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Abstract

During the past ten years digital technology has entered the world of mammography. It has not
taken completely over, however, because there are still disagreements as to whether the digital
technology is as good as the analog at detecting breast cancer. The amount of radiation exposed to
the patient is another issue, because larger amounts of radiations are used with the digital
technology.

To contribute to the improvement of the digital mammography technology, research has been done
on the pixels used in the x-ray sensors.

Different pixel architectures have been implemented in a standard CMOS technology and compared
with respect to sensitivity to low light exposure. This work has been done in two phases. First some
test pixels were implemented on the side of an image sensor belonging to an EU funded project (I-
ImaS). Based on the results from this testing and new calculations a new set of test pixels were
implemented for further testing.

The first set of test pixels, designed by research scientists at SINTEF, were implemented as 3-
transistor pixels (3T). The size of the photo diode is varied, as is the size of the source follower
transistor (SF) in the pixel. The pixels were compared with respect to sensitivity. In addition some
pixels are covered with metal while their neighbouring pixels are uncovered. This way influence
between pixels is measured.

In the second set of test pixels there are 3-transistor pixels just like in the first set. In addition 4-
transistor pixels (4T) and photo gate pixels (PG) are implemented on the same chip. The same
variations in photo diode and SF size have been made to the 3T pixels to further investigate the
results from the first testing. In addition another variation has been made to some of the 3T and 4T
pixels: The n-well photo diode has been made with one or more holes, in order to decrease the area
and thus the capacitance of the diode without decreasing the reach (radius) and charge collection of
the diode.
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Introduction
1.2 - From analog to digital x-ray

1 Introduction

1.1 Introduction

Breast cancer is the most common cancer among women. Though three out of four women
diagnosed with breast cancer recover completely, it is still a major cause of death among women,
and around 700 Norwegian women die from breast cancer every year (1). Early detection is an
important factor for recovery.

The mammography program in Norway invites all Norwegian women between 50 and 69 years of age
to a mammography screening every two years (2). This project started in 2003, and digital x-ray
technology has been tested and used since 2004 (3). This technology is still developing with the
purpose of making the digital system as good as or better than the analog x-ray system at diagnosing
breast cancer.

This thesis focuses on the smallest sensitive part of the x-ray sensor, i.e. the pixel. The more sensitive
the pixel is, the smaller amount of radiation is needed.

1.2 From analog to digital x-ray

X-ray examinations are a way to make an image of the inside of the body without having to cut the
body open. This is convenient in many forms of diagnostics. X-rays are sent through the patient, and
are absorbed by a sensor on the other side. Variations in the image are made because different
tissues in the body absorb x-rays differently. A simple illustration is shown in Figure 1-1.

Digital x-ray has been used for medical applications for more than 30 years (4)(5). Film, liquid
developer and darkrooms, which belong to the traditional (analog) technology, have been replaced
by detectors that give digital outputs. These outputs can be processed in different ways before they
are presented as an image on a monitor. Main advantages of a digital x-ray system as opposed to the
analog counterpart are better opportunities for storage, retrieval and sharing of images (3). In
addition the separation of image acquisition, processing and display makes it possible to optimize
each step individually (6). In addition, surveys show that the medical staff prefer digital images
because they can be manipulated with colour and contrast giving several versions of each image (7).

The digital x-ray sensor consists of small pixels, typically 50 um x 50 um (3), where x-ray photons are
converted to a voltage proportional to the amount of radiation. The output voltages from all the
pixels are digitized, and fed to a computer where an image is created and sent to the computer
screen.



X-ray tube Patient Image sensor

Figure 1-1 X-ray system. The x-rays pass through the patient and are absorbed by the sensor on the other side.
The amount of radiation reaching the sensor depends on the density of the body tissue.

The change from analog to digital x-ray for mammography started about the year 2000 in the USA
and in Norway in 2004 (8)(3). The traditional analog mammography is still widely used, though the
use of digital mammography is increasing (9).

There are two main issues about digital mammography. The first is whether it is as good as the
traditional mammography screening at detecting breast cancer. Second there is a question about the
radiation doses exposed to the patients. X-rays are ionizing radiation which can be harmful to the
patient and cause cancer (10). It is therefore necessary to keep the radiation doses as small as
possible.

Whether the new technology is better at detecting breast cancer was debated as late as 2005
(8)(11).Two large surveys conducted in the USA show that digital x-ray was no better than
conventional x-ray when it came to detecting breast cancer in women in general. In one of the
surveys, however, one looked at the results from several angles. A difference was found in detecting
breast cancer in young women and women with dense breast tissue. With these women, 28 % more
cases of cancer were detected. In Norway, the radiation doses are still higher with digital technology
than with the analog technology (9).

1.3 Main Motivation

The need for further development of the digital technology for mammography is the main
motivation for this master thesis. The purpose is to improve the image quality so as to detect more
cases of breast cancer, while at the same time reducing the x-ray radiation exposed to the patient.
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1.4 Focus: Pixel architecture

As mentioned above, one advantage with the digital x-ray technology is the separation of image
acquisition, processing and display, which allows optimization of each step. This thesis focuses on the
sensing element where photons are converted into electrical energy.

There are many ways to implement such x-ray detectors. Charge coupled devices (CCD) are an
example, amorphous selenium-based technology is another (6). The latter converts x-ray photons
directly into electrical energy, while the former responds to visible light, and requires an additional
step, converting the x-rays to visible light. A third detector type is a matrix of silicon based pixels,
which is the topic of this thesis. Silicon is highly sensitive to visible light and not so sensitive to x-ray
photons. X-ray photons move far (1-5 cm) through the wafer before electron-hole pairs are created.
It is not practical to collect charge at such depths with CMOS technology, which is sensitive at depths
up to a few micrometers. An additional x-ray to light conversion step is necessary.

The focus of this thesis is light-to-voltage pixels implemented in a standard CMOS technology. The
photo sensors presented are created using the AMS 0.35 um opto process provided by
AustriaMicroSystems (AMS). Doping concentrations and depths of substrate, wells and diffusions are
set by AMS. Consequently, based on this one process, one cannot find the optimal solution for x-ray
sensors. What is possible, however, is to find the most optimal pixel architecture for this process. The
results from this testing are specific for the process, but nevertheless they can also contribute to the
understanding of pixel architectures in general. Comparing the results from this research with
existing documentation, may lead us closer to the overall goals: Making digital mammography better
at detecting breast cancer and reducing the radiation doses.

For the pixel to contribute to the reduction of x-ray doses and detection of more cases of breast
cancer, it needs to be as sensitive as possible, i.e. respond with a relatively large voltage range to
small variations in radiation doses. The noise floor will set a limit to the minimum detectable amount
of radiation. Thus noise levels must be kept small. In addition care must be taken to make the pixel
sensitive at the noise floor level and above so that the smallest detectable radiations doses are
actually detected by the pixel.

In the search for the most optimal pixel, different pixel architectures have been implemented, such
as 3-transistor pixels, 4-transistor pixels and photo gate pixels. Attention has been paid to details in
the pixels, such as the size of the photo diode and layout of the electronics.

1.5 Definitions and terminology

1.5.1 Pixel
The word “pixel” is short for “picture element”. How it is defined depends on the context. When
dealing with photo sensors a pixel is a sensing element. It absorbs light and gives out a voltage
corresponding to the amount of absorbed light. The pixel covers a certain area of light sensitive
material, and all light absorbed in this area contributes to one pixel value (the output voltage). An
example of a photo sensor pixel is shown in Figure 1-2.



1.5.2 Active pixel sensors (APS)

The pixels in this thesis are active pixels. They are so called because the signal is amplified within the
pixel. This is essential for large matrices of pixels because the signal and reset values from the pixels
have to travel some distance before they can be stored or further amplified. The pixels presented in
this thesis have current amplification through a source follower. The pixel architectures are described
in more detail in chapter 2.3.2.

1.5.3 Photo diode

The diode is a two terminal device. In CMOS technology the simplest form of diode is the pn junction
described in chapter 2.2.2. This thesis focuses on photo diodes created as n-wells in a p-substrate.
For practical reasons, the n-well is often referred to as the photo diode. So, when discussing the size
of the photo diode, it means the size of the n-well, as it is designed in the layout of the circuit as a
two dimensional shape, and not the area or volume of the three dimensional pn junction.

1.5.4 Low light applications

When creating an image sensor, it is important to know how it is to be used, and under what
conditions. Some of the main criteria are what kind of light it will be exposed to (e.g. wavelength),
and how bright the light is (intensity, number of photons). Low light applications are, as the name
indicates, sensors which are optimal with small amounts of light. X-ray sensors are typical low light
applications, because the whole point is to get an acceptable image with as little amount of radiation
as possible. Even though what is measured is x-ray radiation, it makes sense to talk about low light
applications. This is because the CMOS technology is highly sensitive to visible light and not so
sensitive to x-rays. The sensor is therefore covered with a scintillator which converts the x-rays to
visible light, which can be absorbed in the pixels. This is described in more detail in chapter 2.1.

1.5.5 Sensing node

The sensing node in a pixel is the node where there is an intended change in voltage during
exposure. In the 3T pixel, described in chapter 2.3.2, negative charge accumulates on the cathode (n-
well) of the photo diode during exposure, leading to a decreased voltage in the corresponding node.
Belonging to this node are also the gate of the source follower amplifier and the source of the reset
transistor, see Figure 1-2. The capacitance of the sensing node influences on the charge-to-voltage
conversion (see chapter 2.2.2.1) and reset noise (see chapter 2.3.3.5).

1.5.6 Absorption of photons and collection of charge

Light photons are absorbed by silicon. During this process, the photons lose energy, and electron-
hole pairs are created in the silicon wafer. Light induced electrons are collected by the photo diode,
thereby reducing the voltage on the sensing node.
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Row Select

M3

PD

Figure 1-2 Schematic of a 3-transistor pixel. The photo diode is denoted as PD. M1 is the reset
transistor, M2 is the source follower transistor, and M3 is the row select transistor.

1.6 Overview of the thesis

In chapter 2 we take a look at the state of the art concerning CMOS technology and pixels, as well as
some details about pixel technology. Chapter 3 presents the I-ImaS project and the test pixels
implemented as an extra add-on during the production of the I-ImaS sensor. Testing and analysis of
the I-ImaS sensor is presented in this chapter. This is because the design of the second set of test
pixels is based partly on these results. In chapter 4 the ideas behind the design of the second photo
sensor are presented. Chapter 5 describes the photo sensor in detail, and in chapter 6 the test
environment and signal timing are presented. Chapter 7 presents the test results and analysis, while
the overall conclusions are presented in chapter 8.



2 Previous work — state of the art

2.1 Silicon based x-ray sensors

2.1.1 Silicon

CMOS photo sensors consist of both analog and digital electronics integrated on a chip. The chip is
implemented in silicon. The ability of the sensor to absorb light depends on the physical qualities of
the silicon, and one important feature is the energy gap (band gap). The energy gap is the amount of
energy necessary to excite one electron from the valence band to the current band in the silicon
crystal. When exposed to radiation with a certain energy, electron-hole pairs are created in the
silicon crystal. In intrinsic silicon the energy gap (E;) is 1.12 eV (12). In doped silicon the effective
energy gap is smaller. A typical value is 1.11 eV at 300°K (13).

The energy of radiation is inversely proportional to the wavelength A of the radiation (e.g. the colour
of visible light). The relationship between the frequency v and wavelength is

A=c/v [1]

where c is the speed of light, 299.792.458 m/s. Thus the energy is proportional to the frequency
according to this equation:

E=hv [2]

where E is the energy in Joule and h is Planck’s constant 6.626*107* Js.
The longest wavelength which can be absorbed by silicon is

hc

A =——=1.06 um
where E,4(J) is the energy gap expressed in Joule. E4(J) = E; * 1.602*10™. The latter quantity is the unit
charge of an electron.

The maximum wavelength which can be absorbed by doped silicon is in the infrared range.

There is a limit for the shortest wavelength which can be absorbed by CMOS technology (13). When
the wavelength gets shorter, the frequency and energy increase. High energy photons move a
shorter distance than low energy photons through the silicon before electron-hole pairs are created.
This is illustrated in the absorption depth graphs in Figure 2-1. Electron-hole pairs created near the
surface tend to recombine relatively fast, and thus fewer of them will be collected by for example a
photo diode, even though the absorption coefficient is larger for high energy photons. CMOS
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technology is most sensitive for wavelengths between 400 and 800 nm because of the absorption
depth. These wavelengths are in the visible range.

The absorption depth in silicon decreases for shorter wavelengths (higher energy photons) until a
certain point at about 300 nm as shown in Figure 2-1. This is in the ultraviolet range, which is close to
the soft x-ray range. Soft x-rays are used in mammography. The transition between ultraviolet and
soft x-rays is at about 10 nm, not shown in Figure 2-1. The absorption depth of x-rays is too deep for
regular CMOS technology (14).

Absorption Properties of Silicon (UV-Visible)

L
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200 250
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Figure 2-1 Absorption properties of silicon (12)
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2.1.2 Scintillator

The wavelength of x-ray lies between 0.01 and 10 nm, which is far from the sensitivity range of
CMOS. For the photo sensor to collect x-ray, it is therefore necessary to ‘translate’ the x-ray to visible
light. This is done by covering the sensor with a scintillator. A scintillator is a substance with a high
atom number. It absorbs x-ray photons and sends out photons with lower energy (i.e. visible light).
The most common scintillator for x-ray applications is made of sodium iodide crystals doped with
thallium, Nal(Tl). This scintillator has a maximum output wavelength of 415 nm (15), which is in the
violet range. Another commonly used scintillator is caesium iodide (Csl) doped with thallium or
sodium. Thallium doped caesium iodide (Csl(Tl)) has a maximum output wavelength of 550 nm,
which is in the green range (16). The Csl(Tl) scintillator is more commonly used for gamma ray
scintillation, but also with mammography and dental imaging, which make use of the soft (low
energy) range of x-rays.

In the following it is assumed that the sensor is covered by a scintillator or exposed to visible light.
The pixels themselves are exposed to visible light only. It therefore makes sense to talk about
incoming light and light induced electrons.

2.2 Light meets photo sensor

There are several ways to implement the sensing element, but this thesis focuses exclusively on
pixels implemented in a p-substrate, and with most emphasis on photo diodes composed by n-wells
in the p-substrate.

2.2.1 Light induced charge

As mentioned earlier, incoming light produces electron-hole pairs in the substrate. The number of
light induced holes and electrons are the same, but they contribute differently to the overall flow of
charge and the performance of the pixel.

The holes are majority carriers in the p-substrate, which means that there is a relatively large amount
of free holes. The addition of light induced holes makes a minor change in the overall concentration
of holes in the substrate. The electrons, on the contrary, are minority carriers in the substrate, which
means that the concentration of free electrons is small. The number of light induced electrons will
therefore affect the concentration of electrons greatly. The photo diode, described below, is
constructed to collect negative charge (electrons) from the substrate. Electron-hole pairs induced in
the wafer outside the photo diode may diffuse into the electrical field of the diode, which repels
holes and attracts electrons. Thus only light induced electrons contribute to the voltage change in
the pixel. Therefore only the light induced electrons are taken into account.

2.2.2 The photo diode

Most of the photo diodes described in this thesis are formed by an n-well in a p-substrate as shown
in Figure 2-2. This is where the light induced electrons are collected. The electrons caught in the
electric field are pulled into the n-well, thereby reducing the potential of the n-well. The difference
between the initial potential (reset value) and the resulting potential after exposure (signal value) is
denoted as the output value of the pixel.
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Figure 2-2 p-n junction — The photo diode in the pixel consists of the p-doped substrate (green) and an n-well (red).
Light induced electrons caught in the electrical field will be drawn towards the n-doped side.

The substrate is connected to ground. During reset, the n-well is connected to a high voltage (e.g. 5
V), so that the diode is reverse biased. This makes the depletion region larger, which enhances the
collection of electrons.

2.2.2.1 Conversion gain

When the pixel is exposed to light, electron-hole pairs are created in the silicon as described in
chapter 2.2.1. Electrons caught in the potential field in the depletion region will be drawn towards
the n-well. The charge can be held there because the diode behaves as a capacitor on which charge
can be stored. Thus, the capacitance of the diode sets the limit on the maximum charge that the pixel
can collect. However, this does not mean that the capacitance should be as large as possible in order
to collect a lot of electrons. What is read out from the pixel is the voltage on the photo diode, which
is inversely proportional to the capacitance of the node, according to the conversion gain equation:

V== (4]

V is the voltage, Q is the collected charge. C is the capacitance of the sensing node. The capacitance
of the photo diode is by far the most important contributor.

The capacitance of the photo diode increases with the area and perimeter of the diode, while the
electron collection is dependent mostly on the reach (radius) of the diode. Thus the optimal shape of
the diode is the circular shape.

The junction capacitance varies with applied voltage as well as the size of the diode, as shown in
equation [5] (17).

Cnw X Ag Gsw X Pg

Cidep =

B B

Cinw is the area junction capacitance (fF/um2), A4 is the area of the photo diode (umz), V4 is the
applied reverse voltage, Pg is the built in junction potential, M,y is the area grading coefficient, Cjsy
is the sidewall junction capacitance (fF/um), P4 is the perimeter of the diode, and My, is the sidewall
grading coefficient.



As the reverse bias voltage decreases during exposure, the depletion region becomes smaller, and so
the diode capacitance increases. Thus, the conversion gain equation V=Q/C is nontrivial because the
capacitance is dependent on the reverse voltage.

2.2.2.2 The size of the photo diode

The size of the photo diode in the pixel is one of the main topics for this thesis. As mentioned above,
the photo diode must be large enough to collect all the light induced charge. The question is how to
decide the maximum size of the diode. One important aspect is the conversion gain, V=Q/C, which
indicates that the optimal diode size is as small as possible in order to keep the capacitance small.
Another aspect is the distance from the edge of the photo diode to the edge of the pixel together
with the diffusion length of the charge carrier. Electrons induced further than the diffusion length
away from the photo diode will recombine before they reach the photo diode.

