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Abstract

Amorphous Selenium is a direct conversion photoconductor that has been widely used
in X-ray imaging applications. Due to its high spatial resolution A-Se plays an important
role in breast cancer screening and diagnostics, allowing for the detection of small and
subtle lesions. However, a-Se has poor collection efficiency due to low carrier mobility and
charge trapping resulting from its amorphous structure. The trapped charges can cause
memory artifacts, including photocurrent lag, which can persist for several seconds after
the X-ray pulse has ended. As a result, a-Se is a challenging material for dynamic imaging

applications that require high spatial resolution.

The research discussed in this thesis aims to investigate and address the temporal
behavior of a-Se photoconductors, specifically the issue of lag, which can lead to image
artifacts and degradation of image quality in dynamic imaging applications. The research
involves the design of unipolar charge sensing detectors with pixel sizes of 20, 40, 80
and 150 microns to improve energy resolution and the temporal response compared to
conventional a-Se detectors. Theoretical analysis and simulations are presented for the
unipolar charge sensing detector including weighting potential, charge collection efficiency,
pulse height spectroscopy and energy resolution which range from 5% to 2% . The work
further discusses the fabrication process of the designed detector in the G2N lab at the
university of Waterloo. It discusses the experimental results obtained and the challenges

that were faced while fabricating the detector and how they can be overcome in the future.

11



Acknowledgements

First of all, I would like to thank my supervisors Professor Dr. Karim S. Karim and
Dr. Ahmet Camlica for their guidance, encouragement and trust in me throughout this

academic journey.

I would further extend my gratitude to Dr.Denny Lee whose advice was crucial for
certain parts of the design and helped me understand core concepts of designing an X-ray

photon counter.

I'm beholden to Dr. Bo Cui and Dr. William Wong for reviewing my thesis and being

part of my Master degree seminar.

I’'m highly indebted to my colleagues at the STAR Labs, University of Waterloo in-
cluding Sahar Adnani, Abdollah Pil Ali, Ala Mohajer, Dr. Celal Con, Ahmad Lakhani,
and Micheal Wright for the countless discussions and moral support which helped me get
through the challenging times involving hours of pondering over the design and fabrication

steps of my detector.

I am highly grateful to Richard Barber and Dr. Czhang-Ho Lee from the G2N Lab for
the training and support they provided during the fabrication phase of my detector.

Finally, I would like to thank the University of Waterloo and the department of Elec-
trical and Computer Engineering for giving me the opportunity to fulfill my dreams by

granting me the Masters of Applied Science - Electrical and Computer Engineering Degree.

v



Dedication

This research work and thesis is dedicated to my loving parents Jaffer Hussain Warsi,
Shagufta Warsi and to my grandparents Sajjad Hussain Warsi and Aisha Warsi whose
love, support and blessings helped me throughout. I would also dedicate this work to my
brother Ali Hussain Warsi and my sister Alisha Warsi for their moral support and prayers.
Lastly, I would also like to dedicate this work to my special friend Harrum Noor for her

moral and emotional support during the final phases of my research work.



Table of Contents

Author’s Declaration ii
Abstract iii
Acknowledgements iv
Dedication v
List of Figures ix
List of Tables xiii
1 Introduction 1
1.1 Digital Radiology . . . . . . . . . .. 1
1.2 Direct and Indirect Conversion . . . . . .. .. .. ... ... ....... 2
1.3 Amorphous Selenium as a Photoconductor . . . . . . ... ... ... ... 3
1.4 X-ray Interactions in Photoconductors . . . . . .. .. ... ... .. ... 6
1.5 Sensitivity . . . . . ... 9
1.6 Dark Current . . . . . . . . . . ... 11

vi



1.7 Photocurrent Lag and Ghosting in Selenium . . . . . ... ... ... ... 12
1.8 Motivation . . . . . . . .. 14

1.9 Thesis Objective and Organization . . . . . . . . .. ... ... ... ... 15

Design and Modeling of an Amorphous Selenium Unipolar Charge Sens-

ing X-ray Detector 17
2.1 Introduction . . . . . . ... 17
2.2 Induced Signal Analysis . . . . . . . .. ... 18
2.3 The Shockley-Ramo Theorem and Weighting Potential . . . . . . . .. .. 21
2.4 Unipolar Charge Sensing Structure Design . . . . . . . .. ... ... ... 23
2.5 Charge Collection Efficiency . . . . . . ... ... ... . 0. 30
2.6 Pulse Height Spectroscopy . . . . . . . . . . . .. 34
2.7 Energy Resolution . . . . . .. .. ..o 38

Fabrication and Characterization of Unipolar Charge Sensing X-ray De-

tector 42
3.1 Fabrication Procedure for Unipolar Charge Sensing X Detector . . . . . . . 42
3.2 Photomask Design . . . . . . . . . . . 43
3.3 Wafer Cleaning . . . . . . . . . . . . 45
3.4 Metal Sputtering . . . . . . ... 46
3.5 Photolithography . . . . . . . . . ... 47

3.5.1 Surface Preparation . . . . . . . . ... ... L. 49

3.5.2 Spin Coating . . . . . . . . .. 50

3.5.3 Postbaking . . .. ... 53
3.6 Wet Etching . . . . . . . . . . 53

vii



3.7 Reactive Ion Etching . . . . . . .. .. .. o oL 54

3.8 Fabrication Process . . . . . . . .. 56
3.9 Experimental Results . . . . . . . .. .. ... .. 59
4 Conclusions and Recommendations for Future Work 70
References 73

viil



List of Figures

1.1

1.2

1.3

1.4

1.5
1.6

System diagram of a typical digital x-ray imager. Source [Wikipedia and
Radiology Key] . . . . . . . .

Representation of direct and indirect detection techniques of X-ray photons

(a) Ilustration showing Compton scattering with an incident X-ray interact-
ing with an outer-shell electron, producing an electron with kinetic energy
E”, an ionized atom and a scattered X-ray photon with energy E’, b) Illus-
tration for the photoelectric effect showing, showing an incident X-ray being
completely absorbed by an electron, which allows the electron to escape the
atom resulting in ionization. The electrons from the outer shell than fill in

the vacancy in the inner shell producing a fluorescent X-ray . . . .. . ..

(a) Hlustration showing Bremsstrahlung radiation being produced because
of deceleration in energetic electrons due to the electric field of the nuclei
(b)Ilustration depicting characteristic radiation showing a cascade of elec-
trons transitioning due to an inner electron escaping from an inner core shell

and creating a vacancy in the parent atom. . . . . . . ... ...
Diagram depicting the simple working of a x-ray detector . . . . . . .. ..

An Illustration showing the effects of lag and ghosting on x-ray images. . .

X

13



2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11
2.12

(a) Cross sectional view of conventional x-ray detector, (b) cross sectional
view of a x-ray detector with internal grid, (c) Weighting potential plots for

conventional and unipolar detector [1] . . . . . ... ... ...

[lustration of a conventional X-ray detector with it’s weighting potential

distribution . . . . . .. L

[lustration of a unipolar charge sensing detector with its weighting potential

distribution . . . . . . L

Electric field stream line simulation from COMSOL of Unipolar charge sens-

ing detector . . . . . .. Lo

Electric field simulation for a 20um pixel size of unipolar charge sensing

detector . . . . .

Electric field simulation for a 40um pixel size of unipolar charge sensing

detector . . . . .

Electric field simulation for a 80um pixel size of unipolar charge sensing

detector . . . . .

Calculated charge induction efficiencies graph with respect to detector thick-

ness for the device created in G2N . . . . . . . ...

Calculated charge induction efficiencies graph with respect to detector thick-

ness for the electrical parameters presented in literature . . . . . . . . . ..

[ustration of elements due to Gamma-ray pulse-height spectrum. (A)
Pulses from the detector representing different types of Gamma-ray interac-
tions in the detector. (B) Distribution (relative number) of pulses versus am-

plitude (or energy deposited in the detector). Only the photopeak represents

deposition of the full energy of the ray in the detector.Source[Radiology Key| 36

Simulated Pulse Height Spectroscopy results for different pixel sizes . . . .

