivity. Responsivity is defined as

the output signal generated by received power and formulated by
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rolp_ a2 (1.4.4)
p; hc
where R is responsivity, |, is photodiode current, P; is received power, q is electron
charge, n is quantum efficiency [17]. Quantum efficiency is defined as the electron hole
pairs generated per incoming photon [23]. This value is process dependent, and cannot
be optimized with a standard CMOS process. Here, the important point is the received
power namely, received photons by the sensor. The calculated photon value in (1.4.3)
is assumed that all the photons generated by the light source is received by the sensor.
But as explained in Figure 1.6 not all the incident light is transmitted to the photodiode
because of the oxide layers on it. There is a loss in the range of 50% has to be taken
into account while calculating the incoming photons. Thus, number of incoming
photons at 1 lux illumination at one second is about 40600 assuming the quantum
efficiency is one. If quantum efficiency is taken approximately 50% like in [17-18],

around 2x10* electrons are generated by single pixel in one second time interval.

In the readout side, there are also some performance parameters that determine the
performance of the sensor. The most important parameter is noise associated with the
readout. The dominant noise source is the reset noise generated on the diode

capacitance due to the reset transistor in the pixel and equal to

Qreser = VKTC (1.4.5)

where k is the Boltzmann constant, T is the temperature, and C is the equivalent
capacitor value of the photodiode. Here, noise in terms of charge is noted because the
diode creates electrons, and the circuit reads the charge accumulated on the diode.
The solution for cancelling this noise is the correlated double sampling method
explained in Section 1.3. This is not the only noise source, and the noise generated by

the readout circuit will be explained in the next chapter.

The capacitance value of the photodiode is calculated according to the foundry
specified process parameters, and found approximately as 15fF. As stated above,

2x10* electrons generate voltage value on the diode as

17



_nq _ 2X 10* x 1.6 x 1071° —o13my (1.4.6)
=" 15 x 10-15 T atem

Q
V==
Cc
which means the readout must read around 213mV voltage differences in the
photodiode according to the assumptions made in this section. Therefore, the noise
level in the readout circuit must not prevent the readout from reading this voltage

differences, and must be sufficiently less from this value.
1.5 Research Objectives of the Thesis and Thesis Organization

The first objective of the thesis is to test a CMOS image sensor with yeast cells if the
image sensor is capable of detecting the cells with shadowing method explained in
Section 1.1. Following the yeast cell tests, second aim is to detect cancer cells with
binding them to antibodies using the same method. After the tests done by the image
sensor, the second objective is to design a more advanced image sensor that will be

used for rare cell detection applications again explained in Section 1.1.
The organization of the remaining part of the thesis is as follows:

Chapter 2 explains the working principle of the CMOS image sensor that is used for cell
detection tests. The cell detection tests that are performed are also given in this

chapter.

Chapter 3 is about the designed image sensor. Detailed explanation of each block of

the image sensor is explained in this chapter.

Chapter 4 summarizes and concludes the thesis report. The future work will be

included in this chapter.
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CHAPTER II

CELL DETECTION TESTS

This chapter introduces the architecture of the image sensor that has been used for
DNA detection and gives the related test results in the scope of a previous work [9].
Also, cell detection test results completed in the scope of this thesis work will be
explained. The sensor was designed in METU-MEMS Research Group, and it is
presented as a master thesis with the aim of detecting DNA strands. The DNA test
results performed with the sensor in the scope of this previous master thesis will also
be explained in this chapter. Another similar version of this sensor was designed for cell
detection tests [9]. The differences of these two sensors will be explained, and the
tests related with cell detection which are performed with this new version will be

included in this chapter.

The organization of the chapter is as follows: Section 2.1 gives brief information about
DNA detection studies obtained in previous work. Section 2.2 explains the new version
of the sensor that is modified for cell detection tests, and electroless gold coating
process applied on its activation surface. Section 2.3 gives the cell detection test results

obtained with the modified sensor.

2.1 DNA Detection Studies Performed in a Previous Work

This section explains a previous master thesis work related with DNA detection
study [9]. Section 2.1.1 describes the principle behind the CMOS image sensor that
detects DNA strands. Section 2.1.2 shows the DNA detection test results obtained with

the explained image sensor.
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2.1.1 CMOS Image Sensor Used in DNA Detection Tests

Figure 2.1 shows the pixel structure of the chip. The image sensor used for DNA

detection has 32x32 pixel array that has 15um x 15um area each.

Figure 2.1: Pixel structure of the chip. M1 is the pixel reset switch, M2 is the pixel source
follower, and M3 is the row switch transistor that transfers the pixel data to the column bus [9].

The data at the gate terminal of the M2 transistor is read by the circuit. There is no
additional physical capacitor in the pixel. The capacitor in Figure 2.1 is only a
representation of the total capacitance, and formed by gate to source capacitance of

M2 and other parasitic capacitances.

Figure 2.2 shows top level illustration of the pixel. Detector material is the top metal
connected to the gate terminal of M2 transistor. The aim of the sensor is to read the
charge at this node. Immobilization of DNA strands occurs on top of this node with
some post-processing. After the immobilization of DNA strands, their counterparts are
exposed to the sensor for hybridization, and the charge accumulation on the sense

node is read out by the sensor.
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Pixel Circuitry

Figure 2.2: Top level illustration of the pixel structure [9].

Sense node is reset to a known voltage with M1 transistor, and read out first. After
resetting, sample is exposed to the system, and charge due to hybridization, if exists, is
read. If there is a charge drop, it means there is hybridization in the system, and DNA

detection is realized.

The charge at the sense node is transferred to the column bus by M3 row switch
transistor. In every column, there is a bias transistor that biases the M2 transistor for its
proper operation. The current required for the bias transistor is given by a current
mirror circuitry. The output is taken from a buffer that is connected to all of the bias

transistors.