2.3 Pixels

The x-ray image sensor consists of many pixels. A typical pixel is 50 um x 50 um (3). The pixels are put
together side by side to create the image sensor. However there must be room for electronics
outside the pixels for biasing, storage and amplification. This means that an image sensor measuring
a few millimetres may consist of sensitive pixels and non-sensitive electronics. In order to cover the
whole area of investigation, making a continuous image, one possible solution is to place the sensors
in a zipper formation and step them as shown in Figure 2-3. Along the x-axis the pixels compose a
continuous streak. The zipper must be long enough to cover the width of the area. The photo sensors
are stepped along the y-axis to cover the whole target area. The x-rays are focused onto the pixel
matrices for each step so that the patient is not exposed to more radiation than necessary.

There are numerous ways to implement active pixels in a CMOS process. Three of them are
presented in this thesis. They are 3-transistor pixels (3T), 4-transistor pixels (4T) and photo gate
pixels (PG). Wherever pixels are described in general, the descriptions are valid for 3-transistor pixels.

Figure 2-3 One photo sensor circuit is too small for any practical x-ray use. To cover a larger area, several sensor circuits
can be placed in a zipper formation and stepped along the area of investigation. The x-rays are focused onto the pixel
matrices. For each exposure the sensor circuits are moved according to the arrow.
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2.3.1 Fill factor

In each pixel there is a photo sensitive part and some transistors and metal routing. The metal
reflects all photons, and leaves the area beneath dark at any time. Light induced electrons also tend
to get caught by the diffusion areas of transistors, leaving the transistor area of the pixel inefficient
to provide the photo diode with light induced charge. The rest of the pixel is light sensitive, as light
induced electrons may diffuse into the photo diode. The size of the light sensitive part of the pixel
divided by the size of the whole pixel is denoted as the fill factor of the pixel, and is often given in
percent.

2.3.2 Pixel architectures

2.3.2.1 3-transistor pixel (3T)

The most simple active pixel architecture is the 3-transistor pixel, shown in Figure 2-4. The photo
diode (PD) is initially reset to a high voltage (e.g. 5 V) through the reset transistor M1 when Reset is
high. Thus the photo diode is reversely biased. When Reset goes low again, exposure can begin.

During exposure, the voltage at the PD cathode (n-well) decreases as a function of collected
electrons. The resulting voltage is read out through the source follower transistor M2 when the Row
Select signal is high, opening transistor M3. The voltage amplification through the source follower
M2 is a little less than 1 (e.g. 0.8), but there is a current amplification giving a low output impedance,
enabling the signal to travel a distance for storage and further readout. The transfer function of the
source follower is shown in equation [6] (18), where g, and gy are the transconductance and output
conductance of the source follower transistor, respectively. G, is the load conductance being driven
by the source follower, and g4 mirror is the output conductance of the current mirror transistor.

Vreset VDD

Reset
4{ M1

Row Select
4{ M2
——— M 3 _____
PD /7
Figure 2-4 3-transistor pixel
9
Vout - Vi (6]

Im + Yds + 9ds mirror + GL "
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When the pixel is reset, it can be exposed to light. During exposure, the voltage over PD decreases as
described in chapter 2.2. When the exposure is finished, it is time for readout. A simplified timing
diagram of the readout is shown in Figure 2-5. This is an example of uncorrelated double sampling,
which is a common choice for 3T pixel readout, though other methods exist. Double sampling is
described in chapter 2.4. First the signal value is sampled. The signal value is the voltage over PD
after exposure. Up to the point in time when sampling of the signal occurs, the voltage over the
photo diode may change due to light exposure and noise factors. When the signal value has been
sampled, the photo diode is reset to its initial reset value, and next the reset value is sampled. The
Sample Signal and Sample Reset signals in Figure 2-5 can be used to control that the values are
stored correctly outside the pixel. However they may be redundant in some systems.

1 2 3 4 3

Reset PN

Row Select VAN PR
sample Signal VAR

sample Reset SN

Figure 2-5 Timing diagram for 3T pixel readout.

2.3.2.2 4-transistor pixel (4T)

A 4-transistor pixel, shown in Figure 2-6, has much in common with the 3-transistor pixel. One
difference is, as the name indicates, that there is an extra transistor. This transistor consists of the
photo diode, a transfer gate and an n-diffusion called the Floating Diffusion (FD). The collected
charge on the photo diode is transferred to FD before readout. FD is smaller than the photo diode,
and the smaller capacitance gives a better conversion gain. This means that the photo diode can be
much larger than the diode in a conventional 3T pixel, thereby collecting more of the light induced
electrons.

In order to transfer the charge and not the voltage between the photo diode and FD, it is important
that the photo diode is pinned, i.e. that the diode is depleted. This can be accomplished by burying
the diode, as shown in Figure 2-7, and resetting the diode so that all of the n-well is totally depleted
before exposure. The latter is accomplished by a joint effort of the reset transistor M1, the transfer
gate M4 and the Vreset voltage.

With the 4T pixel architecture it is possible to use correlated double sampling (CDS), described in
chapter 2.4.3. The drawback with this architecture is that the fill factor is smaller, both due to the
floating diffusion, and to the extra metal conductors needed for the transfer gate signal (Vtx).

A simple timing diagram for readout of a 4T pixel is shown in Figure 2-8. This diagram is valid for PG
pixels also. PG pixels are described in the next section. 4T and PG pixels are read out differently than
3T pixels. After exposure, the floating diffusion (FD) is reset. Then the reset value is read out. Next,
the collected charge on the photo diode is transferred to FD, and then the resulting signal voltage is
sampled.

12
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Vreset VDD
Reset —— | m1
Row Select
_1X
mill v
S FD
PD /N
Figure 2-6 4-transistor pixel
Buried diode Normal diode
E n-weIIJ L n-weIJ
p-substrate
Figure 2-7 Buried diode
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Reset VA
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mample Signal A
mample Reset P

Figure 2-8 Timing diagram 4T and PG pixels
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2.3.2.3 Photo gate (PG)

The photo gate pixel, shown in Figure 2-9, does not have a photo diode. The photo sensitive part of
the pixel is a polysilicon gate (the photo gate PG), which is held at a slightly positive voltage, thereby
pulling free electrons towards it. The black rectangles in the figure are diffusion areas. Before
exposure, the floating diffusion FD is reset to a high voltage, in the same manner as with the 3T pixel.
During exposure, the photo gate is held at a fixed potential, about 1 V, so that a depletion region is
maintained in the surface of the substrate. This voltage will draw electrons to the surface and keep
them there. Readout is done in two steps. First FD is reset again. This is because it has been altered
by collecting light induced electrons. Then the reset value is read out and stored externally. Finally,
the signal value is read out. The transfer gate TX is set to a high potential, pulling the electrons
through to the FD. The advantage with this architecture is that photo generated electrons are
collected equally in the whole sensitive area of the pixel. A drawback is the charge collected close to
the surface of the wafer, where recombination rates are higher than deeper down in the wafer.
According to the literature, photo gate pixels are a good choice for low light applications (19). A
simple timing diagram for PG pixels is shown in Figure 2-8.

Vreset VDD

Reset‘{ M1
- [w
Vpg —— Vix

PG TX M3

M4 FD

Row Select

Figure 2-9 Photo gate pixel. The left part of the illustration shows the photo gate and transfer gate
together with the two diffusion areas of the transfer gate transistor.

2.3.3 Noise

Noise sets the limit of the performance for electrical circuits. In the broadest sense, noise can be
defined as “any unwanted disturbance that obscures or interferes with a desired signal” (20). The
noise can come from external sources or from within the circuit itself. In the following, only internal
noise is considered, and only pixel related noise is within the scope of this thesis.

2.3.3.1 Noise floor and dynamic range

Noise floor is often defined as the minimum thermal noise level achievable in a circuit at room
temperature (20). In this thesis the noise floor is defined as the actual output level where the signal
can no longer be separated from the noise. Thus, thermal noise, dark currents and other factors
influence on the noise floor in the photo sensor, including externally induced noise.

The dynamic range is the ratio between the noise floor and the saturation voltage of the pixels (21),
illustrated by Figure 2-10.

14
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Figure 2-10 Dynamic range, logarithmic axes. The noise floor marks the limit for the smallest measurable
signal values. For larger signals, the photon noise contributes more to the total noise.
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2.3.3.2 Thermal noise

It is impossible to make a noise free electronic circuit for use in room temperature. One reason for
this is the thermal noise. The electrons in a crystal are constantly moving, and their motion is a
function of temperature. In resistors (and conductors) at room temperature, the electrons will move
slightly back and forth, creating small currents. The average current over time will be zero, but in one
particular instance in time, this current is measurable, and distorts the signal. Since there are
resistive elements virtually everywhere in the circuit, there will always be thermal noise, as part of
the noise floor.

2.3.3.3 Shot noise

Currents passing through diodes are not smooth, and the variation in the current is called shot noise.
This noise is Poisson distributed, and the rms value is

Isp = /2qIpcAf [7]

where Iy, is the noise current, q is the unit charge, Ipc is the average current over time, and Af is the
noise bandwidth.

Shot noise occurs in leakage currents in the transistors as well as in the photo diode.

2.3.3.4 Photon noise

The number of photons absorbed in a pixel will vary, even if it is exposed to a stable light source.
Let’s say that at repeated exposures, the average absorption is N photons. The variation around this

number is Poisson distributed with a variance of vN. The signal to noise ratio (SNR) of photons is

therefore N/v/N =+/N. The photon noise varies with the amount of incoming light, and is not a part
of the noise floor.

15



2.3.3.5 KT/Cnoise

Reset noise is thermal noise in the reset transistor, which leads to a random offset voltage on the
sensing node in the instance that the transistor is switched off. The maximum thermal noise is equal
to the square root of kT/C and thus the thermal noise is often given this value. The C is the
capacitance of the sensing node, k is Boltzmann’s constant, 1.3806503 x 102 J/K and T is the
temperature in Kelvin. The spectral density of the thermal noise in the reset transistor can be found
from the equation

Vn,thermal 2= 4KkTR [8]

where R is the resistance. To calculate the total output noise, an integral over the noise bandwidth is
necessary. The noise bandwidth is

Af = 1j°° dw 1 (0]
f_2n o 1+ (wRC)?  4RC

which gives the total thermal noise

’ kT
Un,thermal = Vnz,thermal Af = 7 [10]

It is common practice to calculate on kT/C noise in circuits where transistors are used as switches,
and this is in some literature also used for the reset transistor in APS (22). However this reset
transistor operates most of the time in subthreshold. The voltage on the transistor source in the
beginning of the reset varies. If low enough, the transistor will operate in saturation for a short while,
and the voltage across the photo diode, and hence on the transistor source, will increase rapidly. The
transistor is soon operating in subthreshold. In subthreshold the rules for thermal noise are different
than in saturation (22). Tian & al have reached the conclusion that the contribution from reset
thermal noise is closer to kT/2C, which is half the value of the standard kT/C. In addition to the
operation region of the transistor, the settling time is important for the kT/C noise. If one assumes
that the steady state is when Ips in the reset transistor equals the diode current, i.e. the voltage over
the diode is constant, it can be shown that reaching steady state takes a long time (several
milliseconds) (22). Normal reset time is usually much shorter, so that steady state is not achieved.
Tian & al have shown that if the reset time is long enough, so that steady state is achieved, the
contribution from thermal noise will be kT/C. So from a noise perspective a short reset time seems to
be beneficial.
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2.3.3.6 Image lag

Image lag occurs when soft reset is used and steady state is not achieved during reset. Soft reset is
described in chapter 2.3.4.1.

Exposure < Reset >

[

D —

—dark

bright

Photo diode voltage

Time

Figure 2-11 Image lag, illustration drawing. The red graph shows the voltage over the photo diode during dark exposure.
The voltage change is small, and the reset pulls the diode voltage to a level above the initial value. The green graph
shows the voltage response from a photo diode exposed to bright light. Reset pulls the diode voltage up to a level close
to the initial value.

During exposure, the voltage on the photo diode decreases as a function of the intensity of the light,
as illustrated in Figure 2-11.

After exposure, the pixels have collected different amounts of charge, and voltages on the sensing
nodes vary from pixel to pixel. During reset, the photo diode is connected to a power source for a

limited amount of time. The voltage on the readout node will increase towards a high value
according to this equation:

Vpp = V’reset (1- e—t/r) [11]
where Vpp is the voltage over the photo diode (PD). V'reset is the highest possible reset value,
determined by the power source and the threshold voltage in the reset transistor. The reset time is

denoted as t, and T is the time constant.

Equation [11] is valid only if the initial value is 0 V. To make it valid for all initial voltages, it has been
expanded:

! _E
VPD = (V reset Vexp) (1 —e T) + Vexp [12]
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where V, is the voltage on the sensing node after exposure. V' et — Vexp IS the voltage range, and
Vexp is added so that Vpp approaches V' .. The response of two photo diodes have been calculated,
as shown in Figure 2-12.

It is clear that the PD voltage after soft reset varies with the exposure voltage. This difference will
decrease as the reset time increases, but as shown in chapter 2.3.3.5, a long reset leads to its own
noise problems. Another possible solution is to use hard reset or flush reset, as described in chapter
2.3.4.

4,5
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Figure 2-12 Reset response, illustration drawing. Two photo diodes with different voltage values after exposure will
approach the reset voltage differently. At any point in time during reset, the two diode voltages will differ, until steady
state is achieved.

2.3.3.7 Fixed pattern noise (FPN)

All pixels in a standard image sensor are designed to be identical. During the processing, however,
differences occur. There may be imperfections in the wafer, and the diffusion areas do not contain
the exact same amount and pattern of doping atoms. These differences will in turn affect the
function of the pixels. Reset values may differ, or the way the photo diode responds to light induced
electrons can vary from pixel to pixel. These differences are fixed, and will contribute to the same
errors in all images. These errors can be omitted through calibration of the sensor and removed in
the signal processing stage, but this is a nontrivial task.

2.3.3.8 Dark current

There are always free electrons and holes in the wafer, not induced by light, but by temperature.
When temperature induced electrons diffuse into the electrical field of the photo diode, they are
drawn towards the n-well, causing a small current called dark current. When the reset transistor is
open, and the readout node floating, this current causes a drop in the voltage over the diode. The
magnitude of this current is dependent on the electrical field, which is again dependent on the reset
voltage. A higher reset voltage causes a stronger e-field and a wider depletion area, both leading to
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an increased dark current. Reset is described in chapter 2.3.4) In addition, the larger the photo diode,
the larger the dark current. If the dark current was steady and predictable, it would not be a
problem, but like all diode currents, it leads to shot noise, described above.

2.3.4 Reset

After every exposure the pixel needs to be reset to its initial value to be ready for the next exposure.
A common and easy way to do this is to connect the photo diode to a reset voltage via a reset
transistor (M1 in Figure 2-4) as described earlier. Three different reset methods are described here,
soft reset, hard reset and flush reset. The reset voltage (Vreset) contributes to a reverse biasing of
the photo diode. The depletion region of the diode increases with increased Vreset. A large depletion
region is good for collecting electrons. However a high reset voltage also contributes to increased
dark current. The sensing node is floating during exposure.

2.3.4.1 Softreset

Soft reset is the most straightforward form of reset to implement. Both the Reset signal at the gate
of the reset transistor, and Vreset are connected to VDD during reset, so that the voltage on the
photo diode is pulled towards VDD. Because of the characteristics of the reset transistor, the diode
voltage will never be equal to VDD. The maximum voltage on the photo diode after soft reset is VDD-
Vi, Where Vy, is the threshold voltage of the reset transistor. Equation [12] describes the voltage
response of the sensing node during soft reset. The resulting voltage on the sensing node is
dependent on the reset time t, the voltage before reset Ve, and the time constant of the sensing
node. The capacitance of the photo diode increases with the size of the diode, which leads to a larger
time constant and a slower reset response. This reset method can lead to image lag, depending on
the reset time.

2.3.4.2 Hard reset

When using soft reset, the diode voltage is not pulled all the way up to Vreset. This can be done by
connecting Vreset to a voltage lower than VDD, while the Reset signal is still connected to VDD.
Another solution is to connect Vreset to VDD and then to boost the Reset signal voltage. The purpose
for this is to make sure Vreset is lower than Reset-Vy,. This way the diode voltage can be pulled up to
Vreset. This will still take some time, depending on V.,,, and though image lag will be smaller, it may
still be present. When Vreset is changed, the response from the photo diode also changes because it
is operated under new conditions. The dynamic range also decreases. This must be taken into
account and compensated for.

2.3.4.3 Flush reset

To reduce the problem with image lag, flush reset is an option. The reset procedure is divided into
two phases. During phase 1 Vreset is held at a low potential, so that the diode voltage is pulled low.
In phase 2 Vreset is connected to a high potential (e.g. 5 V). The advantage with this method is that
all pixels are at the same low potential before they are connected to the high reset voltage. This way
the voltage response of the diodes and the resulting reset values are as equal as possible, reducing
image lag.
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2.4 Readout of the signal

2.4.1 Double sampling

When the pixel is exposed to light, the voltage over the diode changes. After the exposure, the new
voltage is read out. This value is of no use, however, if we don’t know what voltage was across the
photo diode previous to the exposure. What is relevant is the change in voltage inferred by the light
exposure. If the pixels are identical (and have been equally exposed in the past), a zero value can be
set arbitrarily for all pixels, and things will work fine. In real life, process variations and the history of
each pixel will lead to offset variations. To reduce offset variations, double sampling is used.

The samples can be stored in various ways. One solution is to read every value out of the sensor and
store them digitally. However, it is common to store the values on the chip and perform the
subtraction between the signal and reset values on the chip. With the former solution, correlated
double sampling (described below) is the best choice. When storing the values on the chip,
uncorrelated double sampling is also an option.

2.4.2 Uncorrelated double sampling

When the photo diode is reset between sampling of the signal and reset values, the samples are said
to be uncorrelated. The description of 3T pixel readout in chapter 2.3.2.1 is an example of such
uncorrelated double sampling. This method is preferable with 3T pixels because sampling the reset
value immediately after sampling the signal value calls for a lot less storage space (e.g. capacitors)
than storing the reset values of all the pixels during exposure. Also, the reset values would have to be
stored for a relatively long time during exposure, and leakage could be a problem.