[lustration representing energy spectrum with red showing a good energy

spectrum and black being poor one. [1] . . . ... ..o

37



3.1
3.2

3.3

3.4

3.5

3.6
3.7

3.8
3.9

3.10

3.11
3.12
3.13

Photomask layout of the designed unipolar charge sensing detector . . . . . 43

A close up view of the photomask design showing different pixel sizes of the

designed x-ray detector . . . . . . ... 44
Zoomed-in view of the photomask design showing metal grid and collecting
pixel electrode . . . . . . . .. 45

[lustration of a typical magnetron sputtering system process involves cre-
ating a glow discharge between two electrodes in a low-pressure environ-
ment (typically between 1-100 mTorr). The negatively biased electrode,
also known as the target, attracts argon ions from the discharge. As a re-
sult, some atoms from the cathode are vaporized and travel towards the
substrate where they get deposited. The magnets placed behind the target

serve to confine electrons, thereby increasing the efficiency of the process.[2] 48

Image of the WLOS cluster sputtering system in the G2N lab used in this
WOTK . . . 49

Image of the SUSS MAG6 mask aligner present in the G2N lab . . . . . . . 50

[lustration showing the typical photolithography process using positive and

negative photoresist . . . . . . . ... Lo 51
An Tllustration showing a general spin-coating process. source [insecto.co.uk] 52

An image showing the wet bench station by FineLine Fabrications in the

G2N lab . . . . 54
A figure showing a typical reactive ion etching system (left). An image
showing the Phantom II reactive ion etching system in the G2n Lab . . . . 55
Fabrication Steps for the fabricated unipolar charge sensing detector . . . . 57
Fabrication Steps for the fabricated unipolar charge sensing detector . . . . 58
Microscopic view of the fabricated device showing the collecting pixel elec-

trodes of 40um pixel size . . . . . . . . ... 59

el



3.14

3.15

3.16
3.17
3.18

3.19

3.20

3.21

3.22

3.23

Microscopic view of the fabricated device showing the collecting pixel and

grid electrodes for the 80um pixel size . . . . . . . . . .. .. ...

Microscopic view of the fabricated device showing the collecting pixel elec-

trode and the grid electrode for 150um pixel size . . . . . . . . . ... ...
Dark Current Measurements for a conventional X-ray detector . . . . . ..
Photocurrent response for a conventional X-ray detector . . . . ... ...

Dark Current Measurements for a 40um Pixel Size Unipolar Charge Sensing

Detector. . . . . . .

Photocurrent Response for the 40um Pixel Size unipolar charge sensing de-

tector. . . . . L s

SEM image of a single Pixel Electrode in the fabricated device covered with

polivimde. . . . . . . ..

SEM image of a single Pixel Electrode in the fabricated device shown with
etched Polyimide. . . . . . . . . . . . ..

SEM image of a single Pixel Electrode in the fabricated device covered with

poliyimde and some pixel electrode shown with etched Polyimide. . . . . .

SEM image of a single Pixel Electrode in the fabricated device covered with

poliyimde and some pixel electrode shown with etched Polyimide. . . . . .

xii



List of Tables

1.1 A-Se properties fabricated in G2N lab [1] and in literature [3, ]

2.1 A-Se properties fabricated in G2N lab [1] and in literature [3, 4]

xlil



Chapter 1

Introduction

1.1 Digital Radiology

In 1895, William Rontgen accidentally discovered X-rays and paved the path over the next
century for a new imaging industry with application pertaining to clinical diagnostics,
protein crystallography and non-destructive testing [5, 6, 7]. Radiography refers to an
imaging methodology where an X-ray source emits X-rays that are propagated through a
patient and then read by an X-ray detector.The X-ray is attenuated by the patient due to
difference in the material composition of the object that causes a change in the intensity
of the X-ray photons detected by the X-ray detector which can then be used to plot the

bright and dark regions and form a two-dimensional contrast image.

Radiography is the initial step for diagnosis of different clinical situations. It is rela-
tively low cost, easily available and non-invasive albeit exposes patients to minimal X-ray
radiation dose. Originally dominated by film, today’s radiography is dominated by dig-
ital X-ray detectors and systems due to proliferation of digital technology conventional
radiography suffered from poor workflow and higher patient dose leading to its eventual
replacement by Digital radiography (DR). The figure 1.1 shows a typical system for digital

X-ray imaging system.



Primary
radiation

Figure 1.1: System diagram of a typical digital x-ray imager. Source [Wikipedia and
Radiology Key]

1.2 Direct and Indirect Conversion

The fundamental working for a digital X-ray detector involves two important steps, firstly
the conversion of X-ray photons into electrical charges and secondly the detection of analog
to digital electronic read-out circuit. X-ray detectors can be classified based on the charge
conversion methodology employed through the X-ray absorption layer. The two different
types of conversion techniques used to date are direct and indirect conversion. For direct
conversion, a photo-conductive semiconductor is used to absorb the X-ray photons and
convert them directly into electrical charges which are then collected using an applied elec-
tric field [8]. In contrast, the indirect conversion method converts X-ray photons to visible
photons using a scintillator layer and then converts the visible photons to electrical charges
using an additional photo-detector element at each pixel. In either of the methods used
the charge produced is collected using a solid-state pixel level readout circuit in technolo-
gies such as amorphous silicon (a-Si) TFT or complementary metal oxide semiconductor
(CMOS). Figure 1.2, below shows the working fundamentals for both direct and indirect

conversion methods.

Indirect conversion detectors are adversely affected from the lateral spreading of the op-



tical light that produces a blurred image and degrades the spatial resolution. [9] [10]]. For
applications pertaining to high spatial resolution, the majority of available digital x-ray de-
tectors employ indirect detection methodology. For dynamic imaging applications indirect
detectors also provide a fast temporal response due to the use of low lag PIN photodiodes
and easy coupling to the scintillator material. The spatial resolution limitations associated
with optical photon spreading in indirect detection are a limitation for niche applications
such as mammography and are resolved by using direct detection X-ray detectors where,
a uniform electric field is created by applying a high voltage on the photo-conductor. This
field then drives the X-ray photon generated charge towards the collecting electrode to be
further processed by the readout circuitry. The lack of light spreading and the application
of an electric field using a direct detector allows a higher spatial resolution to be achieved
[9]. However, the necessity of a external voltage (typically in mega volts) to produce an
electric field is one of the drawbacks for the direct detection method. The material for
the photo-conductor plays an important role in the design of the direct detector [%],[11].
Chemical properties such as a high atomic number is essential for complete incident. The
energy required to generate an electron hole pair should be low for the detector to have a
higher sensitivity. A high dynamic range requires a low amount of dark current and the
mobility and life time for carriers should be less than the image readout time or the inter-
frame time of the dynamic type detector to be able to collect the photo-induced charges

without incurring a residual image.

The commercially available options for the photo-conductor material which meet the
properties discussed above comprise of amorphous selenium (A-Se), Cadmium Telluride
(CdTe) and Cadmium Zinc (CZT) [12, 13, 14, 15, 16]. The table 1.1 summarizes the

material properties of some of the other commercially available photoconductors [17].

1.3 Amorphous Selenium as a Photoconductor

Amorphous selenium (A-Se) was used in photocopying machines as a photo-receptor for 30

years since the mid-1950s until it was replaced by nascent CCD and CMOS optical cameras
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Figure 1.2: Representation of direct and indirect detection techniques of X-ray photons [!]