2.1.2 DNA Detection Test Results

DNA strands are exposed to the sensor in an ion contained buffer solution. Thus,
detector metals of the sensor array must be isolated from each other. Figure 2.3 shows
post CMOS surface modification and packaging of the chip. For isolation, nitride is
coated on the sensor array. For immobilization of DNA strands, amino-propyl-triethoxy-
silane (APTES) is covered on the sensor array. With this coating, a capacitive interaction
occurs between the charges due to the immobilized DNA strands and detector top

metal layer.
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Figure 2.3: Post CMOS surface modification and packaging of the chip [9].

Sense node voltage of the sensor is read out by the sensor, and the output of the sensor
is an analog signal. Output of the sensor is given to an analog-to-digital converter (ADC)
chip. Leakage at the node voltage due to the capacitive interaction with DNA strands is
calculated as ADC counts. So, ADC count means there is a net charge induced by the

DNA strands.

Figure 2.4 shows the leakage values of some pixels in immobilization and hybridization
case. Figure 2.4.(a) shows the immobilization leakage results for 5 pixels. Figure 2.4.(b)
shows hybridization leakage result in a 1pM, 30uL target DNA solution. Figure 2.5
shows average leakage of pixels in performed tests. The immobilization ADC count
(leakage value) is higher than the washed case which means the immobilized DNA
strands are sensed by the sensor. Another result from Figure 2.5 is the hybridization
ADC count value is higher than immobilization ADC count value which means the

charges reveal as a result of hybridization is captured by the sensor.
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Figure 2.4: Leakage values of some pixels in immobilization and hybridization case.
(a) Immobilization leakage result for 5 pixels (b) Hybridization leakage result in a 1pM, 30uL
target DNA solution [9].
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Figure 2.5: Average leakage of pixels in performed tests [9].
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2.2 Modified CMOS Image Sensor for Cell Detection Tests

Figure 2.6 shows the pixel structure of the cell detection sensor. Cell detection tests in
the scope of this thesis are performed with some modification made on the sensor used
in DNA detection. The modification is done in the pixel structure. The top metal placed
in the above sensor is eliminated, and the diffusion area of the source node of the reset

transistor is enlarged.

Vreset
O

Cross Section @reset column bus

[ ] [MetalMasi] []

@row sel
—

Figure 2.6: Pixel structure of the cell detection sensor.

Figure 2.7 shows (a) top view, (b) cross-section illustration, and (c) cell detection
application of the pixel. The working principle of the sensor is totally changed
compared to the DNA detection sensor. In the DNA detection sensor, capacitive
sensing is performed while in this structure optical sensing is carried out. The sense
node senses the incoming light according to the cells that are bound to the sensor array
area. In Figure 2.7.(a), the whole surface except for four openings is covered with top
metal as a light mask. However, metal layer in the middle of the four openings has no
passivation layer on it for the surface activation for specific cell binding as seen in Figure
2.7.(b). Figure 2.7.(c) shows the diffusion areas that are open for the exposed light, can

sense the light that reaches to those areas so the detection occurs in that manner.
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Figure 2.7: (a) Top view illustration of the pixel. (b) Cross-section illustration of the pixel. (c) Cell
detection application of the pixel.

Figure 2.8 shows cross section view and top view photographs of the sensor package.
Light is given to the sensor via leds that are fixed around the sensor, buried to the white
epoxy. With this way, it is guaranteed that for every test, the amount of light that is
exposed to the sensor is same. For this purpose, leds are biased with same voltage in
order to get the same photon amount. Figure 2.8 illustrates, there is no additional layer
between the sensor and the sample. Thus, the sample distance to the sensor surface is

zero.
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Figure 2.8: (a) Cross-section view of the sensor package, (b) Top view photograph of the sensor
package.

2.2.1 Electroless Gold Coating over Aluminum Surface

Figure 2.9 shows the process steps of the electroless gold plating. The sensor surface is
intended to be coated with gold in order to link the antibodies to the sensor surface.
The coating is performed electroless in order not to prepare any mask that is suitable
for the sensor. This will be hard because the sensor samples are in the die level, and

electroplating will be harder in die level process.
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Figure 2.9: Process steps of electroless gold plating.

The top metal of the standard CMOS process, aluminum, should be coated with gold in

subjected to zincation process. This step is a preparation step for nickel coating. After
zincation, electroless nickel coating is done, and finally gold is coated over nickel.
Figure 2.10 to Figure 2.13 show the scanning electron microscope (SEM) pictures and

EDS results of the aluminum metal surface and the electroless gold coated surface.
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I 1lpm METUMEMS 10/4/2012
X 14,000 2.00kV LEI SEM WD 1lmm 11:20:09 AM

Figure 2.10: SEM picture of single Al pixel. Pixel size is 3um x 3um.

5 10.

Figure 2.11: EDS result of single Al pixel.
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I lpm  METUMEMS 11/5/2012
X 18,000 2.00kV LEI SEM WD 10mm 3:24:07 PM

Figure 2.12: SEM picture of single gold coated pixel.

Figure 2.13: EDS result of single gold pixel.
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2.3 Cell Detection Test Results

Cell tests performed in the scope of this thesis can be divided into two parts: (i) first
tests are carried out with baker’s yeast cells (Saccharomyces cerevisiae) and (ii) second

tests are carried out with MCF-7 breast cancer cells.