With uncorrelated double sampling there is no need for storage of the reset values during exposure.
During readout the signal value is sampled and stored, then the pixel is reset, and the reset value
sampled.

The disadvantage with this procedure is that the signal and reset values are uncorrelated, as
mentioned (23). The photo diode is reset between the two samples, and thus the reset noise (kT/C
noise) from both samples are uncorrelated and added together according to this equation:

— 2 2
Vn,rms _Jvn,reset + Un,exp [13]

Vi,ms is the resulting noise, vy reset aNd vy, 4, are the noise values corresponding to the reset and signal
values, respectively.

2.4.3 Correlated double sampling (CDS)

A solution to the noise problem associated with uncorrelated double sampling is to use correlated
double sampling (CDS). This is a good solution when all values are read out and digitized. Otherwise it
is the preferred method with 4T and PG pixels.

After exposure of the pixel, the FD is reset to its initial reset value, while the signal voltage is still

stored on the photo diode. The reset value is read out, and immediately after, the signal value is
transferred to FD for readout. No reset occurs between the two readouts. Thus the two values are
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correlated. The resulting value after subtraction is the actual light induced voltage change. Noise will
still be an issue, but the reset noise (kT/C noise) almost disappears (23).
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3 The I-ImaS project

3.1 Introduction to the I-ImaS$ project

The I-ImaS project (Intelligent Imaging Sensors) was an EU funded project, where SINTEF ICT
participated creating a CMOS image sensor for mammography and dental x-ray applications. The
image sensor consisted of 512x32 pixels, and was implemented in the AMS 0.35 um opto process.
Figure 3-1 shows the pixel architecture used in the I-Ima$S project. The layout shown in the figure is
the standard pixel used in the image sensor. The size of each pixel is 32x32 pum.

The pixel architecture is a 3-transistor pixel (3T). This architecture was chosen because its fill factor is
superior to that of other pixel architectures. The fill factor is 86 %. And since the number of photons
hitting the pixel is very small, it is vital that as much as possible of the light induced charge is
collected. Requirements about the size of the image sensor are documented in confidential project
papers. The number of pixels in rows and columns was also required to go up in 2". The pixel size
32x32 um meet these requirements.

Calculations were made about how many light induced electrons would be produced in one pixel
during exposure. Information about radiation doses, the amount of radiation lost in the scintillating
process and quantum efficiency of silicon was collected. Together with the size of the pixels this
information indicated that the maximum number of light induced electrons per pixel is a little less
than 200.000. The size of the photo diode was chosen so that it was large enough to contain this
amount of charge. Then the diode size was additionally increased to make sure that the induced
charge would be collected. The calculations are presented in confidential project papers.

Vreset VDD

Reset | @
— [w2

Row Select

PD

Figure 3-1 Pixel architecture from the I-ImaS$ project. Left: Schematics. Right: Layout of the standard pixel of the image
sensor. The octagonal green shape is the photo diode, and the four-finger transistor on the right is the source follower.
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3.2 Test pixels

In addition to the 32 rows of pixels in the image sensor, there were eight rows of dummy pixels, four
on the top and four on the bottom of the image sensor pixel matrix. Similarly there were four
columns of dummy pixels on each side of the pixel matrix. These were included to make sure that all
pixels in the operative matrix work in similar conditions and with similar neighbouring environments.

Among the dummy pixels, the scientists at SINTEF implemented some test pixels with different photo
diode sizes and some other variations. The test pixels were not a part of the I-lmaS project per se.
However, questions had arisen during the construction of the pixel for the image sensor, and the
opportunity to implement some test pixels was seized. One row among the dummy pixels was
implemented as test pixels. The test pixel structure consisted of 64 pixels and is repeated 8 times.

The goal was to see how slightly different pixels would differ in sensitivity, and whether there would
be an optimal photo diode size. Even though the test pixels were not a part of the I-Ima$S project they
are referred to as I-ImasS test pixels in this thesis, as opposed to the test pixels implemented later in
the process.

There were several contributors to the I-ImaS project, and test equipment for the image sensor was
provided by external sources.

The work on this thesis started with the testing of the I-Imas test pixels. The results from testing the
test pixels were presented in my lecture at the Norchip conference in Aalborg in November 2007.
The conference paper is listed in Appendix D.

3.3 Test pixel architectures

All test pixels were 3T pixels. The 64 pixel test structure is shown in Figure 3-2. There were three
main variations in the test pixels. First, the size of the photo diode was varied, while all other
conditions were held constant. This is shown in the third row in the figure. Second, the size of the
source follower amplifier in the pixels was varied. Third, some pixels were covered with metal, with a
varying number of metal covered neighbours. This was to see if there was any influence between the
pixels. Incoming light does not penetrate the metal, and therefore a non-zero output from the metal
covered pixels must be due to one or both of the following: Light induced electrons can diffuse into
neighbouring pixels, or photons can be reflected by the metal in the electronics or conductors so that
they change their path and hit a neighbouring pixel. Zero is defined as the output of a metal covered
pixel exposed to no light and with only metal covered neighbours. Thus a zero output is not
necessarily 0V, due to dark currents and other noise contributors.

A fourth variation was also made, with pixels partly covered with metal to measure the sensitivity of
different parts of the pixels. There were also some pixels implemented with two and four photo
diodes and some with n-diffusion photo diodes only. For delimitation purposes, these have not been
tested in detail.
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Figure 3-2 The I-Imas test pixels. ;rhe pixels were impleméﬁtéd in one row, '
from the top right to the bottom left of this square.

3.3.1 The size of the photo diode

The idea of testing different diode sizes came from the work on the standard I-Ima$S pixel. Light
induced electrons appear in the whole pixel during exposure, and in order to collect as many of them
as possible, the photo diode should be large. However, the charge-to-voltage conversion V=Q/C
indicates that the photo diode should be small. Both Q and C are expected to increase as the diode
size increases, but the question is how the two functions vary, and whether there is a top point on
the charge-to-voltage function with respect to diode size. Such a top point would indicate an optimal
diode size with respect to sensitivity, as described below.

The actual I-Ima$S image sensor is implemented with identical pixels, denoted as the standard pixel.
Some of the test pixels were implemented equal to the standard pixel with the exception of the size
of the photo diode. Four additional pixel architectures were implemented with varying photo diode
sizes. One pixel was implemented with a larger photo diode than the standard, and three pixels with
smaller photo diodes. The sizes of the photo diodes are listed in Table 3-1. The pixels in this test all
have a source follower width of 8 um which is the standard size used in the image sensor.

Pixel Diode size (area)

-3 21 um?
-2 46 umz
-1 70 umz
0 (standard) 98 um’
+1 152 pm?

Table 3-1 Diode size
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The pixels were tested with a medium amount of light, so that the voltage outputs of the pixels were
in the linear range. The actual amount of photons is unknown, which means that at this point pixel
sensitivity is tested, but their saturation points are unknown. Thus their ability to collect the charge
induced by 200.000 photons is not tested.

The pixels in this test are approximately equal with respect to noise floor and linear range. Thus a
large voltage output indicates a good sensitivity of the pixel. The result from this testing is shown in
Figure 3-3. The results are shown as V eset-Vsignal- The most positive value is the largest output.

Capacitance, collected charge and voltage for some
sensor sizes
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Figure 3-3 Results from the I-Ima$ test pixels. The size of the photo diode increases from the left to the right on the x-
axis. The y-axis shows the output voltage, diode capacitance and collected charge, all in percentage relative to the values
of the standard pixel. The capacitance is calculated from the process parameters, the output voltage is measured, and
the collected charge is derived from the other two. The top point on the green curve (output voltage) indicates an
optimal diode size, even though both the capacitance and the amount of collected charge grow larger with the increased
diode size.

The test results show that both the capacitance of the sensing node and the amount of collected
charge increase when the diode size increases. However the gradient of the increment is different
between the two, and this leads to a top point on the voltage curve. The top point indicates an
optimal diode size, with respect to sensitivity. The pixel showing the best sensitivity in this test is the
-2 pixel. This pixel has a photo diode of 46 pm?®, and pixels with this architecture are discussed in
more detail in the next chapter.

The capacitance of the photo diode is a weighted sum of the area and the perimeter of the diode. On
the other hand, the collection of light induced electrons is more dependent on the distance from
where the charge is induced to the edge of the diode. This distance is dependent on the radius of the
pixel. According to simple geometry rules, the area and perimeter of the diode grow faster than the
radius. This can explain why the capacitance increases faster than the amount of collected charge
when the diode is made larger. The (unweighted) sum of the area and perimeter of the diodes are
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shown in Figure 3-4 together with the radius of the pixels. The blue graph shows the radius
multiplied by a number which makes the two graphs cross at the standard diode size. The resulting
image is quite similar to the C and Q values in Figure 3-3.

Area+perimeter, radius and weighted radius for

some sensor sizes
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Figure 3-4 The red graph shows the radius of the diodes. The green shows the sum of the area and perimeter of the
diodes. In order to compare these numbers with the test results, the radius values have been multiplied by a number
which makes the graphs cross at the standard (0) diode size.

3.3.2 The size of the source follower transistor

Initially the source follower transistor (SF) was made relatively large (width 8 um) in order to be as
stable and reliable as possible. In some test pixels the size of the source follower was varied. A
smaller source follower transistor contributes to a better fill factor in the pixel, in that the electronics
take up less space. Also, the gate capacitance contributes to the overall capacitance of the sensing
node, influencing on the conversion gain. The variation in source follower size was done to establish
how much smaller the SF could be without damaging the signal and to what extent diminishing the
source follower improves the performance of the pixel.
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Figure 3-5 Left: Overview of the test pixels. Right: Sensitivity of the test pixels, given in percentage relative to the
standard pixel

Results from the sensitivity testing are shown in Figure 3-5. The rightmost four pixels in the second
row (pixels 9-12) are implemented with source follower widths smaller than the standard of 8 um.
These pixels are described in Table 3-2. Pixel number 52 is included for comparison. This is the
standard pixel in the test pixel structure, and its output is defined as 100 %. 0 % is defined as the
output of a metal covered pixel with only metal covered neighbours, exposed to no light. All SF
lengths are 0.8 um.

As the table clearly shows, two pixels with the same diode size give a better result when the source
follower is made smaller. A pixel with a standard sized diode and a 4 um SF is more sensitive than a
similar pixel with an 8 um SF. The same is seen for the 46 pm’ diode and even smaller source
follower widths.

The most sensitive pixel in this test structure is the pixel with photo diode size 46 um? and a SF width
of 2 um, number 9 in Figure 3-5.

The size of the source follower influences greatly on the sensitivity of the pixels. A smaller source
follower gives a better sensitivity. This may be due to the better fill factor and/or the smaller gate
capacitance giving a better charge-to-voltage conversion.

Pixel number | Diode size, relative | Diode size (um?®) | SF width (um) | Sensitivity (%)
52 0 (standard) 98 8 100
12 0 (standard) 98 4 116
11 -1 70 4 122
10 -2 46 4 128
9 -2 46 2 140

Table 3-2 Sensitivity of pixels with varying source follower size

27



3.3.3 Influence between pixels

The charge collected by the photo diode is produced somewhere in the vicinity of the diode. The
diffusion of charge through the wafer may cause a light induced electron to travel across the border
between two pixels before it is collected by a photo diode. This way the electron is collected by the
‘wrong’ diode, which leads to blurring of the resulting image.

Light photons may hit some of the metal in the pixel and change direction so that it hits a different
spot on the wafer than its original path indicated. This may also lead to light induced electrons
collected by the ‘wrong’ photo diode.

The amount of such influence between the pixels was tested.

The test pixels are implemented in one row, with both neighbouring rows covered with metal. The
grey coloured pixels in Figure 3-5 are also covered with metal. This means that a pixel in the test
structure may have zero, one or two uncovered neighbours. The pixels in the seventh row in the
figure are all implemented as the standard pixel. The reference pixel in the test structure is pixel 52
which has two uncovered neighbours. Its output is defined as 100 %. The output of pixel 56 is
denoted as 0 %. This pixel is covered with metal, and has only metal covered neighbours. Both the
neighbours of the reference pixel have one uncovered neighbour, and their output values are
approximately 10 % lower than that of the reference pixel.

The same is found when studying the metal covered pixels. Pixel 54 is a covered pixel with one
uncovered neighbour. Covered pixels are not hit by any photons, so a non-zero output value must be
due to neighbour influence. Pixel 54 has a 12 % output. Pixel 50 with two uncovered neighbours has
a 23 % output.

It seems that the charge leakage between pixels is approximately 10 % between two neighbours
when the neighbouring rows are covered with metal. In a normal image sensor, each pixel has four
close neighbours, and influence between these will be larger due to incoming leakage electrons from
more pixels.

Influence between pixels reduces the sharpness (acutance) of the image. Acutance describes how

sharp transitions from darkness to brightness are reproduced in the image, as illustrated in Figure 3-6
(24).

Acutance
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Figure 3-6 Acutance
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4 Creating a new photo sensor

4.1 Motivation for creating a new photo sensor

After testing the I-ImaS test pixels, some answers were given and new questions were posed. It was
clear that there is an optimal diode size for a certain process and pixel architecture. However the
questions about the exact size still remained, and the question as to how the optimal diode size
varied with source follower size had been posed. The need for more answers to these questions was
the main motivation for creating a new set of test pixels.

4.2 AMS 0.35 um opto process

The photo sensor circuits described in this thesis are implemented in a standard process, the AMS
0.35 um opto process. The process is described briefly in Table 4-1. There are features about the
process that are not disclosed by the manufacturer, such as doping concentrations and charge carrier
lifetime. The diffusion length of electrons, which is relevant for collection of electrons and influence
between pixels, is calculated according to this equation:

Lyirr = \JVa * tige [14]

Where Lgy is the diffusion length in cm, vq4 is the the drift velocity in cm/s and t;¢. is the charge carrier
lifetime in seconds (13). The drift velocity can be calculated like this:

Vg =pux*xE [15]

Where p is the mobility of the charge carrier in cm?/Vs and E is the applied electric field in V/cm. The
mobility is found in the process parameters, but the lifetime of the charge carriers is unknown.

AMS 0.35 um opto process
Anti-reflective coating
p-substrate/epi

poly-poly capacitor

5V, 3.3V

4 metals

Angles 90° and 45°.

n-well junction depth 2.0 um

n-diffusion junction depth 0.2 um
Table 4-1 AMS 0.35 um process
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4.3 Simulation vs. implementation

As mentioned above, the CMOS manufacturer does not give out all information about the process.
This makes is difficult to calculate or foresee how the analog parts of the circuit will behave.
Simulation on the function of the pixels is also nontrivial because the simulator (Mentor Graphics)
has no equivalents to the currents and grounding of the photo diode. Simulation results therefore
tend to vary greatly from measured results. | have also tried to make a simulation environment for
the pixels with the Silvaco programs Athena and Atlas (25). But the Athena program presumes that
all process factors are known, and Atlas makes too simple calculations. Since there is no
straightforward way to simulate on pixels in this process, it is necessary to implement and test
different pixel architectures.

4.4 Reused modules from the I-Imas$ project circuit

The I-ImaS sensor circuit was made using schematic and layout design programs from Mentor
Graphics Corporation. As this thesis is mainly about pixels, it was necessary to reuse some of the
biasing and readout circuitry from the I-Ima$S project sensor. However, during Testing of the I-ImaS
photo sensor, we found that there were imperfections in the readout circuitry, most likely in the
ADCs. Because of this the readout circuitry was made a lot simpler. The plan was to make use of a
LabView system with its digitizers for readout.

In order to make the biasing circuitry fit for the new pixels, | have used the basic pixel architecture
from the I-ImasS project, so the size and general layout of the pixels are the same.

Some parts of the I-ImasS circuit could be used without altering in the new photo sensor circuit. These
are the capacitor matrix, the current mirror and the column select circuits. The row select circuit has
been modified to handle the 4T and PG pixels. To be able to use these circuits, it was necessary to
make the pixel matrix with 32 rows and the number of columns a multiple of 16. The size of the
pixels is still 32x32 um, and the general layout of the electronics of the pixels is unchanged.

The test environment for the I-Ima$ circuit was available to us for a short time only, thus some of the
test pixels were not tested properly. Some of these have been implemented in the new sensor.
These pixels are the ones with two or more photo diodes and the pixels with n-diffusion photo
diodes. These architectures are interesting for exploratory research, but no calculations are made
with respect to them.

4.5 New modules and pixel architectures

4.5.1 Different pixel architectures in one production

All the I-ImasS test pixels are 3T pixels. According to the literature however, photo gate pixels and 4T
pixels are better suited than 3T pixels for low light applications (19) (26). The 4T pixel can have a
larger photo diode than the 3T pixel, and the photo gate of the PG pixel covers most of the sensitive
area of the pixel. This way more of the light induced electrons can be caught before recombining or
diffusing into a neighbouring pixel. Implementing different pixel architectures on the same chip with
the same biasing and readout circuitry is a good starting point for comparing the sensitivity of the
different pixel architectures.
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The 4T and PG pixels need more biasing signals than the 3T pixels, and so it was necessary to make
the metal conductor field in the pixels a little wider. This has been implemented in all the pixels, to
make their environments as uniform as possible. The drawback is that the 3T pixels now have a
smaller fill factor than necessary, which must be taken into account when deciding which pixel
architecture is the most optimal. The fill factor of the new test pixels is 80 %, 6 % less than the I-Ima$S
test pixels.

In order to design 4T and PG pixels, layouts and descriptions have been found in the literature. No
process specific material was available, though, and the details of the designs have been constructed
by me, guided by the design rules of the process. Because of this, the 4T and PG pixels are to be
viewed as first sketches in exploratory research.

4.5.2 Standard pixel

The size of the photo diode has been recalculated using equation [16], which has been repeated here
for illustration. The equation is described in chapter 2.2.2.1 on page 9.

_ Gnw X Ag Csw X Py

C}'dep -

v, v, [16]
1+ i)M/NW 1+ %)MISW

The numbers necessary to calculate the capacitance are found in the process parameters, which are
confidential.

The maximum amount of electrons induced in a pixel during exposure is a little less than 200.000 (I-
Imas$ confidential). The voltage over the diode changes during exposure, and the capacitance, being a
function of the voltage, also changes.