Table 1.1: A-Se properties fabricated in G2N lab [1] and in literature [3, ]

Photoconductor a-Se CdZnTe Hgl, Pbl,
Absorption depth at 30keV (um) 149 81 91 137
W(eV), 7, (us) 50 5 5 5
Resistivity(Q.cm) 10M —10% 10! 4 x 108 10" — 10"

pero(cm?/V) 0.3x1076-107° 2x10* 1075—10* 7x10°
pnTh(em? V) 1075—6x10"° 3x107° 107¢ 2x 1076

Intrinsic concentration (cm™3) 10% 10" 10" 10*2
Band gap energy(eV) 1.9-2.3 1.4-2.2 2.1-2.2 2.3-24

and became one of the highly used photoconductors in the imaging industry. Selenium
exists naturally both in crystalline and amorphous form. Electron mobility is determined
mainly by the number of shallow traps which traps and releases the charge carriers multiple
times while they travel inside the photo-conductor. Hence, the effective drift mobility is
affected by the time a charge carrier remains in the trapped state. The lifetime of charge
carriers is determined by the deep electron and hole traps. For amorphous Selenium the
conduction mechanism is trap limited transport. For mammography applications, the
photoconductor sensitivity is mainly defined by the Schubweg of the charge carriers and
limited by deep trap concentration. Schubweg can be explained as the average drift distance
by a free charge carrier, it is given by u7E, where p and 7 are the mobility and the lifetime

of the carrier, respectively, and E is the applied electric field.

Amorphous Selenium having high purity can crystallize with time and its electrical
properties can be effected [18, 19]. The Selenium used for flat panel detectors is referred
to as stabilized amorphous Selenium. S.Kasap [3] in his work showed that the rate of crys-
tallization for amorphous Selenium can be controlled by alloying A-Se with small amount
of Arsenic (As). However, the setback of using this process includes the reduction in hole
lifetime and introducing more deep hole trap states. Chlorine (Cl) can be added to com-
pensate for the adverse effect. This allows to optimize the thermal stability and carrier

transport properties of stabilized amorphous selenium by [20].

A-Se can be easily vacuum coated over a large area of up to a thickness of 1000 ym with

uniformity over x-ray detectors. It requires the heating of the substrate to be around 65-70
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degrees Celsius to thermally evaporate A-Se on to the detector, this process step doesn’t
adversely effect the performance of the readout circuit like a-Si TFT active matrix array
[21] and is thus a favourable material for fabricating x-ray detectors[3]. The thick layer
of amorphous selenium has a very good absorption of X-ray photons within the medical
imaging energy range despite Selenium having a lower atomic number. The dark current
for A-Se is low due to it’s high electrical resistivity ( ~ 10 Q.cm) even with a high
electric field applied [22]. A-Se is also a good photoconductor for mammography [22] since
the K-edge for a-Se lies at 12.7 KeV. The re-absorption of K fluorescent photons having
high energies mostly occur at a distance from the initial position of the actual photon
interaction, this results in the degradation of the spatial resolution in the detectors. This

issue however, can be controlled by the application of a high electric field.

Despite mentioning all the positive aspects, the charge transport properties for amor-
phous Selenium are not the best to be able to achieve a high charge collection efficiency,
specifically under a lower electric field and a thick layer the photoconductor [23, 241, 25

, 27]. The charge collection efficiency for holes is sufficient better when compared to
electrons for a-Se this is because of the high density of energy-distributed defect states

Y ]

which results in the trapping of the carriers drifting within the a-Se layer|

1.4 X-ray Interactions in Photoconductors

Medical X-ray imaging typically uses X-rays in the hard X-ray energy range of 10-120
keV, which can interact with matter through a variety of mechanisms including scattering,
penetration, and absorption. The primary types of interactions that occur in this energy
range are Rayleigh scattering, Compton scattering, and the photoelectric effect.The pho-
toelectric effect and Compton scattering are mechanisms through which X-ray photons are
absorbed and scattered, resulting in attenuation of the X-ray beam and a reduction in
its intensity.In contrast, Rayleigh scattering is an elastic, or coherent, scattering of X-ray
photons by atomic electrons that does not involve an exchange of energy between the X-ray

photons and the photoconductor. As a result, this interaction does not cause a local de-



position of energy in the medium, and the energies of the incoming and scattered photons

remain identical.

(a) (b)

Nucleus

Photoelectric
effect

Compton
Scattering

Figure 1.3: (a) [lustration showing Compton scattering with an incident X-ray interacting
with an outer-shell electron, producing an electron with kinetic energy E”, an ionized atom
and a scattered X-ray photon with energy E’, b) Illustration for the photoelectric effect
showing, showing an incident X-ray being completely absorbed by an electron, which allows
the electron to escape the atom resulting in ionization. The electrons from the outer shell
than fill in the vacancy in the inner shell producing a fluorescent X-ray

Both the photoelectric effect and Compton scattering contribute to the absorption
of energy in the photoconductor. Compton scattering is an inelastic scattering process
that occurs when the energy of the incoming photon is higher than the binding energy
of the atomic electron. During this interaction, a quasi-free electron is produced with
some kinetic energy (E”), along with an ionized atom and a scattered X-ray photon with
reduced energy (E’) due to the energy imparted to the electron.Figure 1.3(a) above depicts

the Compton scattering process, which is characterized by a random scattering angle that



influences the amount of imparted energy. Notably, the Compton scattering cross-section is
nearly independent of both the energy of the incident photon (E) and the atomic number
of the photoconductor (Z). In contrast, the cross-section for photoelectric interaction is
proportional to Z3/E? [30].

(a) (b)

Bremsstrahlung Characteristic
radiation Radiation

Figure 1.4: (a) Illustration showing Bremsstrahlung radiation being produced because of
deceleration in energetic electrons due to the electric field of the nuclei (b)Illustration
depicting characteristic radiation showing a cascade of electrons transitioning due to an
inner electron escaping from an inner core shell and creating a vacancy in the parent atom.

Figure 1.3(b) above illustrates the interaction through the photoelectric effect, which
results in the total transfer of energy from the X-ray photon to the photoconductor. In
this process, a portion of the energy is used to overcome the binding energy of the electron,
while the remaining energy is converted into the kinetic energy of the free electron. Photo-
conductors with high atomic numbers, such as a-Se (Z=34), attenuate hard X-ray energies
primarily through photoelectric interaction. This interaction occurs when the energy of the

incident photon is sufficient to eject an electron from a bound shell. If the photon energy



is insufficient to eject an electron from the innermost K-shell, an electron from an outer
shell (such as the L or M shells) can be ejected instead, initiating a cascade electron tran-
sition process that produces characteristic X-rays (e.g. K-fluorescent, L-fluorescent, etc.).
These characteristic X-rays can be absorbed by the same or neighboring pixels, depend-
ing on their energy, and can also cause incomplete energy transfer, ultimately degrading
detector sensitivity [31]. The energy of the characteristic X-ray is an intrinsic property
of the photoconductor and lower characteristic X-ray energies are desirable to maintain
adequate spatial resolution and sensitivity [32].For instance, in a-Se, the energy of the
K-fluorescent photon is 12.66 keV, which can be absorbed in a practical photoconductor
thickness without significantly degrading spatial resolution and sensitivity. When an elec-
tron is ejected from a bound shell, it creates ionization along its trajectory and generates
electron-hole pairs. As the ejected electron travels, it interacts with the nucleus and orbits
of the atoms through Coulomb interaction, losing energy in the process. This energy loss is
converted to bremsstrahlung radiation, as illustrated in Fig 1.4, along with the formation

of characteristic X-rays.

1.5 Sensitivity

The sensitivity of a photoconductor, which is used to detect X-ray photons, is determined
by the efficiency at which it converts incident X-ray photons into an electrical charge that
is stored on the pixel’s capacitance. Generally, the higher the sensitivity of the detector,
the lower the amount of radiation that needs to be used in order to produce an X-ray
image of adequate quality. The sensitivity of an X-ray imaging detector can be quantified
by measuring the amount of electrical charge that is collected per unit area for each unit of
incident radiation exposure. The sensitivity of an X-ray detector is commonly represented

by the formula:

Q

S=% (1.1)

where Q is the collected charge in Coulombs (C), A is the area of the detector in

9



centimeter square (cm?) and X is the radiation exposure in Roentgens (R). This unit of
sensitivity is C'/(em?.R).