To show the cell detection capability of the sensor with the proposed method
(shadowing method), first tests are done with yeast cells. As mentioned in the
introduction chapter, cells that will be detected have to be placed zero distance away
from the sensor surface. For this purpose, yeast cells are chosen for detection because
of their cell walls around their core cell. The PBS solution is dried to transfer the yeast
cells to the sensor surface. When the yeast cell containing solution is dried, the cells
will be transferred to the sensor surface with zero distance. The important point here is
that when the solution dries, the cells must not die to detect them so the cell wall that
encircles them avoids killing the cells. The solution that will be used for the tests is
chosen as phosphate buffered saline (PBS) because after this yeast cell tests, breast
cancer cell tests will be performed, and in these tests, PBS solution is required for the

cells to be remain alive.

Figure 2.14 shows clustered yeast cells that are transferred directly from PBS solution.
Previous tests show that yeast cells that are transferred directly from PBS solution form

clusters that do not give possibility to detect single cells.

Figure 2.14: Clustered yeast cells that are transferred directly from PBS solution.
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After getting this result, yeast cells are waited in glucose concentrated DI water to grow
and separate from each other. The grown yeast cells are than put into PBS solution for
testing. Figure 2.15 shows (a) microscope photograph of dried yeast cells that are

grown in glucose concentrated DI water and (b) related sensor image.

Saeaessseen

[ RN R R
L
suseadl
e,
sseeee
Lesaee
YEER L

'-..%llll
LA R E R ER NN
Sseusassenany
nan

.

Gusceesan
e

.l'll.‘l...l.'ll...’
EeeCcesLCEERBRERERBUES

S MM D NN A e s R MDD EEBRE RS

neensEBgenecensessconssadannasnns
Bﬂ..ﬂﬂ.ﬂlllﬂﬂl..ﬂﬂ.I.IIII..I'.

n

o
OB
- oaon

LieeSdgocesscoUcetsEsesansesnsnas
CAF R

e EEEUEBOC D O0CCEEDGC EEAERERRUEERSRN

SEsgepSssenEBsNna =
EaER A FENERRARDAE 3D
I E R SR RSN RN EE RSN

(a)

BouuwocounAweEEsEdes cdEBERAERRESERRRN
PoovoeCc™ L EUBEAUREcEcE R BERABUSUBSBEEN

u;\ﬂn-:uul-‘d.nmouu-n-.....-.!.o.
BCcoCcConEEPEOCEDS e SEESEESEsSssaEEn

B UuUuuUueNENENSERUSEwEEE eERD

BB UBDOUUS
BEAEODcocane
PR
EREcoCcaae

(b)
Figure 2.15: (a) Microscope photograph of dried yeast cells that are grown in glucose
concentrated DI water, and transferred to PBS solution, (b) Related sensor image.
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(b)
Figure 2.16: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image.
Red circles show pixels that have no cells on it.
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Figure 2.16.(a) shows microscope photograph of the sensor. Red circles show the cells
that cannot be detected, and green circles show the cells that are detected. Figure
2.16.(b) shows image processed sensor image. Red circles show pixels that have no
cells on it. After taking the sensor image, some processing is applied. A threshold is
determined between the pixels, and the pixels above the threshold is shown as black
and the rest is shown as white. As a result, image sensor detects 72% of the yeast cells
that are placed in the sensor array. The reason of the missed cells can be grouped into
two reasons. One reason is that the certain smaller yeast cells are just placed in the
3um x 3um pit and cannot cancel the coming light to the sensing area. Second reason
can be the cells that are placed near the sensing areas cannot significantly prevent the

coming light to the sensing area and thus, sufficient contrast could not be obtained.

After taking these results with yeast cells, breast cancer cell (MCF-7) tests are
performed. Figure 2.17 shows the structures of yeast cell wall and MCF-7 cell
membrane. The most significant difference between yeast cells and MCF-7 cells are the
structures that cover them. Yeast cells have cell walls around that protect them from
bursting because of desiccation of the medium while MCF-7 cells have only cell

membranes that are not strong enough to maintain them as a whole.

(a) (b)

Figure 2.17: Structures of (a) yeast cell wall and (b) MCF-7 cell membrane

Because of the cell membrane structure of MCF-7 cells like all other cancer cells, the
medium of these cells cannot be desiccated. Without their medium, they cannot

survive.
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(b)

Figure 2.18: (a) Microscope photograph of MCF-7 cells in PBS solution, (b) Related sensor image.
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(b)
Figure 2.19: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image.

35



Figure 2.18 shows the microscope photograph and related sensor image of MCF-7 cells
in PBS solution. It can be seen that most of the cells cannot be detected because of the
fact that photons in the liquid medium spreads arbitrarily, and the shadows of the cells
cannot be formed sufficiently. Figure 2.19.(b) shows the image processed sensor
image. Only 10 cells out of 59 cells can be detected in the medium when the medium is

not desiccated.

The only way that the sensor image to be taken is to take the sensor image when the
medium is about to dry in order to place the cells above zero distance from the sensor
surface. There is some time while the medium is drying for cells not to be died. Figure
2.20 shows (a) microscope photograph of MCF-7 cells in PBS solution while the solution
is about to dry and (b) related sensor image. The successful images can be taken only
the cells are placed zero distance from the sensor surface. Figure 2.20.a shows that the
focusing effect can be observed from the left bottom of the sensor. A cell out of the

sensor array focused the exposed light to the inside of the sensor area.

Again, the image is processes in the same way with the above example. Figure 2.21
shows the resulting image. Results show 63 cells are detected among 68 cells with this
technique. Sizes of the MCF-7 cells are different from each other so some cells affect
only one pixel and some are more than one pixel, thus it cannot be said that every
white pixel in the sensor image corresponds to a single cell or if a percentage is has to
be given; if one pixel corresponds to a single cell, the success rate of the sensor is 78%.
The reason why the pixel colors of detected cells are brighter is focusing effect. As
explained in Section 1.1, cells show focusing effect to the sensor surface meaning that

they focus the incoming light to the sensor area making the pixels brighter.
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(b)
Figure 2.20: (a) Microscope photograph of MCF-7 cells in PBS solution while the solution is about
to dry, (b) Related sensor image.
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(b)
Figure 2.21: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image.
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Figure 2.22 and Figure 2.23 show microscope photographs and sensor images of dead
MCEF-7 cells when the solution is fully dried. It cannot be discussed about the detection
rate of the cells because most cells are burst and cannot be visualized as can be seen

from the figures.