The type of reset will influence on the initial voltage over the photo diode prior to exposure. The
maximum V.. is 5 V, which gives an effective reset voltage of roughly 4.2 V. For reasons mentioned
earlier, the reset time may be too short to pull the diode up to this maximum.

During exposure the voltage over the diode decreases. This means that when light induced charge
has been collected, the voltage over the diode is lower than the initial (reset) value. The charge-to-
voltage conversion equation V=Q/C and equation [16] have been used to compute the voltage
change in the standard pixel diode (98 um?) from the I-Ima$ circuit and the -2 (46 um?®) and -3 (21
um?) photo diodes, as shown in Figure 4-1.
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Voltage change as a function of collected charge
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Figure 4-1 Voltage change over the photo diode as a function of the number of electrons collected. Reset voltage is 4 V.
The values have been calculated by a spreadsheet using the charge-to-voltage conversion equation V=Q/C and equation
[16]. The diode voltages have been calculated for every 1000 collected electrons.

According to these calculations, a smaller photo diode will give a better sensitivity. How small the
photo diode can be is limited by two things.

The first is the final voltage over the diode after a maximum exposure, which has to be high enough
not to switch off the source follower transistor. This threshold voltage is the sum of the voltage over
the current mirror, the amplification of the SF and the on voltage of the Row Select transistor. The
voltage over the current mirror is controlled by the bias current, and is approximately 1V at 25 pA,
which is a realistic bias current. Adding up with the amplification of the SF and the on voltage of the
Row Select transistor, the threshold voltage may be 2 V or higher. With these conditions, the
smallest photo diode from the I-ImaS circuit is inefficient with its final diode voltage about 1.2 V (at
200.000 electrons). When the voltage over the diode is smaller than the threshold voltage, the pixel
is said to be saturated. When this point is reached, the output of the pixel will not change even if the
diode voltage decreases further, because the source follower is switched off.

The second limit to the size of the diode is the pixel saturation caused by a full well. The photo diode
acts as a capacitor which can hold a limited amount of charge. When this limit is reached, the voltage
over the diode will not change no matter how many light induced electrons are within reach.

There seems to be a tradeoff between the size of the diode, which should be small in order to be
sensitive, and the ability of the pixel to measure the maximum amount of light (full well capacity).

The optimal capacitance of the photo diode can now be calculated, with a minimum diode voltage of
2 V. C=Q/V = q*200.000/2 = 16 pF. Stray capacitances must also be taken into account, but as a

starting point it seems to be a good value.

The minimum exposure voltage of some of the I-ImaS test pixels is shown in Table 4-2. The
capacitance of the photo diode after maximum exposure is also calculated. The reset voltage is 4 V.

32



Creating a new photo sensor

4.5 - New modules and pixel architectures

Minimum exposure | Capacitance at minimum

Pixel Area (um?®) |Perimeter |voltage exposure voltage
98 um’ 98,058 36,13 2.73V 26.4 pF
46 um’ 46,057 24,817 2.06V 17.9 pF
21 um2 21,258 16,817 1.25V 13.4 pF

Table 4-2 Diode capacitance of the I-lmaS test pixels. Reverse voltage is 2 V and 3 V. V., is the reverse bias voltage. The
values are calculated as in Figure 4-1.

As can be read from the table, the 21 um? diode will make the pixel saturate under the above
mentioned conditions. In addition, the photo diode is too small to collect the maximum amount of
charge.

It must be noted that all these results are calculated, and that parasitic capacitances and noise will
add to the calculated values. There are also issues concerning the diffusion of electrons and the
influence between pixels. Measurements indicate that a pixel can receive light induced electrons
from its neighbours due to reflection of light and diffusion of electrons. Thus, the maximum amount
of electrons might be up to 40 % larger than expected according to the present calculations. This
must be kept in mind during the testing and further research.

All in all, the 46 um? diode seems to be a good starting point for a new standard pixel. According to
Figure 4-1, the final voltage over the diode after a maximum exposure is approximately 2 V, which is
within the acceptable range. The diode capacitance is large enough to store the maximum amount of
light induced electrons, and the 46 um? diode is more sensitive than the I-lma$ standard diode of 98

pum?>.

After these calculations, plus the results from testing the I-ImaS test pixels, the new standard pixel
will have a photo diode of 46 um”. The size of the SF has been chosen solely based on the test
results, where the 46 um? diode together with smaller SFs than the standard showed even better
sensitivity. The new standard pixel therefore has an SF width of 4 um. There are two reasons for not
making the standard source follower even smaller. One is that several of the I-ImaS pixels are tested
with the 4 um SF, while only one pixel was implemented with a 2 um SF. This way there can be more
comparisons between the circuits. The other reason is that the new test pixels ought to be tested
with relatively high bias currents in order to assess how the bias current affects the saturation
voltage of the pixels.

Layouts of the I-ImaS standard pixel and my standard pixel are shown in Figure 4-2. The term
“standard pixel” indicates that when the diode size is varied, the source follower is held constant at 4
um, and when other attributes are varied, the diode size is always 46 pm?®. This is true for the 3T
pixels. The other pixel architectures will be described in their own sections.
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Figure 4-2 Left: The I-ImaS standard pixel. Right: My standard pixel. The photo diode is smaller, the source follower
transistor is half the size, and there are more metal conductors. The new standard pixel architecture is close to the most
sensitive of the I-lmas test pixels. There are more metal conductors in the new test pixels, due to the variation in pixel
architectures with 4T and PG pixels requiring more bias signals.

4.5.3 Diode and source follower sizes

The sizes of the photo diodes are in part copied from the I-imaS pixels. My standard pixel has a 46
um? photo diode, as explained above. The standard diode size from the I-Imas test pixels, 98 pm” has
also been kept for comparison. One pixel has also been implemented with both the I-Ima$S standard
diode size and the I-ImaS standard source follower size (8 um).

The other diode sizes differ from the I-Ima$ test pixels. The 62 pm? and 132 um? diodes are chosen
because they are the smallest octagons possible with 4 and 9 holes respectively (see chapter 4.5.4).
In addition there are three pixels with diode sizes smaller than 46 pm?. Although calculations show
that the pixels with small photo diodes are incapable of measuring the largest amount of radiation,
they are interesting for several reasons. First, in the future radiation doses may change due to
improvements in the technology. Second, variations in biasing of the pixels, such as bias currents,
may move the saturation points. Third, parasitic capacitances may contribute to the capacitance in
the readout node allowing more charge to be stored.

The source followers are made with the standard width 4 um and length 0.8 um. In addition some
pixel architectures are implemented with half the SF width, and some with the minimum sized source
followers, width 0.4 um, and length 0.5 pum.

The 4T pixels are made with larger n-well diodes than the 3T pixels, in addition to both standard
sizes. The largest 4T diode measures 208 pm®. This is in correspondence with the idea behind the
buried diode, which makes it possible to collect and transfer light induced electrons without suffering
the penalty of diode capacitance on the sensing node (see chapter 2.3.2.2).
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4.5.4 Photo diodes with holes

The photo diodes in this thesis consist of n-wells in a p-substrate. The light induced electrons are
caught by the electrical field in the depletion region of the diode, as described in chapter 2.2.
Measurements have shown that large diodes collect more charge than smaller diodes (see chapter
3.3.1), and this is believed to be due to the radius or reach of the diode. A larger diode will lead to a
better collection of electrons but also to a poorer charge-to-voltage conversion because of the
increased capacitance.

One method to increase the reach of the diode without increasing its area and hence the
capacitance, is to create the diode with a hole in the middle, as shown in Figure 4-3. The square
inside the photo diode is the hole, where there is nothing but p-substrate. This reduces the area of
the diode.

The idea behind this architecture is that the reverse biasing of the diode through reset will deplete
the hole in the middle of the diode completely. If so, the hole will not contribute to the capacitance
of the diode. Thus the reach of the diode is larger than the reach of a diode with similar area but with
no hole. Some pixels are made with more than one hole in the photo diode. There are 3T pixels with
4 and 9 holes in the photo diode. In addition, the size of the hole is varied.

The same variations are done with 4T pixels. The holes are made in the n-well only, meaning that the
p-diff is left unchanged and still covers the whole n-well including the holes.

The calculated sensitivity of the 62 pm? diode with and without hole is shown in Figure 4-4. As the
figure shows, one can expect a better sensitivity in the diode with the hole, due to the reduced area.
The area is reduced from within, and the reach of the two diodes is the same. Thus the same charge
is expected to the collected by the two, but the charge-to-voltage conversion is expected to be better
in the pixel with the diode with the smaller area.

Figure 4-3 Photo diode with hole
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Figure 4-4 The sensitivity of two photo diodes have been calculated. Both diodes have an intial area of 62 p.mz. With a 2.7
um x 2.7 um hole in one of the diodes, its area is reduced to 54.7 p.mz. The sensitivity is changed due to the smaller
capacitance.

4.5.5 Electronics and sensor interface

The capacitor matrix was necessary for the I-ImaS$ circuit because subtraction of the signal and reset
values was done on the chip, as well as analog to digital conversion. The capacitors acted as the input
capacitors to a switch-cap amplifier. The new photo sensor circuit is a lot simpler, and the capacitor
matrix could have been omitted and the signal and reset values stored and subtracted digitally.
However, to keep focus on the pixels it was decided not to design new readout circuitry. The
capacitor matrix was included together with the Column Select circuit. The latter, together with the
Row Select circuit, makes it possible to access one pixel value at a time for readout, which is vital for
the function of the sensor.

The Row Select circuit has been modified. The Vitx signal has been added, and some redundant
circuitry has been removed. The resulting circuit is described in chapter 5.5.2.

As mentioned briefly earlier, the 4T- and PG-pixels need two more biasing signals than the 3T pixel. In
order to get these signals into the pixels, the metal conductors in the pixels have been changed.

4.5.6 Reset

The I-ImaS photo sensor was tested with soft reset only. The test environment for the new photo
sensor circuit has been implemented in a way which makes it possible to vary Ve during runs so
that the pixels can be tested with flushed reset and hard reset as well.

By lowering Vreset the dynamic range of the pixel is reduced. On the positive side, dark current is
also reduced. The performance of the photo diode is dependent on the initial reverse voltage. The

voltage response should be recalculated for different reset values.

4T pixels need two different resets. Prior to exposure the photo diode is reset to its pinning voltage.
This involves the transfer gate transistor which must be open during this reset. Then after exposure,
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the FD is reset to the standard reset voltage (e.g. 5 V) before the collected charge is transferred. The
transfer gate transistor is closed during this reset.

4.6 Others’ contributions to the photo sensor

Kjetil B. Stiansen has created the operational amplifier, as a part of the work for his master thesis.
Joar Martin @stby has made the switching circuitry at the output of the circuit.
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5 The new photo sensor

5.1 Introduction

In this chapter the new photo sensor circuit is described in detail. First an overview of the circuit is
presented, then the pixel matrix and the pixels themselves are described. Finally the biasing circuitry
is presented.

5.2 Overview of the circuit

Layout of the new photo sensor circuit is shown in Figure 5-1. The circuit is 3 mm x 3 mm = 9 mm”.
The outermost square is the pad ring, where signals and biasing voltages and currents are fed into
the circuit and results are read out. Biasing and timing diagrams are presented in chapter 6. The two
large squares on the left inside the pad ring are pixel matrices, each consisting of 32x32 pixels.

The two pixel matrices including biasing circuitry are equal. They have some switching circuitry on
the output in common. In the following, only the bottommost part of the circuit is described. This
part of the circuit is shown in Figure 5-2.

Below the pixel matrix there is a biasing circuit called Row Select, described in more detail in chapter
5.5.2. This circuit makes it possible to select the pixels by the row for readout and for resetting them
before exposure. In Figure 5-2 the pixel matrix is tilted 90° to the left, so that the rows are vertical,
and the topmost row is on the left.

The green rectangle in the middle of the pad ring in Figure 5-1 is four capacitor matrices, two of
which are also shown in Figure 5-2. The pixels are read out one row at a time, and this means that 32
signal and reset values are stored on the capacitor matrix at a time. Then the signal and reset values
are subtracted and read out sequentially. The capacitor matrix is described in chapter 5.5.3.

On the bottom under the capacitor matrices is a small circuit called the Column Select, which
controls which pixel value is to be sent from the capacitor storage to the output line. The Column
Select is described in chapter 5.5.4.

The current mirrors necessary to bias the source follower transistors in the pixels are hard to spot in
the figure, but there are two of them, each with 16 current outputs. In Figure 5-2 they are shown as
two pink rectangles between the pixel matrix and the capacitor matrix. The current mirrors are
described in more detail in chapter 5.5.5.

The small circuits on the upper right of Figure 5-2 are operational amplifiers (opamps) and some
switching circuitry. The opamps are coupled as follower buffers, and through a switch on the
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printboard the operator can choose whether to send the output values through these buffers or to
read them out directly.
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Figure 5-1 Layout of the photo sensor circuit. Inside the pad ring there are two similar photo sensor circuits. On the right
there are three operational amplifiers, two of which are coupled to the photo sensor as output buffers.
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Figure 5-2 The pixel matrix with its biasing and readout circuitry is repeated twice in the circuit. One of the circuits is
shown here. The 32x32 pixel matrix is the largest shape on the top left, and is tilted 90° to the left. The row biasing circuit
is on the bottom left, and the column biasing on the bottom right. On the right there are two identical capacitor
matrices.

5.3 The pixel matrix

Each pixel is 32x32 um. This is the same size as the I-ImaS pixels. The cancer registry of Norway states
that a functional size for a mammography pixel is between 50 and 100 um (3). This statement is
dated in 2005. The acceptance of such a low spacial resolution is mainly the need for larger radiation
doses when the pixels become smaller. The pixel size is chosen mainly because it fits the biasing
circuitry from the I-ImaS circuit and because it simplifies comparison between the two circuits.

The pixel matrix consists of 32x32 = 1024 pixels, as shown in Figure 5-3. There are 35 different pixel
architectures. These are implemented in the bottom part of the matrix, seen as mostly grey in Figure
5-3, as opposed to the mostly blue pixels in the top part of the matrix. In the bottom part of the
matrix, there are 16 pixels of each type, placed in 4x4 squares. The blue coloured pixels are partly
covered with metal. They are described in chapters 5.4.3.9 and 5.4.3.10.

In the bottom grey part of the pixel matrix in Figure 5-3, each pixel is repeated 16 times ina 4 x 4
square. In a normal image sensor, all pixels are identical. Each pixel is influenced by the architecture
and light absorption of its neighbouring pixels, and the 4x4 square of identical pixels in the test
matrix is to ensure that the four pixels in the middle of the square are surrounded by a uniform
environment, resembling the environment of a pixel in a uniform image sensor. The pixels on the
edges of the 4x4 squares are not guaranteed anything from their neighbours, so the results from
these pixels are less reliable.
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Figure 5-3 Pixel matrix. There are 32 rows and 32 columns. The rows are counted from the top, and the columns are
counted from right to left.

The pixel matrix is logically divided into rows and columns. In Figure 5-3 the topmost row is RowO,
and the bottommost row is Row31. The columns are vertical, and counted from right to left, so that
the rightmost column is Col0. The columns are divided into channels, with 16 columns in each
channel. According to this, the rightmost 16 columns make Channel0, and the leftmost 16 columns
make Channel 1. The two pixel matrices are logically separated by the numbering of channels, in that
the second pixel matrix consists of Channel2 and Channel3. During readout, the rows are selected
one by one. The column selector counts only 16 columns, and one column in each channel is selected
for readout simultaneously. Thus, two pixels from each pixel matrix are sampled simultaneously, into
its two capacitor matrices. The switching circuitry makes sure that the results from only one pixel are
read out at a time.

A simplified version of the part of the matrix with different pixel architectures is shown in Figure 5-4.
Instead of 4x4 squares of each pixel, the pixels are shown only once, for a clearer view of the
different pixel architectures. Table 5-1 displays the names of the corresponding pixel in Figure 5-4.
The names of the pixels are explained in Table 5-2.
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Figure 5-4 Pixel matrix simplified, showing the 35 different pixel architectures. The pixels with dark green photo diodes
are 3T pixels. The 4T pixels are shown with yellow-green photo diodes. The red pixels are PG pixels.

. . . . . . pix_3T
pix_3T_2 pix_3T_10 pix_3T_25 pix_3T_46 pix_3T_62 pix_3T_98 98 SF w8
pix_3T pix_3T pix_3T pix_3T pix_3T pix_3T 43;;‘];1mi
_SFmin_d2 | _SFmin_d10 | _SFmin_d25 | _SFmin_d46 | _SFmin_d62 | _diff SFmin | — n_
. . . . pix_4T . pix_3T
pix_4T_46 pix_4T_62 pix_4T_98 pix_4T_132 1324 pix_4T_208 _46_SF w2
pix_PG i PG EDS pix_4Th pix_4Th pix_3Th pix_3Th pix_2D
_FD11 PIX_F&_ _62_4h0 _132_9h0 _46_h0 _46_h084 _SFmin
i PG pix_PG pix_3Th pix_3Th pix_3Th pix_3Th_ pix_2D
P _SFmin _62_4h0 _132_9h0 _62_h0 62_h084 _SFstd
Table 5-1 Pixel names, corresponding to Figure 5-4.
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5.4 The pixels

5.4.1 Overview

There are 35 different pixel architectures, described in short in Table 5-2. All pixel names start with
the prefix “pix”, followed by an acronym describing the pixel type. 3T and 4T denote the 3-transistor
and 4-transistor pixels, respectively, while PG denotes photo gate pixels. The 3Th and 4Th pixels have
photo diodes with holes. The 2D pixel is a 3T pixel with two photo diodes. The following number
denotes the area of the photo diode. The notion “SFmin” denotes a minimum sized source follower.
The prefix “d” means diode area, and the prefix “h” means hole size relative to the minimum hole
size of 1 um>.