X-ray radiation, X

Detector area, A l Top electrode

Photoconductor
layer

- X-ray photocurrent =~ —> —.

Bottom electrode Q= Collected
charge

Figure 1.5: Diagram depicting the simple working of a x-ray detector

The sensitivity of an X-ray detector is dependent on three key factors: 1) the ability of
the photoconductor to absorb X-ray photons, 2) the conversion of these absorbed photons
into free electron-hole pairs (which requires a specific amount of energy known as the
ionization energy), and 3) the fraction of the resulting electrical charge that is collected.
The fraction of X-ray photons that are attenuated within the photoconductor is described

by the term ” quantum efficiency” (n), which is largely determined by the linear attenuation

10



coefficient «r(e) and the thickness (L) of the photoconductor that the X-ray photons pass

through. The quantum efficiency of a photoconductor is represented by the formula:

n(E)=1—e B (1.2)

n(E) here has a range from 0-1. The photo-conductor thickness should be higher than
the attenuation depth, or mathematically L >> a~1, to improve the quantum efficiency.
The linear attenuation ,«, is linked to the density and the atomic number of the photo-
conductor, energy of the incident x-ray photons. Similarly, a higher atomic number is
preferable for higher x-ray attenuation. An example of this would be the average energy
of X-rays utilized in mammography being 20 kilo-electronvolts, requiring an a-Se layer
thickness of around 200 micrometers to effectively absorb most X-ray photons. On the
other hand, using a-Se for chest radiography examinations requires the layer thickness to

be close to 2000 micrometers with an average energy of 60 kilo-electron-volts.

1.6 Dark Current

Dark current can be defined as an undesired electrical current generated inside the photo-
conductor due to the necessary application of electrical potential on the detector electrodes.
The flat panel detectors work by integrating the charge collected from the photoconductor,
the dark current adds upto the noise component of the system while reducing the dynamic
range of the detector. Efforts have been made to characterize and understand the dark cur-
rent signals in amorphous selenium based detectors [33, 34, 35, 36, 37]. Another factor that
normally contributes to the dark current is thermal generation of the charge carriers inside
the bulk of the photoconductor. However, for amorphous selenium the thermally generated
charge carriers are insignificant because of the large mobility gap (2.2 eV) that exists in
the photoconductor material. Therefore the most prominent factor contributing to dark
current inside amorphous Selenium detectors is the injection of charge carriers through the
detector electrodes [3%]. Regardless of the ample amount of research on the presence dark

current in flat panel detectors, the phenomenon still remains to be completely understood.
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The dark current for amorphous selenium photoconductors can be suppressed by using
a blocking layer between electrodes and the photoconductor material. A good blocking
layer material will have a high trap density and low mobility for either holes or electron
and will allow the passage for collection for the other type of charge carrier. Research shows
that the prominent source contributing to the dark current is the hole injection occuring
through the positively charged electrodes. Research shows [39, 10, 29] that polyimide (PI)
layer can used to limit the hole injection happening through the biased electrodes of the
device and can be used to prevent the crystallization and photo-induced darkening inside
the detector.[11, 12, 43]

1.7 Photocurrent Lag and Ghosting in Selenium

For large area direct conversion x-ray detectors the photoconductor material may either
be in poly-crystalline or amorphous form. The charge carrier transportation is different
due to the trapping effect for electrons and holes. This results in schubweg-limited charge
transport and in turn decreases charge collection efficiency [11]. Chota Et.al reports the
presence of memory artifacts in x-ray images due to spill over because of the remaining
signal from earlier exposures into subsequent image frames [15]. These memory effects
than reduce gradually and account for the interference in carrier transport because of the
trapping effect inside the bulk of the photoconductor material and degrades the detectors

temporal response.

The memory effects occurr due to the presence of two major factors. Firstly, a con-
tinuous photocurrent lag which is linked to a higher dark current after the detector is
exposed to x-rays. Secondly, ghosting which is defined as the change in the sensitivity of
the detector due to past exposures. Ghosting can be studied in successive x-ray exposures
[12, 16]. Previously, Time-of-flight technique has been used to measure the transient photo-
conductivity to study the spatial distribution of radiation-induced trapped space charges.
The results from the study showed that a net negative trap space charge is formed after
exposing the detector to x-rays for a positively biased amorphous selenium (a-Se) photo-

conductive film. This in-turn causes an increment in the electric field at the top electrode

12



[17]. Tt is important to note that decrement in sensitivity is also due to the recombination

of holes and trapped electrons [15].

dabelet

&

X-ray exposure over a
rectangular area (a) Lag

i

Subsequent dark image

£

VL)L

X-ray exposure over a (b) Ghosting Image of subsequent
rectangular area uniform exposure

Figure 1.6: An Illustration showing the effects of lag and ghosting on x-ray images.

The temporal response of a detector can be characterized using both lag and ghosting
components of the detector. Lag can cause an increase in the pixel value in the region
where the pixel had been exposed earlier. Whereas, ghosting would result in the reduction
of the pixel value and can be measured in the subsequent x-ray images. The time it takes
for a detector to respond to an image is crucial for high-speed imaging techniques such as
fluoroscopy. Currently, the best performing commercial flat panel detectors (FPDs) use

a-Se technology. However, these detectors are not suitable for high-speed imaging as the
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increased lag negatively impacts the temporal response. This issue of image lag is prevalent
in most direct conversion photoconductors, such as Hgl2 and PbO, and as a result, these
materials are not widely used in commercial FPDs. However, it has been found that while
ghosting can be an issue with high doses, it is not a significant problem in typical clinical
doses. Examples of lag and ghosting can be shown through x-ray images taken over a
rectangular area. The figure below shows (a) The image immediately after x-ray exposure
will appear dark and display an increase in pixel values in areas that have been previously
exposed, which is lag. (b) When a new image is taken with a uniform exposure, a faint
shadow of the previous image may appear, which is ghosting, it is caused by a decrease
in pixel sensitivity in previously exposed areas and can only be seen in subsequent x-ray

images.

1.8 Motivation

Majority of the mammography detectors being used today employ energy integration
methodology which are limited by the amplifier noise present in the readout circuit. This
problem is more persistent in the low x-ray exposure areas and thus require extra radia-
tion to compensate for the signal lost. The other downsides of using the existing direct
flat panel detectors (FPDs) for x-ray imaging comes with low dose efficiency. Despite the
inherent spatial resolution achieved by using a-Se as a photoconductor the real time imag-
ing applications such as micro-angiogrpaphy suffer from lag in the signal which limits the

frame rate of the x-ray images produced.

A slower frame rate is linked to lag which in turn occurs due to the temporary rise in
dark conductivity. Due to a high lag the image frames produced carry spill over signal
stored from the previous exposure. Photocurrent lag is one of the important factors which
contributes to lower image quality for a-Se x-ray detectors due to extensive charge trapping
in the amorphous selenium layer. A-Se has the potential to be a suitable option for photon
counting, owing to its high sensitivity, capacity for room temperature operation, and high

bandgap of 2.2 eV, which allows for the lowest dark current of any commercially available
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photoconductor. Moreover, A-Se can be applied over a wide area as a thick film, thereby
lowering manufacturing costs. However, A-Se is not considered a viable photoconductor for
dynamic radiation imaging applications because of its low temporal resolution. Although
holes can be collected efficiently in A-Se, electrons are typically collected less efficiently,
with a mobility lifetime product approximately one order of magnitude lower than that
of holes. Since photon interaction occurs randomly in the detector volume, the electrons
generated must drift across varying distances to reach the collecting electrode. As a result,
signal rise time varies due to electrons with slower mobility, creating depth-dependent noise.
Therefore, this work focuses on designing and fabricating an x-ray detector to overcome

the challenges mentioned above.