(b)
Figure 2.22: (a) Microscope photograph of dead MCF-7 cells when the solution is fully dried, (b)
Related sensor image.
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Figure 2.23: (a) Microscope photograph of dead MCF-7 cells when the solution is fully dried. (b)
Image processed sensor image.
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After taking this successful result, it is thought that if these cells are bound to sensor
surface anyhow, while the cells are in their living medium (PBS), maybe the sensor
image can be taken. For this purpose, drug resistant MCF-7 cells are used for
specifically binding to antibodies. The only difference between basic MCF-7 cells and
drug resistant MCF-7 cells is the P-glycoprotein that exists on their outer surfaces [26].
If this P-glycoprotein can be bound to its antibody, anti-P-glycoprotein, maybe cells that
are bound to the surface can be detected. Another advantage of the antibody is to
detect the desired cell. If the antibody of any desired cell can be linked to the sensor
surface, these cells will be bound to surface, and any other cells that are not sensitive to
this antibody will be washed out with washing the sensor. In order to realize this
proposal, the sensor surface has to be coated with gold. Gold is necessary for the
antibodies to bind. In Section 2.2.1, gold coating of the activation surfaces has been

explained in detail.

The next process after coating the activation surfaces with gold is immobilizing these
gold surfaces with anti-P-glycoprotein antibodies. Figure 2.24 antibody binding process
to the gold coated surfaces. First of all, 12uL anti-P-glycoprotein is mixed with 20mM,
3uL sulfo-LC-SPDP linkers and then waited for 90minutes. After 90minutes, 7uL TCEP-
HCl is added to the solution, and this mixture is added to the sensor surface and waited
60minutes more. In this 60minutes, TCEP-HCI molecules break down the di-sulfide links
obtaining the immobilization of antibodies over gold surfaces. After waiting 60minutes,
the sensor surface is washed and sensor is ready for adding MCF-7 cells for binding to

their antibodies.

Figure 2.25 shows MCF-7 cell washing process when they are bound to the antibodies.
After immobilizing antibodies on the gold surfaces of the sensor, MCF-7 cells are placed
and exposed to them. Then, cells are waited 60minutes on the sensor surface. After
waiting 60minutes, sensor is washed with PBS. Figure 2.25.(b) shows the microscope
photograph of the sensor. In Figure 2.25.(a), the cells that are washed out are circled in
yellow. One more washing process is done, and the result is shown in Figure 2.25.(c).

In Figure 2.25.(b), the cells that are washed out are circled in yellow. Third washing
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process is again done, and this time no other cells are washed out. Figure 2.25.(d)

shows the cells that are bound strongly to the antibodies.
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Figure 2.24: Antibody binding process to the gold coated surfaces (a) First step is mixing
antibodies with linkers which will be soon link the antibody to the gold surface. (b) Adding TCEP-
HCI for breaking down di-sulfide links. (c) Adding this solution to the sensor surface for
immobilizing the antibodies.
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(b)
Figure 2.25: MCF-7 cell washing process when they are bound to the antibodies. (a) Microscope
image of the MCF-7 cells that are placed on the antibody immobilized sensor one hour (Yellow
circled cells are that of washed out). (b) Microscope image of the MCF-7 cells after first washing
(Yellow circled cells are that of washed out). (c) Microscope image of the MCF-7 cells after
second washing. (d) Microscope image of the MCF-7 cells after third washing.
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(d)
Figure 2-25: cont’'d
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(b)
Figure 2.26: (a) Microscope photograph of MCF-7 cells that are bound to antibody, and remains
on the sensor surface after three washing, in PBS solution, (b) Related sensor image.
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(b)
Figure 2.27: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image.
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Figure 2.26 shows the microscope photograph of MCF-7 cells that are bound to
antibody, and remains on the sensor surface after three washing, in PBS solution. Again
in PBS solution, sensor image does not give sufficient information. Figure 2.27.(b)
shows the image processed sensor image. This results show that the only reason why
the sensor cannot get successful images in PBS solution is that the solution spreads the
incoming photons. Thus, shadows of the cells cannot be formed even if the cells are

zero distance away from the sensor image.

Figure 2.28 and Figure 2.29 substantiates this statement that when the solution is about
to dry, the sensor can get sufficient images. It should be noted that 74% of the cells are
detected with the image sensor if the cluster is excluded. If included, 69% success is

obtained.

Another result of this test is that the sensor can differentiate dead and live cells. Figure
2.30.(b) shows image processed sensor image of the dead cells. Dead cells prevent
incoming photons to the sensor instead of focusing like live cells. The missed dead cell

probably cannot be detected because it is placed in the middle of two detectors.
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(b)
Figure 2.28: (a) Microscope photograph of MCF-7 cells that are bound to antibodies in PBS
solution while the solution is about to dry, (b) Related sensor image.
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(a)

(b)
Figure 2.29: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image
that shows live cells.
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(b)
Figure 2.30: (a) Microscope photograph of the sensor. Red circles show the cells that cannot be
detected, and green circles show the cells that are detected. (b) Image processed sensor image
of the dead cells.
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After taking these results, as a control test, a sensor without binding antibodies on its
surface is tested. Figure 2.31 shows MCF-7 cell washing process with a sensor that has
no antibodies on it. All of the cells are washed out after third washing, and it is
guaranteed that in the previous tests, the MCF-7 cells are bound to the sensor surface

because of the antibodies.