Pixel name Description

pix_3T 2 3T pixel with smallest diode, area = 2.4 um?
pix_3T_10 Diode area = 10 pm?

pix_3T_25 Diode area = 25 pm”

pix_3T_46 Standard 3T pixel, diode area = 46 um?
pix_3T_62 Diode area = 62 pm?

pix_3T_98 Diode area = 98 pm?

pix_3T_SFmin_d2

Smallest source follower, smallest diode

pix_3T_SFmin_d10

Smallest source follower, diode area = 10 pm?

pix_3T_SFmin_d25

Smallest source follower, diode area = 25 pm?

pix_3T_SFmin_d46

Smallest source follower, diode area = 46 pm?

pix_3T_SFmin_d62

Smallest source follower, diode area = 62 pm?

pix_3T_98 SF w8

Source follower width 8 um, diode area 98 um?

pix_3T_46_SF w2

Source follower width 2 um

pix_4T_46 4T pixel, n-well diode area = 46 pm’
pix_4T_62 4T pixel, n-well d iode area = 62 pm’
pix_4T 98 4T pixel, n-well d iode area = 98 pm’
pix_4T 132 Standard 4T pixel, diode area = 132 um?
pix_4T 132 u No guard bar around FD

pix_4T 208 Diode area = 208 pm’

pix_3Th_46 _hoO Standard diode with small hole

pix_3Th_46_h084

Standard diode with large hole

pix_3Th_62 4h0

62 um? diode with 4 small holes

pix_3Th_62 h0

62 um? diode with 1 small hole

pix_3Th_62_h084

62 um? diode with 1 large hole

pix_3Th_132_9h0

132 pm?’ diode with 9 small holes

pix_4Th_62 4h0

4T pixel with 4 holes in the n-well

pix_4Th_132 9h0

4T pixel with 9 holes in the n-well

pix_PG Standard photo gate pixel

pix_PG_FD11 Photo gate pixel, smaller FD

pix_PG_FD5 Photo gate pixel, smallest FD
pix_PG_SFmin Photo gate pixel with minimum SF
pix_2D_SFstd 3T pixel with two diodes

pix_2D_SFmin 3T pixel with two diodes and minimum SF

pix_3T_diff_SFmin

3T pixel with small n-diff photo diode

pix_3T_4diff_SFmin

3T pixel with 4 small n-diff photo diodes

Table 5-2 Pixel names and descriptions
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5.4.2 The electronics of the pixel

There are three nmos 5V-transistors in a 3T pixel, as shown in Figure 5-5. The standard sizes are
shown in Table 5-3. The function of a 3T pixel is described in chapter 2.3.2.1. The schematics in this
section are drawings. The actual schematics are shown in Appendix A.

Vreset VDD

Reset
4{ M1

Row Select

Figure 5-5 A 3T pixel consists of three transistors and a photo diode.

Transistor Width Length Function
Reset transistor 1um 0.5 um | Resets the photo diode to reference reset voltage
Row select transistor 1um 0.5 um | Couples the pixel to the capacitor matrix
Source follower 4 um 0.8 um | Current amplification of the diode voltage

Table 5-3 Standard transistor sizes. The source follower is varied in some pixels.

The same basic electronics are used in the 4T and PG pixels. The schematics of a 4T pixel is shown in
Figure 5-6. The new transistor (transfer transistor TX) is made up of the photo diode on the left, the

floating diffusion (FD) on the right and a polysilicon gate. The buried photo diode is described in
chapter 2.3.2.2.

The photo gate pixel electronics is the same as for the 4T pixels. Schematics of a PG pixel is shown in
Figure 5-7. The sensing node in the figure is made up of the photo gate (PG). The transfer transistor
(TX) is made up of the floating diffusion (FD) on the right, and a small diffusion area on the left
between the transistor gate and the photo gate.

44



The new photo sensor

5.4 - The pixels
Vreset vDD
Reset —— | m1
Row Select
_[TX
mil vi
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PD /N

Figure 5-6 A 4T pixel consists of four transistors and a complicated photo diode which is presented as two photo diodes.

Vreset VDD

Resetg{ M1
4{ M2

Row Select

Vpg — Vix

PG X

M4 FD

Figure 5-7 A PG pixel consists of four transistors and a photo gate denoted as the sensing node.

5.4.3 Pixel architectures

5.4.3.1 The standard pixel

The pixel pix_3T_46 is denoted as the standard pixel. The name indicates that it is a 3-transistor pixel,
the diode area is 46 pm”. The diode is octagonal, and the sides of the octagon are made as equal as
possible, making an even octagon. Layout of the standard pixel is shown in Figure 5-8. All other pixel
architectures are based on this pixel. The other pixels with the same naming structure (pix_3T_x) are
in the same category, and only the size of the diode changes between these pixels. The number
indicates the area of the diode. There are six pixels in this category, the diode sizes varying from 2 to
98 um’. These pixels can be seen in the top row of Figure 5-4 and Table 5-1. These pixels are
expected to vary in sensitivity.
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Figure 5-8 The standard pixel. The green octagon is the photo diode. The blue lines are metal conductors. On the top
right is the electronics. The two fingered transistor (poly in pink) is the source follower, and the other two transistors are
the reset transistor and the Row Select transistor.

5.4.3.2 3T_SFmin

The name of these pixels indicates that the source follower SF is at minimum size, i.e. W=0.4 um,
L=0.5 um. Apart from the change in source follower size, these pixels are identical to the pix_3T_x.
There are five of these pixels, corresponding to the five of the pix 3T x with the smallest photo
diodes. These pixels are denoted pix_3T_SFmin_dx, and can be seen in the second row of Figure 5-4
and Table. These pixels are implemented in order to see how the gate capacitance of the source
follower affects the charge-to-voltage conversion of the pixel.

5.4.3.3 Other variations of the 3T pixel

To further investigate the influence of the source follower gate capacitance, the standard pixel has
been implemented with a third SF size, W=2 pum, L=0.8 um. This pixel is named pix_3T_46_SF_w2,
indicating that the SF width is 2 um. This pixel is the one most identical to the most sensitive pixel in
the I-Imas test structure.

The pixel most identical to the I-lmaS standard pixel is pix_3T 98 SF_w8. The name indicates that
the source follower width is 8 um, twice the width of the standard pixel SF. This pixel has been
implemented in order to compare the two circuits to the I-ImaS standard pixel.

5.4.3.4 4T pixels

As mentioned earlier, 4T pixels are documented to be better suited than 3T pixels for low light
applications. It is therefore interesting to compare these pixel architectures. When implemented on
the same chip, conditions are optimal for comparing the two.

4T pixels in general are described in chapter 2.3.2.2. The layout of the standard 4T pixel is shown in
Figure 5-9.The standard 4T pixel has a photo diode larger than the standard 3T pixel. The n-well
photo diode size is 132 um?, a diode size which also exists in the 3T pixels. The 4T pixels have the
same initial architecture as the 3T pixels. In addition comes the diode made up of the n-well and the
p-diffusion. The reset transistor, the SF and the row select transistor are the same as for the 3T
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pixels. The photo diode is buried, as shown in Figure 5-10. (Buried diodes are described in chapter
2.3.2.2.) The pixels also have a floating diffusion FD implemented as an n-diffusion. The standard FD
size is 17.4 um?* and has been calculated from equation [5] on page 9. According to the calculations
FD is capable of holding the charge from 200.000 electrons. FD is protected by a guard bar
implemented as a p-diffusion ‘fence’ connected to ground. FD is situated beneath the metal
conductors in the pixels, so that they occupy as little of the sensitive part of the pixel as possible. The
fill factor is nevertheless a little reduced, mainly because of the guard bar around the FD.

The pixels in this category have varying diode sizes. There are six pixels in this category, with five
different diode sizes. The n-well diode sizes vary from 46 to 208 um?. The pixels are named pix_4T_x,
and the pixel pix_4T_132_u is equal to the standard 4T pixel pix_4T_132, but without the guard bar
around FD. The sizes of the photo diodes are larger than for the 3T pixels because of the charge
transfer to FD as explained in chapter 2.3.2.2. There is also a 4T pixel with the same n-well diode size
as the standard 3T pixel, 46 pm”.

|

=
=

"

Figure 5-9 The standard 4-transistor pixel. The nwell (green) is mostly covered with p-diffusion, shown as a brown/pink
shape. The floating diffusion is shown in the top middle, where both the guard bar and the transfer gate are shown as
pink shapes.

Buried diode

E n-well ]

p-substrate

Figure 5-10 The buried photo diode seen from the side. The n-well is mostly covered by a p-diffusion.
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5.4.3.5 Photo gate pixels

Just like 4T pixels, PG pixels are more sensitive to low light than 3T pixels, according to the literature.
Thus, these have been implemented for the same reasons.

The photo gate pixels have the same electronics as the 4T pixels, including the FD, but without the
guard bars. Layout of a photo gate pixel is shown in Figure 5-11, and the schematics are repeated in
Figure 5-12 for illustration. What separates the photo gate pixels from the other pixels is the absence
of a photo diode. Instead these pixels have a polysilicon gate covering most of the sensitive area, as
described in chapter 2.3.2.3. Two attributes are varied in the photo gate pixels, the floating diffusion
and the source follower. The pixels in this category are pix_PG, pix PG_FD11, pix_PG_FD5 and
pix_PG_SFmin. In pix_PG_FD11 the floating diffusion is 11 pm?, and in pix_PG_FD5 the floating
diffusion is 5 um?. In the other PG pixels, the floating diffusion is the standard size 17.4 pm®.

The standard size floating diffusion has been calculated to be the optimal size for collecting 200.000
electrons. Thus, the smaller FDs (in theory) are too small for this purpose. However it is interesting to
document the difference in sensitivity for the different architectures for two reasons. First the
mammography technology is constantly developing, and the radiation doses may change. Second it is
uncertain whether the photo gate is able to collect all the electrons and have them transferred to the
FD. If not, there is no need for a full size floating diffusion.

Figure 5-11 Photo gate pixel. The large red shape is the polysilicon gate, shown as PG in Figure 5-12. The floating diffusion
is shown as a purple rectangle above the photo gate (FD in Figure 5-12).
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Vreset ED

Resetg‘ M1
Sy
Vpg —— Vix

PG TX M3

M4 FD

Row Select

Figure 5-12 Schematics of the photo gate pixel is repeated here for illustration

5.4.3.6 Diodes with holes

The voltage output of the pixel is restricted by the capacitance in the sensing node according to the
charge-to-voltage conversion function V=Q/C. The capacitance is a weighted sum of the area and
perimeter of the photo diode, while the collection of electrons is believed to depend more on the
radius of the diode.

In theory there is a way to reduce the area of the n-well diode without reducing the radius and the
reach of the diode. This can be done by creating holes in the n-well diode and making sure that the
holes are depleted during exposure. Depletion is important to avoid increased sidewall capacitance
caused by the hole. The layout of such a pixel is shown in Figure 5-13.

Figure 5-13 Diode with hole
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Creating the hole is straightforward, cutting a hole in the layout of the n-well. Making sure the hole is
depleted is a different matter, in that voltage dependent junction depth is not disclosed by the
manufacturer. However, most of these pixels have been made with the minimum hole size 1 um x 1
um, which is believed to be small enough to be constantly depleted. The larger holes are 2.7 um x 2.7
pum.

There are eight different pixels with holes, seen in the two bottom rows in Figure 5-4. Both 3T and 4T
pixels are implemented this way. Where there are more than one hole, the spacing between the
holes is the minimum spacing, 1.7 um. The pixels with holes are denoted 3Th and 4Th, and are
described in Table 5-2. There are pixels equal to all of these only without the holes, for comparison.

5.4.3.7 Diff-diode pixels, 3T

Two of the 3T pixels have tiny diodes, implemented in n-diffusion. Both these pixels have a minimum
size source follower, to keep the SF gate capacitance small relatively to the small diode capacitance.
The diffusion diodes are square, 1.44 um’. The two pixels are pix_3T_diff SFmin and
pix_3T_4diff_SFmin, where the latter name indicates that there are four diodes in the pixel.

These pixels are interesting with respect to their sensitivity, but are thought to be unable to collect
the maximum amount of electrons. The diff-diode pixels were more or less copied from the I-ImaS
test pixels because there was not enough time to test them during the I-ImaS testing. Calculations
and ideas behind these pixel architectures are I-ImaS confidentials.

5.4.3.8 Pixels with two n-well diodes

The two-diode (2d) pixels, shown in Figure 5-14, have the same electronics as the 3T pixels. There are
two photo diodes in each pixel, size 26 umz. There are two such pixels, with standard SF and
minimum SF. These are included on the same basis as the diff-diode pixels. These pixels are
interesting with respect to charge collection, because the photo diodes are not centred in the pixel.

Figure 5-14 Pixel with two photo diodes
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5.4.3.9 Pixels covered with metal

Light induced electrons diffuse across the wafer until they recombine with holes, or are caught by a
photo diode or some other trap in the electronics. Some of these electrons might diffuse to a
neighbouring pixel and be collected by the photo diode there. Some of the photons might also be
reflected by the metal in a pixel so that it changes direction and is absorbed by a neighbouring pixel.
This is denoted as neighbour influence. A part of the pixel matrix has been made with the standard
pixel architecture and varying metal covering to study this phenomenon. This part is seen in Figure
5-3 as the blue shape, the six rightmost columns excluded. Some of the pixels are covered with
metal, to prevent any light from hitting them directly, see Figure 5-15. The metal covered pixels have
different numbers of metal covered neighbours, so that the influence can be measured as a function
of the number of uncovered neighbours. Any non-zero output from these pixels must be due to
neighbour influence, and the output is expected to increase as the number of uncovered neighbours
increases.

The metal covering is implemented in metal2. The most optimal would be to implement it in metall,
because it is the metal layer closest to the wafer. However metall is used in the routing between the
photo diode and the poly conductor. Thus covering the pixel with metall would contribute to the
capacitance of the diode. Alternatively a hole could be made in the metal covering to avoid the small
piece of metall in the diode. But this would let light into the diode. To avoid this problem, the metal
covering was implemented in metal2. Since all four metals are used to bias the pixels, it is impossible
to cover the pixels totally without causing a short circuit. The pixels are therefore covered by as much
metal as possible within these restraints. The outputs from these pixels should therefore not be
compared to the dark response of the standard pixel, but to the response of a metal covered pixel
with only metal covered neighbours exposed to the same amount of light.

The influence between pixels will affect the sharpness (acutance) in the resulting image. This is why it
is important to document the amount of neighbour influence. If the influence is large, steps might be
taken to reduce it. A large neighbour influence may also contribute to the maximum amount of
electrons collected by a pixel. This will in turn lead to the need for larger photo diodes in order to
collect all the neighbour induced charge.

Figure 5-15 Pixel covered with metal. The metal covering is implemented in metal2.
The pixel is not totally covered because metal2 is used in the electronics as well. Metal2 is shown as dark blue.
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5.4.3.10 Pixels partly covered with metal

The sensitivity of different parts of the pixel with respect to distance from the photo diode is up for
testing. Together with information about neighbour influence, results from this testing can indicate
whether the size of the pixel is optimal. Too small pixels will yield large neighbour influence, while
too large pixels will be unable to collect charge induced in peripheral parts of the pixel. Results from
testing the I-ImaS$ circuit showed that there was a neighbour influence of 10 %, which indicates that
the photo diodes are able to collect electrons from neighbouring pixels to a relatively large extent.
This indicates that the pixels are not too large. Larger pixels could perhaps reduce the neighbour
influence, but it would also have other, possibly negative, consequences.

In order to do some further research on the areas from which the photo diode collects electrons,
some pixels are implemented with metal covering which lets light into certain areas of the pixel. In
Figure 5-3 these pixels are implemented in the rightmost part of the top blue shape. They are all
implemented as the standard pixel. The pixels are covered with metal, and then some of the metal
has been removed, so that there is a metalless ring, as shown in Figure 5-16. There are six different
implementations, repeated twice, with the uncovered ring in different distances from the photo
diode. The neighbours of these pixels are covered with metal, as described in the previous section, so
that the pixels in focus are exposed to minimal neighbour influence. The partial metal covering is
copied from the I-ImasS test pixels, to make them comparable.

Figure 5-16 Pixel partly covered with metal. The octagonal grey shape is the uncovered part of the pixel. The other grey
areas are uncovered because the metal is also used in the electronics of the pixel, as explained in chapter 5.4.3.9.
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5.5 Biasing and readout

5.5.1 The path of the signal

The creation of the signal and reset voltages in the pixel is described chapter 2. From the sensing
node, the signal voltage is amplified through the source follower amplifier consisting of the amplifier
transistor in the pixel and a current mirror. There is no voltage amplification, but current
amplification makes the signal able to travel a distance through the pixel matrix into the storage
matrix. One row of pixels is read out to the storage matrix at a time, which means that 64 values are
stored from one pixel matrix, i.e. the signal and reset values. From the storage matrix the values are
given access to two double readout lines so that two signal and reset values are read out from the
capacitor matrix at a time. Finally two 4 to 1 multiplexers put the voltages on the double output line,
one for signal values and one for reset values. (4:1 because there are two similar pixel matrices, and
all in all four double readout lines from the storage matrices.) On the output line behind the
multiplexers, there are two follower coupled opamps, and a new set of multiplexers controls
whether the signal is sent through this buffer or put directly out of the circuit. The path between the
storage matrix and the output is shown in Figure 5-17.

1
co

c2

Reset0———1n0—
Resetl——nt—
Reset2——h2—
Reset3——Ind3—

- Reset_out

c1
co
c2

Signal0———Ho—
Signall——nt—
Signal2———n2—
Signal3——n3—

= Signal_out

Figure 5-17 The path of the signal between the capacitor matrix and the output. There are two pixel matrices, each with
two channels and two capacitor matrices. All in all, four signal values and four reset values are read out from the
capacitor matrices at a time. Two 4:1 multiplexers choose between these so that one signal and reset value is read out of
the circuit at a time. The second set of multiplexers decide whether the values are buffered or not.
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5.5.2 The Row Select circuit
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Figure 5-18 The Row Select circuit selects the pixels by the row. The connection of pixels to the capacitor matrix is
controlled from here. The Row Select circuit also manages the transfer gate signal and the reset of the pixels.