1.9 Thesis Objective and Organization

The objective of this works includes the design, fabrication and testing for amorphous
selenium based x-ray detector with metal frisch grid like structure that can help improve
the lag commonly occurring in conventional x-ray detectors. It explores the possibilities of
improving the current lag using the unipolar charge sensing detector for direct conversion
methdology. This work proposes the use of metal grid electrodes inside the x-ray detector
to help improve the current lag in the signal collected. The metal grid can promote selective
sensing of holes, fast charge carriers, inside the detector. This helps improve the charge
collection efficiency as the induced charge depends on the mobility of fast charge carriers
travelling over longer distance inside the detector. This insensitivity to the collection of
slow charge carriers which are electrons can help further improve the lag in the detector.
Thus, this could help achieve a higher x-ray sensitivity. The scope of this thesis includes how
the detector design including theoretical discussion and simulation results. The fabrication
steps involved in the development of the detector. Lastly, the detector was tested for dark
current and photocurrent measurements. The thesis is organized with chapter 1 starting
with the introduction to digital radiology. It further discusses the classification of x-ray de-
tectors with regards direct and indirect conversion methodologies. Moving on, it discusses

the importance and effectiveness of using amorphous selenium as a photo-conductor. It
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further explains how it plays an essential role in current x-ray detectors. The chapter ends
discussing the motivation behind the work and the objective and thesis organization. The
2nd chapter of the thesis discusses and explains the metrics of the detectors performance
like sensitivity, dark current, photocurrent lag, ghosting. It further explains the induced
signal analysis and the Shockley Ramo-thoerem in conjunction with the weighting potential
to explain how a grid structure can help improve the photocurrent lag issues. Moreover, it
discusses the design of the unipolar charge sensing structure and it’s simulations to show
it can be effective compared to the existing conventional detectors. It presents the charge
collection efficiency analysis and simulations including the pulse height spectroscopy and
energy resolution results for the designed detector. Chapter 3 follows up with the details
of the fabrication and characterization of the unipolar charge sensing detector. It shows
the photomask design and shares the specification for the fabrication process of the device.
The fabrication process details are discussed beginning with wafer cleaning, dc metal sput-
tering, photolithography, spin coating, metal wet etching and reactive ion etching. The
chapter finally shares the experimental results for the unipolar charge sensing detector and
the conventional detector. Finally chapter 4 discusses the conclusions and the future work

for the work presented in this thesis.
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Chapter 2

Design and Modeling of an
Amorphous Selenium Unipolar

Charge Sensing X-ray Detector

2.1 Introduction

Energy integration systems are limited in performance and sensitivity due to ineffective
noise rejection capabilities [19]. This results in a higher detector noise leading to low signal-
to-noise ratio and poor dose efficiency, which is counteracted by introducing a higher radi-
ation dose [50]. Photon-counting is an effective approach which allow efficient suppressing
or eliminating the electronic related to the detector. Photon-counting also allows energy
weighting which enhances the signal-to-noise ratio in regions having lower contrast for eg:
soft tissue [51, 52, 53, 54]. The existing photon counting detectors use cadmium telluride
(CdTe) and silicon (Si) as a photo-conductor for breast screening [55, 56, 57, 58]. However,
both of the aforementioned materials are not applicable for large area imaging due to the
fabrication constraints. Moreover, Silicon has limitations for high photon energy imaging
applications due to it’s low atomic number. While, Cadmium Telluride has itself has low

fabrication yield and inefficient charge transport problems [59, 60].
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Amorphous Selenium (a-Se) can overcome these issues linking to photon counting de-
tectors for mammography and tomosynthesis[61]. Amorphous Selenium appears to be a
viable solution as it allows cost-effective and effective coupling to large readout interfaces
and it provides a high intrinsic spatial resolution and detection efficiency for the beast
screening energy range applications with a low k-edge energy at 12.6 KeV in comparison
to other photo-conductors. Additionally, amorphous Selenium detectors are easily opera-
tional at room temperatures due to their wider band-gap i.e. 2.2 eV [62, (63]. Therefore,
Amorphous Selenium based on previous studies fulfills all the characteristics that prove

beneficial for photon counting radiation detectors.

Amorphous Selenium despite having the benefits mentioned above, still has some chal-
lenges that remain to be addressed to design an improved and efficient photon counting
system. The high ionization energy W+ and the electron trapping [64, 65]. The charge col-
lection time for every electron-hole pair varies, depending on the photon-interaction depth
for every X-ray photon as the a certain portion of the induced signal is dependent on the
electrons. Moreover, electron trapping slow electron transport is a major challenge while
designing photon counters with amorphous Selenium. Furthermore, electron trapping can
occur before the electron reaches the collecting electrode, which largely reduces the charge

collection efficiency.

Since the intrinsic resolution is limited by the number of electron hole pairs for a specific
photon energy we can conclude the high ionization energy of amorphous Selenium is also
a cause for the reduced energy resolution. Recent studies show that this challenge can be

tackled by operating the A-Se detector at a very high electric field around ( 90 V/um).

[40, 66, 67].

2.2 Induced Signal Analysis

In doped semiconductors and ionic materials the current on the collecting electrode is zero
until a drift charge travels to the respective collecting electrode [68]. This is because of

the fact that charge neutrality is maintained at all points in these materials as the photo-
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generated charge is covered by the compensating charge. But for high resistivity photo-
conductors, since there is no charge neutrality as there is no reservoir for compensating the
charges in the time scale concerning the drift charge reaching the collecting electrode. The
characteristic relaxation time for any medium can be calculated by 7 = e.p where p is the
resistivity for the medium and € is the dielectric constant of the material, which is given
as € = €ge. The relaxation time for selenium is approximately 1 minute when calculated
with the values for, p = 10 cm and € = 6.7. Typically, the transit times for carriers lie
between a few ten micro-seconds, henceforth a relaxation time of one minute is too long.
This however proves that the photo-current that will be collected from the photo-generated

carrier is occurring completely because of induction.

The induced charge current for a detector having a single continuous electrode like in
the figure below can be calculated using the conversion of energy argument [69, 70]. The
total power required to move a charge package, q, at a velocity v in the direction of the

electric field, E, is given by

P=qEV (2.1)

Assuming a constant voltage power supply providing an equal voltage throughout the

photo-conductor thickness, L. We know that power is given by the equation:

P=1V (2.2)

Where I is the current. I can now be defined as;

i=qV/L (2.3)

The charge package can be divided into holes e Ny, (t), and electrons e N (t), of which both
are collected by different electrodes. The densities for both the charges can be changed due
to trapping and recombination. Hence the current for a single-continuous pixel electrode

can be calculated through the equation:
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i(t) = e(N.(t)v. + Na(t)on) /L (2.4)

Considering the collected charge is fed to an active integrator circuit such that the
integration time is long enough to allow the charge carriers to be able to travel to the
collection electrode inside the detector. Hence, the net charge as a function of photon

interaction depth can be represented as:

Q(20) = (eNAJL1 — exp(—2/A)] + (eNid/L)[1 — exp(—L — z/M)]  (2.5)

where z; defines the photon interaction depth, L is the thickness of the photoconductor,
eNy(t) and eN,(t) are hole and electron charge packages. It is to be noted that A., A, are
the electron and diffusion lengths . Since the pixelated electrodes shows the total current
collected by the detector instead of the current collected by each pixel, the energy con-
servation argument isn’t applicable for this case. The electric field, E,(normal component
over the surface of pixel electrode S) for each charge carrier trajectory for the pixelated
detector can be calculated to further find the total time-dependent charge, ). This charge

which occurs for every electron-hole pair motion can be represented as:

Q= / eE.ds (2.6)

However, this calculation would be very tedious and time consuming to do, realizing
the vast number of electric field components that would need to be computed for each
point of the charge trajectory and the huge number of electron-hole pairs produced for

every incident photon on the detector.
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Figure 2.1:  (a) Cross sectional view of conventional x-ray detector, (b) cross sectional
view of a x-ray detector with internal grid, (¢) Weighting potential plots for conventional

and unipolar detector [1]

2.3 The Shockley-Ramo Theorem and Weighting Po-

tential

The Shockley-Ramo theorem was published to explain the working inside the vacuum-
tubes where normally no space-charge existed, however later on the theorem started being
used to explain charges inside semi-conductors with a space charge [71, 72]. It allows to
calculate the induced charge on pixelated electrodes in a much quicker and easier manner
[71, 72]. The theorem calculates the induced charge within a detector by including the

shape and dimensions of the detector and the pixel electrode , weighting potential and the

material properties.