(b)

(c)

Figure 2.31: MCF-7 cell washing process with a sensor that has no antibodies on it. (a)
Microscope image of the MCF-7 cells that are placed on the sensor without antibody binding one
hour. (b) Microscope image of the MCF-7 cells after first washing. (c) Microscope image of the
MCF-7 cells after second washing.
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CHAPTER Il

THE CELL DETECTION IMAGING SENSOR

According to the cell detection test results that have obtained from the image sensor, a
more advanced CMOS image sensor is designed. This chapter explains all the building
blocks of the new cell detection imaging sensor in detail. This chapter also gives how
each of the designed block works, and what kinds of signals are required for the proper
operation. Simulation results of each block will be presented comparing with the

necessary proper values that is required for the proper operation.

This chapter is organized as: Section 3.1 gives a brief introduction about the imaging
sensor. Section 3.2 explains the pixel array block. Section 3.3 describes the analog
readout that reads the information from the pixel array. Section 3.4 explains bias block
that generates required biases for analog readout. Section 3.5 describes addressing
blocks, and Section 3.6 explains the controller block that generates all digital signals for

the sensor.

3.1 Introduction

This section of the thesis gives brief information about CMOS image sensors. Also this
section explains the application areas of the designed image sensor. Almost all of the

CMOS image sensors have similar main blocks that are required for basic operation.
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Figure 3.1 shows the architecture and the floor plan of the imaging sensor. The first
block of this image sensor is pixel array. This block is responsible for sensing the object.
For this purpose, a detecting part and its reading circuitry exist in this block. Second
block is responsible for the selection of each single pixel in the pixel array block. This
block is generally formed by row and column selector blocks, and in this thesis, they are
called as row and column scanners. Third block processes the output data of each pixel,
and gives this data to the output of the chip. This block is called as analog readout. Last
block is necessary to generate the signals that are required for pixel array, scanners,
and analog readout which is called as controller block. In this thesis, a bias block is

added to the system to generate required bias inputs to analog readout
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ANALOG READOUT
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PIXEL ARRAY
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COLUMN SCANNER

Figure 3.1: Architecture and floor plan of the imaging sensor.
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General purpose of the system is to give the information coming from the pixel block to
the output. This information, in the scope of this thesis, is the incoming light. In the
shadowing method, visible light is going to be detected. In the fluorescence UV imaging
method, UV light is going to be detected. This designed chip provides the opportunity
of detecting cells using both methods. The chip can be optimized with a few
modifications for the desired type of detection technique. In the following sections,
these modifications and the function of each block will be explained. The working

principles and the simulation results of each block will be presented.

3.2 Pixel Array

Figure 3.2 shows the overall configuration of the pixel array. Pixel array consists of

204380 unit pixels which are arranged in 160x128 format.

Figure 3.2: Overall configuration of the pixel array.
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Figure 3.3 shows the single pixel structure for both DNA and cell detection functions.
This block is responsible for converting incoming optical or electrical information to
meaningful electrical data. The main function of this pixel array is to detect the signal
coming from the sample, and convert it to an electrical signal. This incoming signal can
be electrons or photons for this structure. For the DNA detection case, electrons that
are revealed due to the hybridization of DNA strands are the incoming signals for the
detectors [9]. For the cell detection case, photons coming along the cell samples which
are illuminated by a light source are the incoming signals for this block. Thus, to meet

both of these functions, two separate detector structures are present in this block.

Q row_sel

Figure 3.3: Single pixel structure for both DNA and cell detection functions.

In Figure 3.3, sense node is connected to two detector structures via two separate
switches. Only one detector structure will be connected to the sense node. The upper
detector consists of top metal layer of the process. This metal part can be used to
conduct electrons to sense node as used in DNA detection application. Another use of
this part is that this metal can be coated with any material for several purposes. For
example, to immobilize antibodies in order to hold specific cells on this node, this
structure can be used. For this application, the switch that connects this metal to the

sense node is off. The lower detector is a photodiode that converts photons to
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electrons. This photodiode can be used to transfer the incoming light information to
the sense node. Captured cells by immobilized antibodies can be used for optical
detection with these photodiodes. As another example, if the fluorescence UV imaging
method is used, only the photodetector part is enough. There is no need for
immobilization in this case, so the metal layer connected to the sense node is not used,
and for this application the upper detector part can be removed. For detection of a
specific wavelength light, the process of the fabrication can be optimized (i.e. opto
processes). For example photodiode area can be processed to sense light at specific

wavelengths. Figure 3.4 shows the top view illustration of single pixel layout.

Top Metal
Opening

Figure 3.4: Top view illustration of single pixel layout.

The photodiode area is enlarged compared to the sensor that is used for cell detection
tests explained in Chapter 2. Since the cell detection technique that is used in the
scope of this thesis is lensless, fill factor plays important role for the imaging sensor. Fill
factor is the ratio of photosensitive area to the total pixel area. In this design fill factor
is increased to 11% from 9%. This means the sensitivity of the sensor to the incoming

light is improved by 22%. Also in this thesis, the sensor array format is increased to
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160x128 from 32x32, which means the total detector count is increased by 20 times.

This increment will allow detecting larger number of cells.

The second aim of this block is to read the sense node. There will be a charge
accumulation from the detectors, and voltage resulting from this charge is read out by
this block. This reading starts with setting the sense node to a known Vs voltage. This
V,eset VOItage is given via a switch to the sense node. After setting the sense node to a
known voltage, this voltage is read first as a reference which means giving this voltage
to the output. The switch is placed to off position, and any detector of interest is
connected to the sense node via its related switch. This connection would change the
voltage of the sense node due to the charge accumulation from the detectors. Then
again, the changed voltage is read. The difference of this voltage from the V.. voltage
is the information that is taken from the detector. This difference is taken with a

software code, not taken with a circuit in the chip.