The Row Select circuit controls three bias signals, the row select signal (RS) itself, the transfer gate
signal (V1x) and the reset signal (ResetA in Figure 5-18). Figure 5-18 shows a small part of the circuit,
biasing one row of pixels. RS connects the pixels in one row to the capacitor matrix, and switching in
the capacitor matrix makes it possible to store both signal and reset values. The Vqx signal is used in
the 4T pixels and PG pixels to transfer the accumulated charge from the sensing node to the floating
diffusion for readout. The ResetA signal corresponds to the Reset signal in the pixels, and couples the
photo diodes and floating diffusions (FD) to the Reset voltage supply.

The digital signal circuits use 3.3 V logic, while the electronics in the pixels make use of 5 V logic. The
inverting steps in the middle of Figure 5-18 carries out the transformation between the two.

The whole Row select circuit is made up of 32 equal parts as shown in Figure 5-18. They are
connected via flip-flops which create a shift register. The RS_x signal goes high when a road is to be
selected for readout, the Vtx_x signal determines if the 4T and PG pixels in a road are to transfer the
accumulated charge to the FD for readout, and when the Reset_x signal goes high, the selected row
of pixels is reset. The Q signal from the flip-flop controls which row of pixels receives these signals.
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5.5.3 Capacitor matrix - analog storage

W2 W4
C1
» | } Signal_Out
CsC C
Vin—= \9
W3 W5
Cc2
= I } Reset_Out
C

Figure 5-19 Part of capacitor matrix. The Vin node is connected to one pixel at a time. The signal and reset values are
stored on separate capacitors C1 and C2, controlled by switches W2 and W3.

The capacitor matrix consists of 16 pairs of capacitors for storage of signal and reset voltages. There
are two capacitor matrices per pixel matrix, one for each channel of pixels. A small part of the
capacitor matrix, showing one pair of capacitors, is given in a simplified version in Figure 5-19. The
actual schematics are shown in Appendix A. When one row is selected for readout, the entire row of
pixels is read out simultaneously, to 32 pairs of capacitors (two capacitor matrices). The signal value
from one pixel is stored on one capacitor, and the reset value on the other. The part of the circuit
shown in Figure 5-19 shows the storage elements for one column in the pixel matrix. The voltage on
the output from the pixel is presented on Vin. The signals Sample_signal and Sample_reset control
the switches W2 and W3 so that the signal and reset values are stored on separate capacitors.

The further readout is done sequentially, controlled by the Column Select circuit, controlling the
readout switches W4 and W5 shown in Figure 5-19. The Signal_Out and Reset Out lines are
connected to common readout buses. Since there are all in all four of these readout buses in the
circuit, there is some switching between them before the signals can be read out from the circuit.

The CSC-signal controls the switch between the storing capacitors, which closes when the values are
to be read out, so that the differential value is presented on the output.
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5.5.4 The Column Select circuit
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Figure 5-20 Part of the Column select c

The Column Select circuit is a simple digital circuit which creates the signal that controls W4 and W5
in Figure 5-19, selecting one pair of capacitors, containing the signal and reset values from one pixel.
The circuit is built up of flip-flops and logic gates, see Figure 5-20. 16 of these circuits are connected
via the flip-flops creating a shift register. Two capacitor matrices are biased from one Column Select
circuit so that two signal and reset values are read out from the capacitor matrix simultaneously. The
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CS_x signal indicates that a column is to be selected, and Q decides which column to select.

5.5.5 Current mirror
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Figure 5-21 Current mirror, detail
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The source followers in the pixels need a current source. This is provided by a current mirror. A
detailed part of the current mirror is shown in Figure 5-21 for illustration. The schematics of the
whole current mirror is shown in Appendix A. This is the simplest form of current mirror, copying the
current IB to the outputs IB_COL_x. The bias current IB is mirrored 16 times, two of which are shown
in the figure. The row select circuit makes sure that only one row of pixels is connected to the output
at any time. The current drawn from one column will then in effect be drawn from one pixel and thus
the source follower is complete. There are two current mirrors, each serving one channel.
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6 Testing

6.1 Data Acquisition

Figure 6-1 The test bench at the laboratory. On the left is the digital analyzer. The computer in the middle is the LabView
computer. In the cardboard box to the right are the PCBs and the photo sensor circuit. On the shelf there are two power
supplies. The photo is taken during testing of the digital signals.

The photo sensor is implemented on a chip measuring 3 mm x 3 mm. It has been bonded to a 68 pin
package. The package has been mounted on a printed circuit board (PCB), where the power, biasing
and signal lines are routed out to pins and contacts. 18 digital signals are needed to operate the
photo sensor. In addition, some power and analog current and voltage biasing is necessary. The
digital signals are provided by an FPGA. Analog and digital power is provided by a standard power
supply, while biasing voltages and currents are provided by a LabView computer. The output voltages
are fed into the LabView computer for analog to digital conversion and further processing and
visualisation of the results.

Some of the hardware used to test the photo sensor is listed in Table 6-1. The modules from National
Instruments are put into the LabView computer. In addition there are some small IC packages and
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PCBs, as well as the power supplies. Photos of the test environment are shown in figures Figure 6-1,
Figure 6-2 and Figure 6-3. Schematics and layout of the custom made PCB are shown in Appendix B.

== N\

Figure 6-2 The PCBs and the photo sensor circuit. On the left is the custom
sensor is covered by a lid with a white sticker. The grey cables are connected to the digital analyzer for debugging. The
two PCBs on the right (one mounted on top of the other) contain the FPGA which controls the digital biasing signals to

;de PCB with the photo sensor circuit. The

the photo sensor.

i
g
)
|
i

Figure 6-3 The custom made PCB with the photo sensor circuit in the middle. The three BNC contacts on the bottom left

are the output signal contacts and the trigger contact.
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In this chapter the words “runs” and “frames” are used. The word “frame” refers to one round of
reset, exposure and readout of the sensor. There may be several frames in one run, but within one
run all biasing is held constant.

The initial test bench software was made simple with one frame per run and manual trigging for each
run. When the initial testing is ok and results look good, the plan is to expand the test bench to make
it possible to run more frames and calculate average values and standard deviations, among other
things.

Hardware description Manufacturer Model

PCB, custom made

Analog output National Instruments NI 6707
Digitizer National Instruments NI 5122
FPGA card Memec Design Spartan 3 LC
FPGA header card Memec Design P160

Table 6-1 Data Acquisition hardware
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6.2 Biasing

To operate the circuit, several digital signals are required, in addition to power and biasing voltages
and currents. The signals are listed in Table 6-2.

Digital signal type | Receiver of the signal Description

D_CS DI Column shift.reg. D signal for flip-flop

CLK_CS DI Column shift.reg. CLK signal for flip-flop

RN_CS DI Column shift.reg. Reset of flip-flop

D_RS DI Row shift.reg. D signal for flip-flop

CLK_RS DI Row shift.reg. CLK signal for flip-flop

RN_RS DI Row shift.reg. Reset of flip-flop

RS_x DI Row_Select Select row of pixels for sampling

Reset_x DI Row_Select Reset row of pixels

VIX_X DI Row_Select Transfer charge to floating diffusion

C2 DI Output opamp Whether to use output buffer or not

Co DI Output switch Switching between capacitor matrix output lines

Cl DI Output switch “

CSsC DI Capacitor matrix Closing switch between storage capacitors

Sample_signal DI Capacitor matrix Store pixel output on ‘signal capacitor’

Sample_reset DI Capacitor matrix Store pixel output on ‘reset capacitor’

CS_x DI Col_select — cap.matrix | Putting stored values from one column on the
capacitor matrix output line

LED_on DI LED LED switch

Set_VM DI External switch Puts analog voltage on output pad (M1, M2)

VCC5V Pl Pixels Analog power 5V

VSS Pl Digital circuitry Digital ground

VDD Pl Digital circuitry Digital power 3.3 V

VDD3ALLP Pl Pad ring Pad ring power 3.3V

GNDSALLP Pl Pad ring Pad ring ground

AVSS Pl Pixels Analog ground

AVCC_5V Pl Digital circuitry Digital power 5V

g1 Cc Pixels, source follower Bias current

g2 C Pixels, source follower “

g3 C Pixels, source follower “

g4 C Pixels, source follower “

Vieset Al/PI | Pixels Pixel reset voltage supply

Vpg Al Pixels Biasing of the photo gate

Reset_default Al Row_select - pixels Low potential of the reset transistor gate

Reset_pulse Al Row_select — pixels High potential of the reset transistor gate

Vix_default Al Row_select — pixels Low potential of the transfer gate

Vitx_pulse Al Row_select — pixels High potential of the transfer gate

Vu Al Output lines Biasing of the capacitor matrix

M2 AO | Output, signal values

M1 AO | Output, reset values

Table 6-2 Biasing. Digital input signals (DI) , power (Pl), currents (C), analog voltage inputs (Al), analog voltage output

(AO).
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6.2.1 Analog biasing

6.2.1.1 Vreset

When Reset is high, the photo diode is coupled through the reset transistor to Vreset, which with
soft reset is 5V. Vreset is coupled so that it is possible to change the voltage both between and
during runs. This makes it possible to test the circuit with soft, hard and flush reset. With flush reset
Vreset changes from a low to a high voltage during reset.

6.2.1.2 Vm

The V), signal was added during testing of the circuit when it was discovered that the capacitor
matrix was not biased correctly. Vy functions as a virtual ground for the storage capacitors during
sampling. The details about the V), signal are presented in chapter 7.3.1.

6.2.1.3 Vpg

The photo gate pixels draw light induced electrons to the surface by adding a positive voltage Vps to
the photo gate. The performance of the pixel varies with variations in Vps. According to the literature,
low Vp voltages (e.g. slightly above 0 V)are good for the sensitivity of the pixel, while higher Vpg
voltages (e.g. 3 V) give better dynamic range (27).

6.2.14 Ip

The source follower amplifiers in the pixels are not complete without a current source. This is fed to
the pixel through the current mirrors. The bias current for the current mirrors is delivered by the
LabView computer. The default bias current is 25 pA.

6.2.1.5 Vrx and the pinning voltage

The pinning voltage of the 4T pixels is fed to the buried diode through the transfer gate transistor.
Thus Vreset, the voltage fed to the gate of the transistor and the reset time all contribute to the final
voltage over the buried diode.

6.2.2 Timing - digital biasing

There are essentially three procedures happening in sequence during testing. Before exposure, the
pixels and shift registers need to be reset (global reset procedure). Then there is the exposure, during
which the photo sensor is exposed to light. After exposure it is time for readout. Detailed timing
diagrams can be found in Appendix C.

The timing is different for 3T and 4T pixels, as explained in chapter 2.3.2.2. Therefore only one type
of pixels can be tested at a time.

During global reset, if 3T pixels are to be tested, the photo diodes are reset according to the reset

type used after exposure. If the pixel is going to be reset with hard reset at 4 V, the global reset of
the pixels is also 4 V. 4T pixels need two different types of reset, as described in chapter 4.5.6.
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6.3 Exposure

The photo sensor is to be tested with a light emitting diode (LED). The intensity of the emitted light is
determined by the current through the LED, which can be controlled. The exposure time is also
controlled, so the total amount of light can be decided. The LED is the same as the one used in the I-
Imas$ project. Some key features are listed in Table 6-3.

The green LED was chosen because it emulates the scintillator of choice (the Csl(Tl) scintillator
described in chapter 2.1.2). Light absorption in the silicon wafer with respect to depth is shown for
several wavelengths in Figure 6-4. The topmost area of the wafer, to the left of the first vertical
dashed line in Figure 6-4, absorbs mostly blue light. The middle area down to 1.5 um absorbs mostly
green light, and deeper down red light is best absorbed. The junction depth of the n-well diodes in
the pixels is 2.0 um, and as the figure shows, wavelengths at about 550 um (green) are absorbed well
at this depth, although it is more common to collect electrons induced from red light at this
depth(13).

Manufacturer Philips Lumileds Lighting Company
Model Luxeon Emitter

Colour Green

Wavelength 520-550 nm, typically 530 nm.
Forward voltage 2.70V —-3.99V, typically 3.42 V
DC forward current Ca 100 mA - 350 mA

Table 6-3 LED specifications

4.5 .

41 400 nm solid T

25f 450 nm dashed 7

absorption per unit depth

1.5F sl 500 nm dotted B

550 nm dash—dlot B

: 600 nm thin
650 nm gray

0
0 0.5 1 1.5 2 25 3 3.5 4

depth, microns

Figure 6-4 Absorption depth in silicon for various wavelengths (28). The areas separated by vertical dashed lines indicate
the depths at which it is optimal to measure blue, green and red light respectively.

63



6.4 Readout

The double output line from the circuit is connected via two BNC contacts on the PCB to the digitizer
in the LabView computer. The two values are read out simultaneously by a sample-and-hold circuit in
the digitizer. The output values are kept on the line for 1 us before they are sampled. This is because
of the unknown time constant of the contacts and cables.

6.5 Testruns

This section describes how the new photo sensor is to be tested. Unless otherwise is stated, the tests
are to be performed on all types of pixels. This means that two different runs have to be done, one
for 3T and one for 4T and PG pixels, with everything else held constant. These runs are denoted as 3T
and 4T runs. Optimal usage of the LED is assumed, so that the linear range of the LED corresponds to
the linear output range of the pixels. This can be achieved through calibration and pulse width
modulation of the LED.

Most of these tests have not been performed due to problems with the initial test. However, the
tests are described the way they were meant to be done. The descriptions are also meant to be a
guide to whoever might continue the work on testing the circuit.

6.5.1 Does everything work?

The first test is to couple everything together and run two frames with different light exposure to
look at the result. Light differences can be made by switching off all lights in the room and then add
some light for the second run. This initial testing is done with 3T runs. The outputs are expected to
vary with varying light intensity. Furthermore, differences between different pixel architectures are
expected, especially between 3T and 4T/PG pixels because the 4T pixels are not tested appropriately.
What is read out from the 4T pixels during 3T runs is the collected charge in the floating diffusion.
Also differences are expected in the area where some pixels are totally covered with metal while
others are uncovered.

6.5.2 Calibration of the pixels

When the initial testing is done, it is time to attach the LED. The LED will need to be calibrated and
adjusted in order to give a linear response in the sensitivity range of the pixels. When this is done,
the pixels can be calibrated. During calibration, standard settings are used with respect to exposure
time, reset values, I etc. The brightness of the LED is stepped from very low to above the saturation
points of the pixels, and noise floor and saturation points for all pixels are recorded. The actual
amount of photons hitting the pixels during this testing is unknown, but some calculations have been
done, and the results from this testing are to be compared to the calculations.

6.5.3 Pixel response

The LED brightness is stepped from the noise floor to the saturation point, and there are many
frames per run. This way the average output values and standard deviations of the pixels can be
calculated for each brightness step. Variations in one pixel between frames are expected, and say
something about the noise level.
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The average output values are expected to increase with increasing light intensity. Pixels with small
photo diode are expected to saturate at lower light intensities than pixels with larger photo diodes.
The noise floor of 4T and PG pixels may vary from that of 3T pixels because of the extra electronics
and the processing of the signal within the pixels.

Between the noise floor and saturation point, the pixel responses are supposed to be linear.

The sensitivity of the pixels can be tested by comparing the output voltage of the pixels somewhere
in the middle of the linear output range of the pixels. This will only be valid for pixels with similar
noise floors. If the noise floors vary a lot, this must be compensated for. Alternatively, 4T pixels can
be compared only to other 4T pixels. Comparison between 3T and 4T pixels can still be done based
on these and other results.

6.5.4 Image lag

In the pixel response test the brightness of the LED is stepped between runs, and for each step many
frames are taken. Since all frames in a run are done with the same brightness, the reset values from
the previous frame vary very little. This reset value is the initial value for the next exposure.

Image lag is tested by performing the pixel response test with a twist. Instead of many frames with
the same light exposure in a row, the brightness is varied between all frames. Still the results from
frames with the same brightness are added to calculate the average outputs and standard
deviations. This way, different reset values from the previous exposures affect the signal values from
the present exposure.

Average values are expected not to differ from the pixel response test. This is true when the pixels
are in the middle of the linear range. At low brightness, averages are expected to diverge more from
those from the pixel response test, because previous exposures are mostly brighter than the present
exposure. The same effect is expected with results from high brightness.

The standard deviations are also expected to be larger because of the non-uniform initial values. The
average values and standard deviations from this test, compared to those from the pixel response
test will say something about the image lag in the pixels.

6.5.5 Reset
Pixel response and image lag is to be tested for all three types of reset.

With hard reset, Vreset is lower than with soft reset. Vreset must be lower than the Reset signal
voltage on the reset transistor gate, minus the gate-source threshold voltage of the transistor. Thus
the optimal Vreset voltage for hard reset is believed to be around 4.2 V. Pixel response and image lag
from a few pixels should be tested with different Vreset voltages in order to find one or two values
for testing of all the pixels. Image lag is expected to be smaller with hard reset than with soft reset,
but the dynamic range also shrinks.

With flush reset, Vreset is first held at a low voltage before it is switched to the actual reset voltage
(e.g. 5 V). During calibration a few pixels should be tested with respect to image lag with the initial
low reset voltage varying with respect to voltage value and duration. Flush reset is expected to
diminish the image lag.
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6.5.6 Bias current

Testing of the I-ImaS circuit revealed that variations of the bias current had little effect on the
performance of the sensor with respect to sensitivity and noise. The dynamic range was not tested
with respect to bias current, however, and as mentioned in chapter 4.5.2, the voltage over the
current mirror adds to the saturation voltage of the source follower transistor.

This test is initiated by measuring the voltage over the current mirror directly with a voltmeter. If
there is a significant voltage variation, the outputs are recorded with respect to bias current. If the
voltage over the current mirror changes significantly with varying bias current, the dynamic range of
the pixels are to be tested with the most promising bias current. Then, if the dynamic range has
improved, the other tests must be run again with the new bias current.

6.5.7 Pinning voltage - 4T pixels

To calculate the pinning voltage, information about doping concentrations is needed. This is not
disclosed by the manufacturer. To find the most optimal reset voltage for the 4T pixels, the reset
voltage Vreset is to be varied while the transfer gate is kept open during reset of the diode. For each
step, a few 4T pixels are tested with respect to dynamic range, linearity and sensitivity. When the
most optimal reset voltage has been found, conclusions must be made as to whether the 4T pixels
can compete with the 3T pixels. If so, the 4T pixels are to be tested the same way as the 3T pixels. If
not, further research is required, and improved versions of the 4T pixels need to be implemented.