The weighting potential can be explained as follows: consider a pixel electrode, 1,
provided with a unit potential with all other pixel electrodes grounded assuming there is no-
space charge inside the detector. The electrostatic potential produced in these conditions
is referred to as the weighting potential for a detector. The weighting potential, ¢z, is a
dimensionless quantity can be computed using the Laplace equation (eq 2.7) using a finite
element analysis software like COMSOL or Xenos by setting the voltage levels for pixel

electrode to unit volt. The top and the remaining electrodes are then set to null.
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Ap =0 (2.7)

Now, we can show the induced charge, ); and the current I; which result due to the

motion of the point charge ¢ on the pixel electrode on the pixel electrode ¢ as :

Qi = —qoi(z) (2.8)

I, = qu.Ei(x) (2.9)

where v is defined as the instantaneous velocity of the moving charge, ¢ and E;(z) is

the conceptual weighting field whose SI unit is m~!.

Considering the charge, ¢ in the figure 2.1(a) moves from position x1 to x2, the induced

charge as a result of this movement on the pixel electrode ¢ can be shown as:

Qi = q[Qi(z2) — Qi(x1) (2.10)

Which is simplified to:

Qi = [q(z2) — (z1)]/L (2.11)

where L is the thickness of the photoconductor. It is to be noted that for a conventional
detector the weighting potential determines to be a linear function of depth starting at zero
from the biased electrode and gradually rising to 1 at the pixel electrode, as can be seen
from figure 2.31c). The above discussion can be used to analyze a single element detector
with a continuous electrode, F;(x) = 1/L and i(z) = x/L; the induced current can be
defined as I; = qu/L. To calculate the weighting potential of a charge ¢ at x on a travel
path towards the pixel electrode, the induced charge on the pixel electrode can be defined
as ¢.1(z). This also shows that the charge collected from the pixel electrode and sent to the

readout circuit due to the motion in the bulk of the detector is same as ¢.i(x). If charge,

22



q, is trapped within the bulk, it can be seen through equation 2.11 that only a portion of
the photo-induced charge can be collected by the read out electronics. It is also important
to note that induced charge on the collecting electrode is defined by the initial and final
location for each of the drifting charge carriers regardless of the detector potential and

space charge that might be present.

2.4 Unipolar Charge Sensing Structure Design

Amorphous selenium (a-Se) based flat-panel detectors employing direct conversion method-
ology has provided good results when it comes to X-ray imaging technology pertaining to
applications requiring high spatial resolution and quantum efficiency like mammography

when in comparison to indirect conversion. [3, 73, 22, 74, 75, 76, 77, T8].
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Figure 2.2: Tllustration of a conventional X-ray detector with it’s weighting potential dis-
tribution
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However, detectors designed for direct conversion method normally require a high ex-
ternal applied voltage for the formation of a high electric field inside the a-Se layer in-order
to separate and collect the generated charges i.e holes from electrons [64, 37]. This large
electric field results in the rise to unwanted leakage current in the detector which causes a
low signal-to-noise ratio and also leading to constant photocurrent lag [79, 80, 81]. Research
has shown that these negative effects can be reduced by an application of an intermediate
blocking contact layer between the contact metal and the photoconductor [32, 12]. Recent
studies have shown the application of the polyimide (PI) as a blocking layer as a viable

solution for limiting hole injections coming in from the positive electrodes in the detector.
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Figure 2.3: Mlustration of a unipolar charge sensing detector with its weighting potential
distribution

Weighting potential for unipolar charge sensing devices is independent of the depth
or thickness of the detector, with either of an internal grid, for eg. Frish grid[27], or
with a small pixel effect[33]. This advantage of localized charge sensing can be achieved by

producing a strong near-field effect near the pixel electrode. Figure 2.5 shows a fundamental
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depiction of a structure for unipolar charge sensing devices. This weighting potential
plot shows that the charge induced on the collecting pixel electrode due to the motion
of the charge carriers from the top electrode and the grid layer (i.e. far-field) is null.
Hence, the charge with a higher mobility are able to pass through the grid layer and
contribute to the output signal of the detector. It is important to note the weighting
potential plot discussed above is under the assumption of zero charge-trapping inside the
bulk of the photo-conductor. The difference in the weighting potential response between
the conventional and unipolar sensing device is due to reason that the induced charge on the
collecting pixel electrode is directly proportional to the density of the electrostatic flux lines
terminating at the corresponding pixel electrode. The flux-line density starting from the
top electrode to the pixel electrode is constant throughout the photo-conductor material for
the conventional detectors. This is why the weighting potential for conventional detectors
is dependent on the detector thickness where it reaches maximum at the collecting pixel.
In contrast, the uni-polar charge sensing detector the electric flux lines are distributed
evenly inside the bulk but it can be seen from the figure(2.6) below that the grid layer and
the collecting electrode region have more denser distribution of the flux lines with each line

ending at the collecting electrode.

A unipolar charge sensing device can be designed by the use of an internal metallic grid,
Frisch grid, or by producing a small pixel effect [33]. For unipolar charge sensing detectors
the weighting potential is independent of the detector’s thickness. This is achieved by
creating a strong near-field effect near the collecting pixel electrode. The figure below
shows the structure for the designed uni-polar charge sensing structure with embedded
metal grids, along with the results of the weighting potential. The results for the weighting
potential obtained show the majority charge induced on the collecting pixel electrode is
due to the near field effect i.e. the higher mobility charge which passes past the metal
grids and reaches the near the collecting electrode is collected as output signal for the
detector. This also helps us to avoid the slow moving charge carrier, which are electrons
when we use amorphous selenium as the photo-conductor, to be collected by the collecting
pixel electrode due to the movement of charge carriers from the top electrode to metal grid

electrode layer, which is the far-field region. The results produced for weighting potentials
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Figure 2.4: Electric field stream line simulation from COMSOL of Unipolar charge sensing
detector

ignore the effects produced due to charge-trapping inside the bulk of the photo-conductor.
The difference of weighting potential between the conventional and unipolar charge sensing
detector can be explained due to the fact that the charge induced or collected on the
collecting pixel electrode is directly proportional to the number of flux lines that end up
on the corresponding collecting pixel electrode. In the conventional x-ray detectors, the
flux lines are constantly proportional to the detector’s photoconductor thickness which
can be seen as the weighting potential rises constantly with the thickness and reaches 1
when at the collecting pixel electrode. For the unipolar charge sensing detector this is not
the case since the flux lines are distributed evenly inside the bulk of the photoconductor
and becomes highly concentrated at the region between the metal grid electrodes and the

collecting pixel electrode, which is described as the near field region. This helps to increase
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the detector’s output signal as the dense field lines quickly guides the charge carrier to

towards the collecting electrode once it enters the near-field region.
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Figure 2.5: Electric field simulation for a 20um pixel size of unipolar charge sensing detector

To finalize the design for the unipolar charge sensing detector the simulation tools
(COMSOL and Xenos design suite) were used to test the appropriate voltage biasing for
the metal grid and top electrode for efficient charge collection in the device. This allows
effective charges with high mobility and lifetime product to be collected which in turn
helps maintain a high radiation sensitivity and prevents high charge accumulation on the
dielectric layer. The high mobility charge carrier can either be electrons or holes based on
the type of photoconductor used in the detector. The biasing thus needs to be defined as
positive or negative based on the type of high mobility charge carrier in the device used.
This work uses amorphous Selenium as the photoconductor which produces holes as the

high mobility charge carrier. Therefore, the top electrode and grid layer are positively
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Figure 2.6: Electric field simulation for a 40um pixel size of unipolar charge sensing detector

biased to direct all the photogenerated holes on to the collecting pixel electrode. As per
the appropriate configuration a full amplitude of the output signal will be expected at the
output of the detector as the photogenerated holes would pass through the near field region
and on towards the collecting electrode. Considering the fact that electrons will also be
produced once the x-ray photons interact with the photoconductor , even if electrons are
trapped between the top electrode and the metal grid electrode region and is not collected
at the collecting electrode the output signal will remain unaffected. Different pixel sizes
ranging from 30 um to 80 um were designed and simulated on Comsol and Xenos design

suite which can be seen in the following figures below.