Vieset VOItage is set to a maximum voltage, 2.5V, in order to guarantee that the reset
transistor is always ON (Vgs>Vi). This voltage must be set to a value as high as possible
because when the light comes to the detector, it lowers the sense node voltage so to
maximize the voltage swing, V e is set to a maximum possible voltage, 2.5V. The lower
voltage point of the sense node is determined by the analog readout block, which is
connected to the output of the pixel block. This voltage is 1.1V, and will be explained in
next section, so the pixel can read the voltages between 2.5V and 1.1V which means

that voltage swing of the sensor is 1.4V.
3.3 Analog Readout

The main goal of the analog readout block is to transfer the meaningful information
coming from the pixel array to out of the chip. This information is the pixel output
voltage. When B, s Signal comes to a row of the array, all the pixel output voltages
are transferred to the input of the related column readout circuit. Therefore, for each

column of the pixel array, a column readout is available. Then, each voltage at the end
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of the column readout is selected with column scanner block, and given to the output

driver sequentially.

Figure 3.5 shows simplified architecture of the analog readout block. There is one
column readout for each pixel column, and they are connected to a single bus which
connects them to the output driver. The voltages are given to the single line with

column scanner which will be explained later.

Output Buffer

80 Channel
Analog Readout

Figure 3.5: Simplified architecture of the analog readout block.

Figure 3.6 shows column readout structure. Column readout is the first stage of the
analog readout block. Column readout receives the input signal from the selected pixel

array row, and processes till single line bus.

olumn Pre-Buffer

Figure 3.6: Column readout structure.
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Column pre-buffer is used to drive the analog memory capacitor with the pixel output
voltage. The voltage output of the first buffer stage is held in an analog memory via @,
switch. This stage is also called as analog memory. The information coming from the
pixel is held in the analog memory capacitor until the next pixel information comes.
The stored voltage in the capacitor has to be transferred to the common bus. The
output of the analog memory is connected to a common bus using the common buffer
circuitry, which prevents signal loss due to a possible charge sharing that would occur if
direct connection were used. The column buffer is a one-stage opamp designed to
drive the internal capacitive load of the common bus [27]. There are two main jobs of
this driver. It transfers its input voltage to the output with a gain that close to unity. To
achieve a gain value as close as to unity, the gain of the opamp is designed as high as

possible [27].

The second aim of the opamp is to drive its load in a proper time, and the one-stage
opamp topology is suitable for this purpose. The main goal is to detect rare cells in the
sample which can be done at moderate scanning speeds. At the end of the column
buffer, a switch connects the opamp to the common bus, which is controlled by the

column scanner.

The last stage of the analog readout block is the output buffer part. Output buffer has a
folded cascode opamp topology [27] which can drive large external loads with good

stability at the expense of increased power dissipation.

Figure 3.7 shows column readout simulation result. Simulation is done with the single
pixel connected to the single column readout. The simulation is done with changing the
sense node voltage arbitrarily in the appropriate voltage swing interval of the pixel
structure and reading this voltage. The upper first graph belongs to the sense node
voltage of the pixel. When @,,,, s signal comes, the voltage at this instant is transferred
to the column readout which is 1.5V. With the @, signal, this voltage is registered to
the analog memory which is the sample and hold capacitor. With the @, s signal, this

voltage is transferred to the common line bus with a 2mV drop (Vo). This drop is due
to the column buffer opamp because Vout/V_ cannot reach 1 even if the gain of the
mn

opamp is very high.
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Figure 3.7: Column readout simulation result.

Another critical point about the column buffer is its transient behaviour. The column
buffer driving strength determines the frame rate of the sensor because the slowest
block in the analog readout is the line column buffer block due to the fact that it drives
a large line bus capacitance. All the column bufferss in every column readout is active
while the sensor is running so the current drawn from the column buffer should be
minimized. A single stage opamp is used as column buffer in this design. Frame rate of
the sensor can reach up to 50 frame per second (fps) which is highly enough for cell

detection applications since there is no parameter changing with this rate.

The last section of the analog readout block is the output buffer which is implemented
using a folded cascode opamp. The output buffer is used to be able to drive large
sensor output loads. For noise issues a large capacitance is necessary at the end of the
output driver so high current must be drawn from the output driver. Since only two
output drivers are used for the sensor architecture, folded cascode topology is suitable
for this purpose. The gain of this opamp is higher than the single stage opamp [27] so

the error of this opamp is expected to be lower.

The voltage output of the output driver can be digitized using Analog-to-Digital
Converter (ADC). The designed sensor has a simulated output noise of 150 pV,,, for an

output swing of 1.4V. This noise result corresponds to a dynamic range of 79.4dB,
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which shows that this sensor can be used with an ADC having a resolution of 13-bits or

better.

3.4 Bias Block

Figure 3.8 shows bias block architecture. Bias block supplies the required bias currents
for the analog readout in the sensor. The main idea behind this block is mirroring the

main current generated in the chip [27].

ibias_out1

Figure 3.8: Bias block architecture.

The main current is generated with a resistor connected in series between the supply
and the diode connected transistor. The design is started with defining a reference
current that will be passed through the resistor bank. The drain voltage of the diode

connected NMOS transistor is found from to the formula:

1 w 2.4.1
I = EKn (T) Ves — VTN)Z [27]
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Since, Vs voltage is equal to the drain voltage of the NMOS transistor, Vgs is equal to:

2L 2.4.2
Ves = |—=7—+ Vin [27]
K.Y/

After setting the drain voltage, the resistor value can be calculated from Ohm’s Law.
The calculated resistor value supplies the required current in the ideal case however

due to process variations, the actual value may differ from this calculated value.