6.5.8 Photo gate voltage Vpg

The photo gate (PG) pixels need to be calibrated with respect to the photo gate voltage Vps. As
mentioned earlier, a low voltage is good for the sensitivity of the pixel, while a high voltage gives a
better dynamic range. Thus, Vps must be stepped, and a few PG pixels tested for dynamic range. The
dynamic range of the PG pixels can be compared to that of the standard 3T pixel. The standard 3T
pixel has a calculated sensitivity range which is close to optimal for mammography calculations. The
PG pixels therefore need to be sensitive over the same range. The Vs of choice is the one which
gives the best sensitivity, while at the same time keeping full dynamic range. When this voltage is
found, the PG pixels are to be tested the same way as the 3T pixels.

6.5.9 Different light sources.

The pixels are tested with a green LED because this emulates the most widely used scintillator. The n-
well depth of 2.0 um is more commonly used for detecting red light, however, and it would be
interesting to see how the circuit responds to red light. The n-diff pixels, 4T pixels and PG pixels
might respond better to blue light because they collect charge close to the surface.
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6.6 Comparisons between pixels

When the test runs are done, it is time to analyze the test results.

6.6.1 Dynamic range

Noise floor and saturation point is measured for all pixels. Measured saturation points are to be
compared to the saturations points calculated for 3T pixels. Between the noise floor and the
saturation points the output values of the pixels are expected to be close to linear with respect to the
brightness of the LED.

The noise floor is expected not to vary much between pixels. Variations in noise floor must be
compensated for when measuring the pixel sensitivity.

6.6.2 Diode size, sensitivity

The 3T pixels are to be compared with respect to diode size, and so are the 4T pixels. The standard
pixel is to be compared to the equivalent pixel from the I-ImaS test pixels. This is the pixel with the -2
diode and source follower width 2 um, denoted as pixel 9 in Figure 3-5. Similarly pix_3T_98 SF w8 is
to be compared to the I-ImaS standard pixel. The I-ImaS pixels are expected to yield better results,
because of the better fill factor.

6.6.3 Source follower size

Some pixels have been implemented with varying source follower size. These are to be tested with
respect to sensitivity and dynamic range. The results from testing the I-ImaS circuit indicate that
small source followers are more optimal for the pixels than large ones. It is also interesting to see
whether the bias current I influences on these results.

6.6.4 Influence between pixels

Influence between pixels is to be tested the same way as it was tested in the I-ImaS project. Since the
pixels in the new photo sensor circuit are not totally covered with metal, as described in chapter
5.4.3.9, the zero value must be defined differently. This is because some light is expected to hit the
covered pixels through the holes in the metal. One solution is to denote the output value from a
covered pixel with covered neighbours — exposed to the same light as the rest of the pixels - as the
zero value. Because of the issue of the zero value, comparing these results with those from the I-
Imas test pixels might be difficult.

6.6.5 Fixed pattern noise
Differences in average output values between equal pixels with equal surroundings are mainly due to

fixed pattern noise. These differences must be measured and compensated for in an image sensor
system.
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6.6.6 Partly covered pixels

The photo diode collects electrons induced in peripheral parts of the pixel, and even in neighbouring
pixels. The partly covered pixels will have most of their light induced electrons in a specific distance
to the diode. The size of the ring shaped hole in the metal and its distance to the diode together with
the response of the pixel, will say something about the diffusion of electrons and the electron
collecting ability of the pixel. The zero is the same as described in chapter 6.6.4.

6.6.7 Pixels with holes

The pixels with holes are to be compared with their counterparts without holes with respect to
sensitivity and dynamic range. The diodes with holes are expected to be at least as sensitive as their
counterparts without holes. It is interesting to see if the diodes with large holes will be more
sensitive than the ones with small holes. If so, it can be concluded that the large holes (7.29 pm?) are
depleted during exposure.
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7 Test results and troubleshooting

7.1 Chronicle

This chapter describes the testing and debugging of the photo sensor circuit and its test
environment. In this first section the timing of the testing and debugging is listed. The details of the
testing are presented in the rest of the chapter.

March-May 2008 — Setting up the test environment

Early June 2008 — Initial testing and work on the capacitor matrix
Mid-June — LED calibration

Late June - termination

7.2 Setting up the test environment

Tapeout for the photo sensor circuit was 3 December 2007, and in early March the circuit was ready.
Morten Berg (WarmSystems) agreed to set up the test environment with an FPGA generating the
digital signals and a LabView environment for analog biasing and readout. My fellow student Kjetil B.
Stiansen constructed the printed circuit board on which to mount the IC which also contained his
master thesis circuit. The process took more time than expected; more than two months later the
test environment was ready.

The initial setup was simple, and plans were to expand it when it was clear that the circuit and the
test bench were working correctly. One frame is run when the LabView program has been set to wait
for trigger and a button is pushed on the PCB. The resulting graphs show the voltage result from
subtracting the signal and reset outputs from the circuit. An example is shown in Figure 7-1.

7.3 Testing

The initial testing was done without the LED, using what light was in the room. Darkness was made
by covering the circuit with its own lid, switching all lights off and covering the monitor of the
LabView computer. The monitor could not be switched off, because of the initial test bench with
manual onscreen trigging as explained above. There was also some untimely trigging, due to the
layout of the PCB. The BNC contacts on the board were placed too close to one another, and the
untimely trigging is believed to be due to small movements causing friction and noise.
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The first test results showed that something was wrong. There was a lot of noise in the readout
graphs, and no variation with varying light intensity. Two of the first resulting graphs are shown in
Figure 7-1 and Figure 7-2. Nothing is changed in the setup between the two runs. The circuit is
exposed to the normal light in the room, fluorescent light from the ceiling.

The x-axis label (Time) in the LabView diagrams is wrong. It is supposed to be pixel number. There
are two graphs because there are two identical pixel matrices. The numbering of pixels is illustrated
in Figure 7-3.

The values are centered around 0.52 V in both diagrams, but the amount of noise varies greatly. 0.52
V is a good value, because we expect variations between reset and signal values to lie between 0 and
2 V.

As shown in Figure 7-1 and Figure 7-2, the output values from the pixels are close to equal except for
the spikes and noise. The noise is believed to originate from noise from the fluorescent light, and no
effort has been made to minimize it. More variation was expected between the pixel outputs. As
shown in Figure 7-3, the pixels numbered from 0 to 319 are partly covered with metal. These were
expected to give more up-and-down outputs when exposed to bright light. There are also 4T and PG
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pixels which are not read out correctly. What is read out from these pixels is the voltage value from
the floating diffusion. The 3T pixels were expected to vary more with respect to different diode and
SF sizes.

Since the output values were almost the same, one theory evolved, that it was in fact the same value
that was read out repeatedly. Consequently a digital analyzer was added, and the digital input signals
were checked for errors in switching between pixels during readout. The digital signals looked ok.

The analog biasing was also checked and found satisfactory.
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Closer looks at the circuit schematics revealed a flaw at the output stage. The capacitor matrix was
not biased properly. The I-ImaS circuit had an amplifier stage which delivered a bias voltage to the
capacitor matrix, as shown in Figure 7-4. The bias voltage V), is fed to the capacitor matrix as a virtual
ground in order to keep it stable during sampling. Simplified schematics of a part of the capacitor

7.3.1 Biasing of the capacitor matrix

matrix is shown in Figure 7-5.

To create a stable environment for the capacitors during sampling, a biasing entity was constructed
using two switches and a bias voltage Vy, from the LabView system. This biasing circuitry is shown in
Figure 7-7. A change in the FPGA programming for the switching signals C1 and C2 was also called for,
to switch the new bias voltage V), into all readout channels. The switching of the capacitor matrix

also needed a small upgrade, and is now switched as shown in Figure 7-6.
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Figure 7-5 Part of capacitor matrix. This circuit is described in chapter 5.5.3.



Test results and troubleshooting

7.3 - Testing
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Figure 7-6 Simplified timing diagram for capacitor matrix. Signal and reset values are sampled, while the biasing voltage
on the ouput is switched to the output nodes. CSC is closed during readout from the capacitor matrix.
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Figure 7-7 Biasing of the output stage. The switches on the left are integrated in the circuit and are described in chapter
5.5.1. Here four channels are read out simultaneously, and are switched to the output line. The switches on the right are
added to feed the biasing voltage VM to the capacitor matrix during sampling. For this biasing to work, the opamp
buffers are bypassed during sampling. M1 and M2 are the output nodes (pads).

The output results did not improve after this upgrade, and we took a closer look at the new readout
stage. What was currently being read out, was the floating voltage over a series capacitor consisting
of W4, CSC and W5, referring to Figure 7-6. A slightly different variant was tested, where one of the
biasing voltages was kept stable so that the bias voltage was read out from the reset line, acting as
analog ground for the previously mentioned series capacitor. To keep a bias voltage on the
capacitors during readout, the opamp buffers must be omitted during readout as well as during
sampling.

The stored voltages on the capacitor after sampling are now Veapsig = Vm-Vsig and Veapres = Viv-Vies,
where Ve,psig is the voltage over the signal storage capacitor, Ve, is the voltage over the reset
storage capacitor, Vg is the signal value from the pixel, V.., is the reset voltage from the pixel, and Vy
is the output bias voltage. When CSC closes, the capacitor voltages change in opposite directions so
that the difference between the output voltages equals the difference between Vg, and V., with Vy
as the middle value. When the reset output is forced to the V), voltage, only half of the initial value is
read out. Still, if this setup can give some valid outputs, it is better than anything that has been
achieved so far.

More tests were run, but the results were the same.
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7.3.2 Light Emitting Diode

The first two weeks of June passed before a new idea struck. What if the darkness exposed to the
circuit was not dark enough? The circuit has been testet with normal brightness of the room, and in
darkness made by switcing all lights off and covering the computer monitor. There was still light from
the monitor and from LEDs on the PCBs. Could it be that this light was enough to saturate the pixels?
If the source followers in all pixels were switched off, this could explain the lack of variation is the
pixel outputs.

In order to control the light conditions for the circuit, the LED used to test the I-ImaS circuit was put
in a box and placed on top of the sensor, padding the opening with felt to keep all other light out.
The LED is described in chapter 6.3.

The datasheet for the LED describes what currents and voltages are suitable for the LED, as shown in
Figure 7-8. Calibration of the LED confirms this. The relationship between voltage and current is close
to linear in the operating range. Performance of the LED is not guaranteed outside the scope
presented in the figure. The brightness of the LED is proportional to the current.
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Figure 7-8 Current and voltage specifications for the LED

The circuit was tested with varying brightness. In the operating range of the LED the pixels saturate.
For very small LED currents, however there is a close to linear relationship between LED current and
the voltage output from the circuit, as shown in Figure 7-9. The voltage output numbers were read
from the resulting graphs on the computer screen, an example is shown in Figure 7-10.

As Figure 7-9 shows, the output value increases as the current decreases. This is unexpected. With no
light, the reset and signal values in the pixel are close to equal, and the difference should be small.
The calculated voltage output is Vou = Viu-(Viut %a(Vieser Vsignal)) == 72 (Vreset- Vsignat), Which is a positive
value and should decrease as the brightness decreases. These results might be due to bugs in the
LabView system where subtraction is done, or misunderstandings between myself and Morten Berg
who implemented it. The LED being operated far from its operating range might have something to
do with it. Still there seems to be some photosensitive response from the circuit, which is uplifting.
As shown in Figure 7-10, the output values from all the pixels are still close to equal.
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Test results and troubleshooting
7.3 - Testing

Voltage output vs LED current
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Figure 7-9 Output voltage values vs LED current
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Figure 7-10 Voltage output from the pixels with LED current 0.6 mA.

Figure 7-9 shows that the sensitivity range of the circuit corresponds to LED currents of about 1 mA,
while the operating range of the LED is 100-350 mA. The performance of the LED is not guaranteed
by the manufacturer when operated with smaller currents. There are several solutions to this
problem. The LED can be operated with pulse-width modulation, or it can be covered with a semi-
opaque substance. It can also be operated as it is with small currents and uncertain performance.

The first option would be the most desirable because the use of the LED can be documented. The
manufacturer also recommends this approach for lower light. The drawback is that a pulse-width
modulation must be implemented in the VHDL code for the FPGA by Morten Berg, who was on
vacation at the time when this problem occured.
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7.4 Conclusion

Test results have shown that the circuit is photo sensitive. Further testing should include pulse-width
modulation of the LED in order to expose the photo sensor to light brightness in its sensitive range.
The LabView program should also be checked for bugs in the subtraction of reset and signal values.

The LabView graphs show that there is little variation between pixels. There might still be issues with
the biasing of the circuit, digital or analog, or even with the circuit itself. One theory is that the same
value is read out 2048 times for each run. If so, the question is why this is happening. From testing of
the I-Ima$S sensor circuit, it is known that the electronic modules and the 3T pixel electronics are
working properly. But there may be issues with the routing.

With July approaching and the deadline of the master thesis (1 August) closing in, | found it necessary
to finish the debugging and come to a conclusion.
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8.2 - The size of the photo diode

8 Conclusions

8.1 Introduction

Test pixels have been implemented in the AMS 0.35 um opto process. The pixels are 32 pm x 32 um.
The first set of test pixels (from the I-ImaS project) have been tested. They consist of 3T pixels with
variations in photo diode size, source follower size, and metal covering. Other variations were made
as well, but these have not been tested explicitly. These test pixels were implemented by research
scientists at SINTEF, and the work on this thesis began with the testing of the sensor.

Testing of the second set of test pixels did not give the expected results, and more work is needed
before they can be tested further. 3T pixels are implemented with variations due to new calculations
and test results from the first set of test pixels. In addition 4T and PG pixels are implemented. New
3T and 4T architectures are also implemented, with holes in the n-well diodes. Photo diode size,
source follower and metal covering are varied in this test structure as well as the previous one. Other
variations are also made for exploratory reasons.

The conclusions given in this chapter are based on one process and with a certain pixel size and a
given architecture of electronics and metal routing of the pixels. Caution must therefore be taken
when applying the results to other processes or architectures. Despite the application specific nature
of this research, however, it contributes to the understanding of the behaviour of pixels for low light
applications in general. In particular it is meant to add to the improvement of digital mammography.

8.2 The size of the photo diode

The photo diode works as a capacitor on which the light induced electrons can be stored. Thus, the
photo diode must be large enough to contain the maximum amount of charge. Measurements also
show that the amount of collected charge increases when the size of the diode increases. This is due
to the light induced charge diffusing through the wafer outside the photo diode. Thus, one should
think that the optimal photo diode is a large one. However, the capacitance of the diode also
increases with the size of the diode, with a different gradient than the collected charge. This causes
the charge-to-voltage conversion function V=Q/C to have a top point at a certain diode size with
respect to sensitivity. The top point indicates the most sensitive pixel architecture. The variation
between the two functions is believed to be due to simple geometry rules. The capacitance is
dependent on the area and perimeter of the diode, while the collection of electrons is dependent on
the radius, as described in chapter 3.3.1.

According to calculations, a photo diode of about 46 um? is optimal for the pixel geometry in this
thesis and with the current mammography specifications (such as the number of photons per
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square). Measurements also show that the pixels containing such photo diodes provide a good
sensitivity.

8.3 The source follower

The source follower amplifier is a part of the electronics of the pixel. When it increases in size, the fill
factor of the pixel decreases. The gate capacitance of the source follower also increases with the size
of the transistor, and adds to the capacitance of the sensing node of the pixel.

Test results show that small source followers give more sensitive pixels than large source followers.
This can be due to the increased fill factor in the pixel, but more likely because of the smaller gate
capacitance contributing to a better charge-to-voltage conversion.

8.4 Influence between pixels

Neighbour influence is 10 % between two pixels. This means that a pixel exposed to no light but with
one neighbouring pixel exposed to full light, can give an output of 10 % of its maximum output
because of light reflection and electron diffusion between the two pixels. A pixel surrounded by
uncovered pixels can therefore give an output of up to 40 % of its maximum value even if it is not
exposed to light. The test results also showed the opposite, that uncovered pixels gave smaller
outputs when surrounded by covered pixels than when their neighbours were exposed to the same
light.

Neighbour influence reduces the sharpness (acutance) of the image. Sharp edges in the image
become blurred because dark pixels situated close to a bright pixel collect some of the light induced
charge from the bright pixel. In addition some of the light itself may bounce off the metal in the
bright pixel and hit dark pixels nearby directly.

8.5 The new photo sensor circuit

The new photo sensor circuit was created to do further research on pixel architectures for
mammography applications. The variations made in the I-ImaS test pixel structure were repeated.
The electronics and metal differ between the two test structures. It would therefore be interesting to
see how this would affect the performance of the pixels. The variations in diode size and source
follower size were altered in accordance with test results from the I-ImaS project and new
calculations. The new standard pixel contains a smaller photo diode and a smaller source follower
than the standard pixel from the I-ImasS circuit.

In addition some new pixel architectures were added. According to the literature, both photo gate
pixels and 4T pixels are good choices for low light applications. For this reason these pixel
architectures were added for comparison. Also some of the 3T and 4T pixels were made with holes in
the n-well diodes in order to decrease the area of the diode without decreasing the perimeter and
radius of the diode. This is believed to decrease the capacitance of the diode without decreasing the
collection of electrons, and hence give a better charge-to-voltage conversion due to the function

Vv=Q/C.
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8.5.1 Testing of the new photo sensor circuit

The new photo sensor circuit shows some promising features. It is photo sensitive with a linear
characteristic with respect to light intensity. However, there seems to be no significant variation
between the pixels. Variation between the pixels with respect to output values were expected due to
variations in architecture and metal covering.

The sampling and readout circuitry (capacitor matrix) has been improved as a means to overcome
this obstacle, but with no apparent improvement of the performance of the circuit. A theory is that
the same value is read out from the circuit 2048 times. This can be due to flaws in the switching
circuitry in the sensor itself.

The parts of the circuit copied from the I-lma$S sensor are known to function properly. The potential
problem areas are therefore constricted to the routing between these modules, the way they are
coupled together or the biasing or readout of the circuit.