The figures shows electric field stream lines starting from the top electrode and ending
at collecting pixel electrode for different pixel sizes for the unipolar charge sensing detector
ranging from 30um to 80um. It was observed that biasing the top electrode and the metal

grid layer between 500V to 80V gave the optimum results for each pixel size. The voltage
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Figure 2.7: Electric field simulation for a 80um pixel size of unipolar charge sensing detector

required to bias the metallic grid layer is dependent on the voltage applied on the top
electrode and the thickness of the photoconductor. It was observed the this voltage is
inversely proportional to the pixel size. The voltage applied on the metallic grid electrode
was always lesser than applied on the top electrode. The chances of a local hot spot
formation which eventually leads to an electrical breakdown are less with the small pixel
pitches. This is because the metal grid electrode requires a lower voltage with smaller pixel
pitches. Setting an electric field ranging from 6V /um to 10V /um resulted in an effective
electric field streamline showing all the electric field lines to start from the top electrode
and ending up on the collecting pixel electrode which shows that the charge carriers would
all end up on the collecting electrode resulting in a high output signal with ideally a charge

efficiency approximately at unit.
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2.5 Charge Collection Efficiency

A method to describe how uniformly the detector responds to photon interaction at varying
depths is by computing the charge induction efficiency. The ideal detector response should
produce a signal output that exhibits nearly identical amplitudes across all photon interac-
tion depths, which suggests that the detector is collecting the photogenerated charge with
maximum efficiency. The response of the detector is not influenced by the depth of photon
interaction. To demonstrate how unipolar charge-sensing can enhance the uniformity of
signal output, we performed efficiency calculations for various internal grid pitch ranges,
similar to those used in unipolar charge-sensing detectors, and for a conventional a-Se
detector. These efficiency calculations also reveal the potential drawbacks of a unipolar
charge-sensing device. Our model for efficiency calculation considers the uniform trapping
effect on both types of carriers, indicating the impact of a-Se film thickness and electrical
properties on detector response. Since the charge trapping process is random, it is best to
model it using a probability density function (PDF). Assuming that a photon is absorbed
at x1 and that electrons and holes are collected by the top and bottom electrodes, we can
express the PDF for electrons and holes trapped at x’1 and x”1, respectively, using the

following equations:
Prop()|21) = o/ e (@1721) (2.12)

pbottom(xllllxl) = B/Q_Bl(xlll_xl) (213)

here o and (' are defined as coefficients of linear attenuation for electrons and holes

respectively, and are given as:

o = o F (2.14)
1

I — 2.15

pnTh 1 (2.15)



The current induced by the holes and electron on either of the electrodes has the same
polarity. Hence, the total charge induced is a summation of both carriers. The charge
collected on the bottom electrode because of a moving hole generated at position x1 on
the detector can be defined by:

N-1
Quoson(z) = 3~ Wapla)=Vip(m)lfe =)= 04070 o e 1y (V)= Vi o)
m=x1+1
(2.16)
For the top electrode, the charge generated as a result of a moving electrode at x1 is
given by:
r1—1
Quop(x) = Y [Viv (1) — Vi (m)] [~ (=m0 — emellm=m)] o= GOV (N) = Vig (1))
m=1

(2.17)

where Ax; = L;/N can be described as the uniform step size and the spatial number of
divisions are denoted by the letter N. The discrete point z; = z; Az, where z; is an integer
ranging from 1 to N. We assume the weighting potential (V,) to be constant within each
step. The total collected charge because of an Electron hole pair generate at location z

inside the detector can be given by:

g4(x1) = Qgrid(xl) + Qtop(ml) (218)

Figure 2.10 displays the outcomes of the computation of charge collection efficiency for
70 micrometer-thick selenium that was operated at 8 volts per micrometer for two distinct
a-Se films that possessed different electrical properties. These a-Se film properties, which
are summarized in Table 4.1, were used to conduct the aforementioned computation. One
of the films was made at G2N University of Waterloo [!], while the other one had poor

electrical properties that were obtained from the literature, indicating poor quality of the
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Table 2.1: A-Se properties fabricated in G2N lab [1] and in literature [3, /]
Fabricated G2N Reported in Literature

Hole Mobility, un, (cm?/V.s) 0.147 0.13-0.15
Hole Lifetime, 73, (us) 120 50-500
Electron mobility, pe (cm?/V.s) 0.004 0.002-0.004
Electron Lifetime, 7. (us) 200 200-1000

a-Se film. The sample that had poor electrical properties had a low hole-lifetime, therefore,
we anticipate that the time response of a unipolar charge-sensing device could be restricted.
The purpose of this is to demonstrate the feasible limitations that could be imposed on
a unipolar charge-sensing device due to poor hole transport. Conversely, by using a-Se
with high electrical quality, we can reveal the intrinsic temporal response limitations of an

a-Se-based unipolar charge-sensing device.

Figure 2.10 shows that the highly non-uniform response of a conventional detector
with our a-Se layer can be attributed to poor electron transport properties. The charge
induction efficiency has a downward curvature on the collecting electrode side, which is a
result of electron trapping. The photo-generated electrons at this side must travel a longer
distance, but some of them may become trapped due to their shorter Schubweg before
reaching the top electrode. However, we observed that the response for the unipolar charge
sensing device was uniform, as the detector response solely relied on hole transport, and
it improved with a smaller grid pitch. The small curvature on the collecting electrode side
is due to photon absorption in the near-field region. Therefore, photo-generated electrons
induce a degree of signal on the collecting electrode, but some of them become trapped
before reaching the top electrode. However, this is a minor effect on the output signal
of the unipolar charge-sensing device because the likelihood of having photon absorption
in the near-field region is relatively low due to the small region.In regards to the other
device with poor electrical properties, the detector response suffers from even hole-trapping,

particularly for events that occur close to the top electrode, as seen in Figure 2.11.

The holes’ Schubweg is degraded due to their short hole-lifetime, causing some of the

holes to become trapped before being collected by the collecting electrode. This poor
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Figure 2.8: Calculated charge induction efficiencies graph with respect to detector thickness
for the device created in G2N

hole-lifetime effect extends further into the unipolar charge-sensing device since the charge
induction with the unipolar charge-sensing primarily relies on hole transport. As some of
the holes become trapped before reaching the collecting electrode, the induced charge signal
is lower than what would result if only holes passed entirely through the grid layer and
were collected by the collecting electrode.It should be noted that the simulations performed

were for our fabricated device, which only has a 70-micrometer-thick a-Se layer.
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Figure 2.9: Calculated charge induction efficiencies graph with respect to detector thickness
for the electrical parameters presented in literature

2.6 Pulse Height Spectroscopy

Pulse-Height Spectrometry is a technique that involves analyzing the amplitude of signals
received from a detector, which are then sent to the Pulse Height Analyzer (PHA) for
acceptance or rejection. In order to understand how energy is transferred in the device an
assumption will be made and that interactions will occur at the photoelectric and Compton

scatter levels.