The generated current is mirrored with another NMOS transistor to the PMOS
transistors and mirrored one more time with proper scaling factor required by different
blocks in the chip. To avoid any possible current adjustment problems, a dedicated
external current reference input pad is used (ext_input_cur), along with the test pad
called “current_test”, allowing to measure the exact value of the generated current in

the chip.
3.5 Addressing Blocks

Addressing blocks are designed to address the pixel that is intended to be read. Figure
3.9 shows the schematic diagram of the row scanner block. Pixel array can be thought
as 2-dimensional array, and each of its pixels has to be read one by one. The reading is
done by selecting a row of the array first. When a row is selected, all of the pixels in

this row are meant to be selected. The block that scans each row is called row scanner.
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bit row sel address

row_sel_clk

7 bit reset address

reset clk

Figure 3.9: Schematic diagram of the row scanner block.

Figure 3.10 shows simulation result of row scanner block. Since there are 128 rows in
pixel array, 7 bit addressing will be enough to select each row. The row scanner
includes two separate parts. The first part is used for giving the sense node data to the
analog readout so it generates @, sei signal. Second part is used for resetting the
sense node, and it generates B,..: signal. The structures of both parts are identical.
When the related address comes from the digital block to the scanners, the output of
the AND gate becomes logic 1. The output of the gate is connected to a D-flip-flop. The
operation principle of D-flip-flop is such that, it samples the data at the D node to the
output (Q) at every positive edge of C signal. This part of this block behaves like a
digital memory element. The D-flip-flops generate the row signals required for row
selection and row resetting operation at every edge of the applied clock pulse to their C

inputs.

There is a delay between row select and reset signals, and this delay corresponds to the
exposure or integration time that passes between the removal of reset pulse and

beginning of row select pulse used for pixel readout.
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Figure 3.10: Simulation result of row scanner block.

Figure 3.11 shows the column scanner block. Second addressing block is the column

scanner block, and this block is similar to the row scanner block.

bit address

Figure 3.11: Column scanner.

In this block, 7bit addressing is needed since there are 160 columns of pixels in the pixel
array. The operation principle is the same with the row scanner block. The output of
this block allows each of the column buffer voltage to pass to the common bus so the

outputs of this block are generated sequentially.

The advantage of this type of scanners is that addressing can be done. Any pixel that is
intended to be read can be read by this type of scanners. Also, array format can be
adjusted according to the speed concerns or cell dimension that is targeted to be
detected. The cell count problem in Chapter 2 can be solved with reading any desired
pixel with this type of scanners. Thus, every single pixel will correspond to a single cell.

The advantage here is that there will be no need to post-process the sensor image.
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3.6 Controller Block

This block generates the required digital signals for bias block, addressing blocks, and
analog readout block. All the configuration settings implemented in the sensor is
controlled by the stored bits in the memory block of the controller. The data written to
the memory unit is transferred to the switches of different blocks of the sensor, such as

the pixel and biasing blocks.

The second function of the controller block is generating the addressing and clock
signals of row and column scanner blocks. There is one additional signal in the analog

readout called @, and this signal is also generated in this block.

Figure 3.12 shows the input and output configuration of controller block. There are
four input data entry for the whole controller unit. These inputs are given from four

pads of the chip.

4bit - datain
3bit - address Controller

fast clock
slow clock

Figure 3.12: Input and output configuration of controller block.

Figure 3.13 shows the single unit of the controller block. These four parallel inputs are
given to the first part of the sub-block with a fast clock because there are several of this
sub-block present in the controller block. The number of this sub-block is determined
by how many signals are required for the other blocks, and every sub-block has an
address that selects that sub-block. With the fast clock, all the input data are registered

to the first part of the sub-block.
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Figure 3.13: Single unit of controller block.

The second part of the sub-block is activated with a slower clock compared to the fast
clock. The frequency of this clock has to be as much as the fastest signal that will be
delivered to the chip. If the frame rate of the chip is thought to be reaching 50fps, the

fastest signal in the chip can be calculated as:

1 1 1 2.6.1
1.95us 6

X—X—=
50 128 80
So, 500 KHz frequency would be enough for the slow clock. Then the faster clock

frequency would be the number of sub-block times slow clock.

The advantage of this design is that the required signals for the chip can be adjusted
from out of the chip. The duration of reset, row select and column signals can be
adjusted, photon integration time can also be adjusted by giving proper delay between
reset and row select signals. Additionally, the column select signal, sample and hold
signal, and their relative positions among themselves can be adjusted with the help of

this controller block.
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Figure 3.14 illustrates the proper timing scheme for the proper operation of the sensor

which is generated by controller block.

row_select_address X 0 X1
row_select_clock _I | I L
row_select 0 _l« row time »

row_select_

reset_address D( 2

X 3
reset_clock J_I I—‘_
L

reset_0 _I

column_select_address X 0 X 1 X 2 X X 78 X 79 X
column_clock —l_u_l_l_l _[_‘_Ij_

column_select_1 | |

column_select_2 —,_\—

sample_hold ﬁ I

Figure 3.14: Simulation result of the whole digital signals (Blue colored signals are the outputs of
controller block).

First of all, resetting of sense node is done. Resetting of 0™ row is not shown in Figure
3.14 because while reading the sense node voltage of 0" row pixels, reset signal has
gone to 2™ row to reset the 2™ row. After falling to logic 0, again integration of 2™ row

begins, and reading will be done when row select signal comes to 2™ row. This
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simulation shows reading the 0™ row of all 79 column circuits. After some time, when
row select signal of the 0™ row (row_select_0) becomes high, sampling of the pixel
voltage is done with “sample_hold” signal. With dropping this signal, every column
voltage of the 0™ row is transferred to the common bus and output driver. This is done

by closing the switch at the end of the column buffer by column_select signals.