8.6 Further work

8.6.1 Motivation for further work

Digital mammography is slowly taking over for the analog mammography technology. There are still
issues about the digital technology, both with the radiation doses exposed to the patient, and to
whether the digital technology is as good as the analog counterpart at detecting breast cancer. All
the parts of the digital technology are up for improvements, including the sensors. Improving the
photo sensors leads to a better overall performance of the digital system. The goal is to make digital
technology as good as, or better than, the analog technology in detecting breast cancer, and at the
same time reduce the radiation exposed to the patient.

8.6.2 Testing of the new test pixels

The photo sensor circuit has still not been tested successfully. In order to do so, more tests are
needed to locate the error, which may be in the circuit itself or in the test environment hardware or
software.

If the new photo sensor circuit and its test environment can be made to work properly, the next step
is to do the testing described in chapters 6.5 and 6.6. Alternatively a new circuit can be made with
improved readout circuitry, preferably with direct readout of the sample and reset values without
on-chip storage.

8.6.3 Pixel architectures

A small number of pixel architectures have been implemented so far in this research. Much more
exploratory research can be done to contribute to the general understanding of pixels.

8.6.3.1 Pixel size

The pixel size is an important feature of an image sensor. The pixel size in this research has been
fixed, but there are many things to learn from varying the pixel size. Larger pixels will lead to less
neighbour influence, but also to less collection of charge if the diode size is unchanged. Both the
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neighbour influence and the collection of electrons depend on the size of the photo diode. Two
important questions are if there is an optimal pixel size for a specific application, and how the
optimal size of the photo diode varies with the pixel size.

8.6.3.2 Pixels with holes

When the optimal diode size (without holes) has been found, and the maximum hole size has been
identified further research is suggested: The initial optimal pixel should be compared with an almost
identical pixel, where the diode has the same area, only with one or more holes, so that the radius
and outer perimeter are made larger. It will be interesting to see if the latter pixel is more sensitive
than the former. This is expected because the radius of the diode is increased while the area is the
same.

8.6.4 Keep up to date

The technology for digital mammography is constantly developing. This means that the fundamentals
for pixel development may change. The maximum amount of radiation per square is one thing that
may vary. As technology improves, the required pixel size may also change. It is vital for the overall
improvement of digital technology that one keeps up to date so that one does not try to solve
yesterday’s problems but focuses on tomorrow.
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Appendix A Schematics
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The 4T pixel diode is made up of two diodes in the schematics. One n-well/p-sub diode and one p-diff/n-well diode.
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The sensing node of the pixel consists of a polysilicon gate to which there is no reference in the schematics.
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The signal and reset values are stored on two different capacitors shown in the figure. The switches are implemented as

transmission gates. COL_O is the output line from the pixels in column 0, and CS_0 is the signal line from the column
select circuit.
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Current mirror

s

The current mirror has 16 output currents. The two bottommost transistors in the schematics are dummy transistors.



Appendix B Printed circuit board schematics and layout

Pinout to the PCB and power switching
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Pinout and power switcning on the PCB. The ADC and F signals are irrelevant. The signals relevant to the photo sensor
are the ones on the right, the power lines on the top and the IB lines on the left.
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Routing of the PCB
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Layout of the PCB
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Appendix C - Timing diagrams

Appendix C Timing diagrams

The timing diagrams shown in this appendix are for illustration only. The y-axis is not valid, and all
digital signals shown are 3.3 V logic.

Global reset
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Timing diagram for global reset. The top two rows are the reset signals for the shift registers for Row Select (RS) and
Column Select. The shift registers are reset to 0 both before and after the global reset.. The third row shows the D-signal
into the first flip-flop in the Row Select circuit. It is kept high while the RS clock (fourth row) is ticked 32 times to enable
all rows. When all rows are enabled, the reset_x goes high and resets all the pixels. For the sake of resetting the 4T
pixels, Vtx_x also goes high. When 4T pixels are to be tested, the Vreset voltage is altered to adjust the pinning voltage of
the buried photo diode. When all rows are reset, the shift registers are reset to 0 once more so that no rows are enabled.
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3T readout

1.0v
0.5V

0.0v
10v _ V(reset_x)
2 ) 1
0.0V —
10V B V(sample_signal) V(sample_reset) -
=il L
0.0v
1.0v - —
w10 il
0.0v
1oV V(cO_sw_sig) V(cO_sw_rst) V(c1l_sw_sig) V(cl_sw_rst) )
oo [ILl LI
0.0v
Lov _ V(c0) _ V(cl)
oo I LT LT T T PO T T T T
0.0v ‘
Lov V(clk_cs)
o Lo I . - ||
0.0v
1oV V(csc) V(es_x)
- 1t rrrererrrrrrrr
0.0v

V(read_channel h V(read_channel2 V(read_channel3)
0.5V

. O T T T T T

Ous 8us 16ps 24ps 32ps 40us 48us 56ps 64pus 72ps 80us
Timing diagram for readout of 3T pixels. The diagram shows the readout of one row plus storing of the values from the
second row on the capacitor matrix. This diagram was made for illustration purposes to Morten Berg who made the
programming file for the FPGA. Variation from these signals to the actual signals is small. The y-axis is not valid, all
signals are low at 0 V and high at 3.3 V.

V(rs_x1) V(rs_x2)

The top row shows the clock for the Row Select circuit. It goes high whenever a new row is to be selected. During one
readout it goes high 32 times, two of which are shown here.

The second row shows the reset signal, which goes directly into the pixels in the selected row.

Next the sample_signal and sample_reset signals are shown. They control that the signal and reset values are stored on
separate capacitors.

The row select signal RS opens the row select transistor in the pixel so that the voltage value on the sensing node can be
stored in the capacitor matrix. (RS is only one signal, but was simulated as two signals because of limitations in the spice
program)

The fifth row shows switching of the 4:1 multiplexers, who make sure that the capacitors are biased correctly during
sampling. At this stage a bias voltage is presented at the output, which must be switched into all the capacitor matrix
output lines. (The blue graphs are C0, and red C1.)

The next row shows switching of the same signals during readout from the capacitor matrix. This time the bias voltage is
switched off, so that the switches are operated as readout switches only.

The seventh row illustrates the clock signal to the Column Select circuit. As shown, it goes high sixteen times during the
readout of one row, reading out all 16 pixels in one channel. Thus, the stored values from four pixels are read out of the
capacitor matrices at a time, two from each pixel matrix.

The CS and CSC signals are equal, meaning that whenever a value is read out from the capacitor matrix, the switch
between the two signal and reset storage capacitors is closed, so that the differential voltage is read out.

The bottommost row shows how the different channels are read out. These signals are not presented to the circuit, but
are used by the LabView system for sampling of the analog output values of the circuit.
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Appendix D Conference paper

Optical Test Pixels Implemented in a Standard
CMOS technology

K. H. Lgkken, and J.M. @stby

Abstract—The performances of optical pixels are
not well modeled in standard tools used by ASIC
designers. Hence, empirical knowledge based on a
library of implemented and measured pixels is
necessary. Such basis is especially important when
designing for high sensitivity for weak signals. An
optimal design should collect sufficient charge; have a
good charge to voltage conversion ratio and low noise
and leakage current. As a partner in a European
project SINTEF implemented a front end circuit
containing 520 x 40 pixels, amplifiers and ADCs. As
an additional add-on some test pixels where included
to get more empirical expertise on the performance of
different pixel architectures. This paper will report on
the test pixels only and ignore the main purpose and
application of the chip.

Index Terms—APS (Active Pixel Sensors), ASIC
(Application Specific Integrated Circuit), photo
sensors, silicon sensors

1. INTRODUCTION

Standard CMOS technologies are light sensitive
and by optimizing some parameters CMOS can

The development and production of the circuit that
hosted the test structure was done through the I-
ImaSs [1,2] (Intelligent Imaging Sensors for Industry,
Health and Security) project partly founded by the
European Commission under the Sixth Framework
Programme, Priority 3 NMP “New generation of
sensors, actuators and systems for health, safety
and security of people and environment”, contract
no. NMP2-CT-2003-505593 and with additional
support from the Norwegian Research Council.

K.H. Lgkken is a master student at the University of
Oslo, Norway.

J.M. @stby is senior research scientist with SINTEF
ICT and an associate professor with the
Department if Informatics, University of Oslo,
Norway. (email: joar@ifi.uio.no).

compete with specialized technologies like CCD
[3,4]. A significant part of today’s digital cameras
have CMOS sensors. An advantage of the CMOS
technology is that both sensors and electronics can
be implemented on the same device.

The test structures described in this paper was
designed in the 0.35um Opto CMOS process from
AMS. Available for the test pixels was a row of 512
pixels. Each pixel has a size of 32 x 32 um. A test
unit consisting of 64 pixels was designed and
repeated 8 times along the 512 pixel long row.
Pixels and areas on both sides of the test row were
covered by metal. Thus we assume that the
influence from light on neighboring areas outside
the test row is ignorable.

The sensor consists of an n-well diffusion in a p-
substrate. The p-substrate is connected to the low
potential. Before exposure the n-well diffusion is
resat to a high potential. Incoming light generate
electron-hole pairs. The potential field between the
n-well and the substrate will attract the electrons to
the n-well. The accumulated charge in the n-well
will result in a reduced potential. The reduced
potential is measured and represents the amount of
light that has been received.

Each pixel consists of four elements: The n-well
diode that is the sensor element, a transistor that
resets that n-well potential to the high reference
value, a source follower transistor and a switch
transistor that connects to the common column bus.
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Fig. 1. Top view and vertical cut of sensor diode in pixel. The
transistors are not drawn here.
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2. THETEST PIXELS

3. Reorganized pixel format to increase paper
readability

Actual layout

Drawing in paper
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Neighbour rows

MN3:SW

Fig. 2. 3T pixel architecture

What we actually measure is the voltage on the
source follower gate. This voltage is related to the
charge according to: V=Q/C. The main
contributions to C are the capacitance of the n-well
diode and the gate capacitance of the source
follower transistor. One of the mayor trade-offs are
the size of the n-well diffusion. We would like to
have a large diffusion area to collect more of the
available charge. But on the other hand larger
diffusion area results in larger capacitance and
lower charge to voltage conversion ration. Larger
diffusion area will also result in more leakage
current and more shot noise. Another issue is the
size of the follower transistor. A larger source
follower transistor increases the transistor gain. But
a larger transistor does also have a larger gate
capacitance that reduces the voltage on the gate
representing the charge.

Since the difference between an optimal and a
non-optimal pixel design is significant, a reasonable
understanding of the physical parameters above is
required. Especially the charge collection and
capacitance as a function of diode size is important
but not well covered by standard ASIC design tools
and models. Hence empirically experience is
necessary.

AVSS COL(

1514 131211 109
24 23 22 21 20 19 18 17

covered by metal

Test pixels

54 53 5261
64 57| line 8

Fig. 3. Mapping between the actual 16x1 pixel row in the
layout and the 8x8 representation used in this paper.

To increase the readability the pixels of the 64 x 1
test unit are in the following drawn as an 8 x 8
matrix. Fig. 3 shows the reorganized drawing made
for this documentation.

4. The different types of test pixels

The first (topmost) line of fig. 4 contains the
same pixel architecture (defined as the standard or
reference pixel) but with different shielding. The
purpose is to get an impression of the sensitivity at
the different distances from the central sensor
diode.

RS ey L
Fig. 4. Test pixels drawn as an 8 x 8 matrix. Some of the pixels
are pertly or fully covered by metal.

The second, fourth, sixth and eight lines are
equal except for the shielding of line four and eight.
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Pixel 13 and pixel 14 are variations with two and
four smaller diodes. Pixel 12, 14 and 15 all have the
same sensor diode size. The sensor size of pixel 11
is a little smaller than the others, sensor diode 10 is
two steps smaller while 9 and 10 are both three
steps smaller. The amplifier transistors in pixel 10,
11 and 12 are half of the standard while the
amplifier transistor in pixel 9 is one forth.

Line three and five are equal but line five are
covered by metal. In this line only the sensor diodes
have different size. Pixel 17 and 18 are three steps
smaller than the standard. Pixel 19 is two steps
smaller (same diode size as pixel 8 and 9). Pixel 20
is one step smaller than the standard. Pixels 21 and
22 have standard size while 23 and 24 are one step
larger.

Line seven contains only standard pixels but with
different shielding. The purpose of the pixels in this
line is to measure the influence of light on neighbor
pixels.

5. MEASUREMENT RESULTS

6. Reorganized pixel format to increase
readability

Since the test structure are repeated 8 times along
pixel row 39 we can chose between one or more of
these units. It seems that the highest channels
(which are closest to the bus drivers) are most
stable. Hence we chose to us the two 64 pixel units
at the higher end.

Testpixel group 7 (ch 24-27) and 8 (ch 28-31) [1.38V]

18

AT
ad
% 12 prd —e— Group 7
E —=— Group 8

4
= \
Lo

0,6 V w

04 T T T

Pixel number within group

Fig. 5. Test pixels drawn as an 8 x 8 matrix. Some of the pixels
are partly or fully covered by metal.
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Fig. 6. Measured pixel gain given in % where 100% is the
average of the standard pixels within the test row while 0% is the
dark level.

We would like to compare performance of the
pixel variations with the performance of the
standard pixel. Hence we normalize the data so that
0% is the dark level and 100% is the average of the
14 standard pixels within the two test structures.

The results of the measurement on group 7 and 8
are shown in fig. 5. Each entry is the average of the
group 7 and group 8 values.

7. Neighbor influence

Before we discuss the measurements of the
individual pixels we have to look at the influence
by the neighbors. By studying fig. 6 we see that the
influence of light on neighbor pixels contribute
significantly to the measured values. We can see
this in several of the pixels. Since line 7 contains
only equal pixel cells with a variable shielding
pattern the size of this influence can be more easily
estimated here.

Pixel 52 is an unshielded pixel with one
uncovered pixel one each of two sides. This is
defined as the reference pixel between the test
pixels and the measured value is close to 100%. We
should note that all neighbors in the other directions
are shielded. Hence in the standard matrix where no
neighbors are covered the influence by neighbors is
larger and thus the measured value is larger (approx
120%).

The difference between pixel 51 and 53 relative
to pixel 52 is that one more of their neighbors are
covered by metal. This results in a reduction in the
measured value of about 10%.

Pixel 54 is it self covered by metal but one of the
neighbors are uncovered. The measured value is
12% of the reference value which corresponds well
with the previous observation.

Pixel 50 are covered it self but have two
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uncovered neighbors. The influence from these two
neighbors results in a measured value of 23%.

If we look in the areas with covered pixels the
measured values are close to 0% in the middle and
about 10% at the edges with uncovered neighbors.
We also see that uncovered pixels with a covered
neighbor have a reduction of about 10%.

From this we can conclude that each of the four
neighbor pixels contribute with about 10% of their
measured value to the inspected pixel.

8. Influence of diode size

Line 3 contains pixels with variable diode size.
We expect that a larger sensor diode collects more
charge. However a larger diode has larger
capacitance and hence reduces the charge to voltage
conversion ratio. Thus it is reasonable to assume
that at some size the increase in capacitance is
larger than the increase in collected charge resulting
in a reduced measured voltage.

Capacitance, collected charge and voltage for some
sensor sizes

2/ &

——C

—a-Q

®
D

Percent relative to reference pixel

66-%

Sensor size

Fig. 7. C, Q and V as function of diode size.

In fig 7 the measured voltage is given for the five
different diode sizes in line 3. The sensor
capacitance is estimated from the layout and given
in the figure. From these figures we calculate the
accumulated charge by multiplying the measured
voltage with the estimated capacitance. From the
figure we can see that both the collected charge and
the capacitance increase with the size of the sensor
diode. As expected at one point the increase in
capacitance is larger than the increase in collected
charge and the measured voltage starts to decrease.
In this particular case, given the other parameters as
source follower size etc. we can see that the optimal
size is somewhat smaller than the reference pixel
selected for the main pixel matrix.

9. Influence of transistor size

Line 2 and 6 contains pixels where not only the
sensor diode size is variable but also the transistor
size. In pixel 12 the sensor diode is standard but the
transistor size half. The transistor reduction results
in a 15% larger measured value.

Xl

Both pixel 10, 11 and 12 have half transistor
sizes. We find that reduction in sensor diodes
results in increased voltage signals. Pixel 9, 10 and
19 has a sensor size that is reduced two steps but
different transistor sizes. Pixel 19 with a standard
transistor size measure 118%, pixel 10 with a half
transistor size measure 128% while pixel 9 with a
quarter transistor size measure 140%. Since the
pixels are read by different amplifiers there may be
some errors but the tendency is believed to be
correct.

10. Behavior as function of light intensity

Some test pixels (group 7)

Voltage

0,4 = ‘ ‘ ‘ ‘ ‘ ‘
0 05 1 15 2 25 3 35

Current (relative consistence but uknown size)

—+—Ti6std_7

,,,,,,

Ti5std_7

Sch24r4c7
Sch24r5¢7

Fig. 8. Test pixel behavior for different light intensities

Fig.8 shows the measurements for some of the
test pixels and two standard pixels within the main
pixel matrix. The actual light intensity on chip is
believed to be proportional with the current through
the light source shown on the x-axis. Of the test
pixels on the figure we can see that pixel 9 has the
highest sensitivity and reaches the highest voltage
level. Pixel 13 is the opposite but also the pixel
which is linear over the largest part of light
intensity range and that saturate last. On the y-axis
it seems that the linear regions for the pixels are
between 0.6V and 1.4V for all of the pixels.

Fig. 8 shows also two standard pixels in the main
pixel matrix, one which is close to the dummy
shielding (Sch24r4c7) and one that is further away
from the shielding (Sch24r5c7). These pixels will
have a different performance since fewer of their
neighbors are covered by metal. None of the
neighbors of pixel Sch24r5c¢7 are covered by metal.
Hence this is the performance of most of the pixels
in the main pixel matrix.

11. CONCLUTION
Both from the influence from neighbors and from
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the measurements on different diode sizes we see
that the diodes collect charge from a significantly
larger area than the diode area themselves. We also
find that there is an optimal pixel size that gives the
highest voltage.
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