Table 3.1: Unique package pin list of the chip.

Pad Pad Function Pad Pad Function
Number Name Number Name

1 address[0] Digital In 9 datain[0] Digital In
2 address[1] Digital In 10 datain[1] Digital In
3 address[2] Digital In 11 datain[2] Digital In
4 clock Digital In 12 datain[3] Digital In
5 reset Digital In 13 ext_input_cur Analog In
6 vdd Power 14 current_test Analog Out
7 Vss Ground 15 anolog_output[0]| Analog Out
8 memory Digital In 16 analog_output[1]| Analog Out

Table 3.2: Comparison of the features of the newly designed sensor with the previous work.

Previous Work | This thesis
Cell Detection v
DNA Detection -
Array Format 32x32 160x128
Fill Factor 9% 11%
Dynamic Range 1.14v 1.40V
Address based scanners - v
On chip output driver and bias circuitry - v
Ripple Mode - v
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The sensor chip runs at 3.3V supply voltage. It has 42 pads, most of which are multiple
power and ground pads. The sensor can be operated using only 16 unique pins after
combining common power and ground inputs. Table 3.1 shows unique package pin list
of the chip, and Table 3.2 shows comparison of the features of the newly designed
sensor with the previous work. Figure 3.15 shows the layout of the designed image

sensor. The chip measures 4.1mm(H) x 4.4mm(V) in a 0.35um CMOS process.
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Figure 3.15: Layout of the designed image sensor. The chip measures 4.1mm(H) x 4.4mm(V) in a
0.35um CMOS process.
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CHAPTER IV

CONCLUSIONS AND FUTURE WORK

In the scope of this thesis, two separate studies are done. First of all, an image sensor
that is designed in METU-MEMS Research and Application Center is used for cell
detection tests to see if it is useful for cell detection purposes. The tests are done with
baker’s yeast cells, dried in PBS solution, and it is seen that even a single yeast cell can
be detected with this sensor. The sensor image is processed, and contrast is increased
with an algorithm. With this image processed result, cells appear more distinctive than

the unprocessed result.

After getting successful results with yeast cells, tests are performed with breast cancer
(MCF-7) cells in PBS. First, cells are placed in PBS solution, and sensor image is taken for
three different cases of PBS solution. The best results are taken when the solution is
about to dry. Because the liquid blocks the incoming light, and prevents the formation
of shadows on the sensor, or the cells are placed above the sensor surface, and the

sensor cannot get images without cells placed zero distance from the sensor surface.

To answer this question, and even more, the sensor surface is coated with gold
electrolessly in order to bind antibody to the sensor surface. After coating gold, anti-P-
glycoprotein is bound to the gold surfaces of the sensor. This is the antibody of the
drug resistant MCF-7 cells because drug resistant MCF-7 cells have P-glycoprotein
around them. Drug resistant MCF-7 cells did not bound to the antibody immobilized

sensor surface in the first tests. The reason why they did not bound to the antibodies
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was the preparation method of the drug resistant MCF-7 cells. These cells usually
bound to the surfaces of their growth medium (flask) while they are growing, and the
biologists usually separate the cells from the surfaces of these flasks with using trypsin
enzyme. When the cells are separated from their flask surfaces without using trypsin
enzyme, the cells bound to their antibodies. Most probably, the reason why the first
cells did not bound to the antibodies was because of the use of this enzyme. After
successful binding, again cells are not sufficiently detected while they are in the PBS
solution, and the same cells are detected while the solution is about to dry. This brings
the conclusion that with this method, cell detection only occurs in the absence of any
fluidic solution. The only way of detecting living carcinogenic cells is getting the sensor

image when the medium or solution is about to dry.

It is seen from the images that the sensor can be improved, and an advanced version of
this sensor is designed. The basic architecture of the pixel circuit is not changed but a
diode is added to each pixel instead of the source diffusion area of the reset transistor.
With this modification, improvement in the fill factor achieved, and thus, better
sensitivity is expected relative to the used sensor. Additionally, a top level metal is also
kept available which is connected to the sense node of the pixel circuit with a switch.
This metal has a passivation opening on it for several purposes. With coating gold on
this metal, specific cell binding can be done for rare cell detection applications.

Moreover, DNA detection can also be done with this structure.

In the new design, pixel addressing is done so that even any desired single pixel can be
investigated, and the cell presence in this pixel can be viewed. The pixel number is also
increased in order to see more cells in the samples. The first design has a pixel array of
32x32 resulting 1024 pixels on it whereas the new designed chip has a resolution of
160x128 resulting 20480 pixels on it. Although more pixels are present in the new
design, with the addressing capability of the scanners, array format can be changed for
detection of bigger size cells. In this design, all the biasing is done inside the chip, and
no external biasing is required. Finally, an output buffer is placed inside the chip so that

the sensor chip can drive external loads easily without any external buffer circuit.
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As future work, the following items can be studied or performed:

1. The sensitivity of the sensor can be tested at different wavelengths to
determine the spectral response of the sensor.

2. Specific antibodies to the specific cancer cells can be bound to the sensor.
Following that, a mixture of different cancer or different living cells can be
exposed to that sensor, and try to observe that, after multiple washings,
the desired cancer cells are still bound to the sensor surface.

3. The tests explained in thesis can be repeated using the newly designed
sensor after its fabrication.

4. UV fluorescence imaging can be investigated in detail. With some post
processing, specific wavelengths coming from the cell samples can be
detected in order to see carcinogenic tissues.

5. DNA detection tests can also be performed using the newly designed

sensor chip.
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