When a photoelectric interaction occurs, all of the gamma energy is usually absorbed,

and pulse-heights are generated within the photoconductor are proportional to the energy
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deposited. Ideally, this produces a single narrow line in the pulse height spectrum, which
is known as the photo-peak. On the other hand, when Compton scatter occurs, only
part of the energy is deposited in the photo-conductor, specifically that which is absorbed
by the deflected electron. The photo-peak created by this interaction is less than the
photo-peak generated from the photoelectric effect, and a second gamma ray is produced,
which is absorbed by the photo-conductor and creates a photo-peak significantly less than
the peak generated from the photoelectric effect. All Compton interactions will generate

photo-peaks below the photo-peak generated from the photoelectric effect.

Let’s imagine a scenario where a monoenergetic v -ray source is positioned in front
of a radiation detector. We can assume that the energy of the v rays, known as E,, is
lower than 1.022 MeV, which means that pair-production interactions will not occur. The
main ~-ray interactions with the detector will be through photoelectric absorption and
Compton scattering. Most of the photoelectric interactions will cause full deposition of
the y-ray energy in the detector, with the characteristic x-ray typically being absorbed in
the detector as well. The amplitude of the pulses resulting from these events is directly
proportional to F., as shown in Figure 2.12. If an ideal radiation detector were used, a
single narrow line would appear in the pulse-height spectrum, referred to as the photopeak,

at a position that corresponds to the y-ray energy E,, as illustrated in Figure below.

In Compton scattering, only a portion of the y-ray energy is transferred to the detector
via the Compton recoil electron. If the scattered ~-ray is absorbed in the detector, a pulse
in the photopeak is produced. However, if the scattered y-ray escapes, the energy deposited
in the detector will be less than E,. Based on Equation below, the energy deposited in
the detector in a single Compton scattering event varies from almost zero (in the case of
small-angle scattering events) to a maximum value E,., which corresponds to the energy of
the recoil electron for 180-degree Compton scattering events.A potential scenario is that a
~-ray that has undergone Compton scattering could potentially undergo further Compton
scattering interactions within the detector. The outcome of multiple Compton scattering
events could result in a pattern of pulses with varying amplitudes that fall within the range
between the Compton edge and the photopeak, creating what is known as the distribution

of pulses in the "valley.”
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Figure 2.10: Ilustration of elements due to Gamma-ray pulse-height spectrum. (A) Pulses
from the detector representing different types of Gamma-ray interactions in the detector.
(B) Distribution (relative number) of pulses versus amplitude (or energy deposited in the
detector). Only the photopeak represents deposition of the full energy of the ray in the
detector.Source[Radiology Key]

Ee. = E2/(E, + 0.2555) (2.19)

Figure 2.13 shows the pulse height spectra results for the 20 micron, 40 micron and
80 micron pixels. The PHS simulations were performed using the Xenos software suite
with the Gambet module. It accounts for the electric field set at 8V /um for every pixel
size. The graph plots above show the that smallest pixel size i.e. 20um, has the highest
photo-peak showing the highest number of photons being absorbed at 60 KeV gamma
source, this is because of the fact that a smaller pixel size has a better weighting potential

distribution compared to the larger sizes which allows efficient collection of charges. The
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Figure 2.11: Simulated Pulse Height Spectroscopy results for different pixel sizes

higher compton edge for larger pixel can be explained by the fact that a larger area of
photoconductor can be found in the 80 um pixel size which allows the production of more
electron hole pairs. It can be observed that the largest pixel size, 80 microns, has the lowest
photo-peak which shows the photon count rate at 60KeV decreasing with the decrease in
the pixel size. Increasing the electric field can increase the absorbed photons and resolve the
issue but it is to be noted that increasing the voltage at the metal grids also increases the
chances of a higher charge being injected from the grids to the collecting pixel electrodes.
A high voltage on the top electrode can result in the breaking down of the photo-conductor

layer which can cause an avalanche breakdown.
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2.7 Energy Resolution

Certain medical imaging techniques, such as dual energy subtraction used in mammog-
raphy, necessitate the measurement of the energy distribution of the radiation used [147,
148, 149]. In these cases, the efficacy of the radiation detectors is typically determined
by their capacity to accurately distinguish the energy distribution or spectral data of the
X-ray or gamma-ray photons that are transmitted through the object being imaged. The
response function of a radiation detector for a given energy is defined as the energy spec-
trum measured by the detector. This definition applies to all radiation detectors, including
those used in other fields such as gamma-ray astronomy, nuclear spectroscopy, and non-
destructive testing. The energy resolution of a detector is determined by its response
to a mono-energetic source of radiation. In an ideal scenario, the response function of
a detector would be a delta function. However, in reality, it is described by a Gaussian
distribution due to the noise added by the electronic system and a statistical error caused
by the fluctuation of pulse to pulse, even when the same energy is deposited for each event.
When the fluctuation is minimal, the response function of the detector approaches a delta
function, resulting in a narrower response. Figure 4.5 displays two response functions for
two different detectors, one with good resolution and the other with poor resolution. The
areas under the spectra should be equal since the same number of photons are absorbed
by both detectors.

Although both distributions are centered at the same mean value, F0, the distribution
obtained by the detector with poor resolution is considerably wider. This indicates that
the poor resolution detector is incapable of accurately resolving specific details regarding
the incident energy of the radiation. The full-width at half-maximum (FWHM) is the most

frequently used energy resolution metric, as defined by [31]:

AE
ER === x 100% (2.20)
N

The FWHM of the full energy peak in a measurement is denoted by AFE, while Ej

refers to the center or photon energy that is being measured. Assuming the formation of
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Figure 2.12: Illustration representing energy spectrum with red showing a good energy
spectrum and black being poor one. [!]

charge carriers follows a Poisson process, and an average of N charge carriers are created,
the expected statistical fluctuation is the standard deviation, v/ /N. If this is the only source
of fluctuation in the signal, and N is a large number, the detector’s response function can

be modeled by a Gaussian function, as follows [31]:

A 2
G(E) = e (2.21)

oV 2w
FWHM = 2v2In20 ~ 2.3550 (2.22)

where A can be defined as the area under the curve and o can be described as the
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standard deviation. Since the response of majority of the detectors can approximately be
linear, the average amplitude of the pulse can be described by Fy = KN, where K is a
proportionality constant. Then, the standard deviation, o, of the peak in the pulse height
spectrum can be given by o = K+v/N, while its FWHM will be 2.355K+v/N. Hence, the

energy resolution can be given as [24]:

2.355KVN _ 2.355
KN VN

E RypoissonLimit = (2.23)

The equation shows that the achievable energy resolution is dependent on the total
number of generated charge carriers. To attain an energy resolution lower than 1%, it is
necessary to generate over 55000 EHP through a photoconductor. The theoretical calcula-
tion highlights the importance of generating as many EHPs as possible per event to achieve
a low energy resolution limited by the total number of EHPs generated. Despite this, pre-
cise measurements, minimizing system noise, and achieving intrinsic response through ra-
diation detectors have shown that energy resolution at least one order of magnitude better
than predicted by the statistical argument is achievable. These results indicate that the
formation of each charge carrier is not independent and cannot be represented by simple
Poisson statistics. The Fano factor (F) was introduced to address this issue, quantifying
the difference between the statistical fluctuation defined by the Poisson process and that

obtained through experimentation, defined as [35].

observedvariationin N Y (2.24)

F—
Poissonpredictedvariance(= N) o2

By including the Fano factor, F, and re-arranging the energy resolution formula the

equation becomes:

2.355b KV NV F | F
EnergyResolution poissonLimit = Kx_\/_:2.355 N (2.25)

The energy resolution is scaled by a factor ofy/F. While scintillator detectors primarily

adhere to Poisson statistics for energy resolution, with a Fano factor of one, semiconductor
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detectors exhibit better energy resolution than what Poisson statistics would predict, due
to a Fano factor that is significantly lower than one. In particular, the Fano factor for CZT
and silicon detectors have been measured at 0.089 and 0.01, respectively, indicating that

these detectors are capable of achieving excellent energy resolution, as reported in [36].

Ideally, a pulse-height measurement system should detect pulses of the same amplitude
for the same amount of photon energy deposited. However, this is not practically achievable
due to various noise and interference sources present in both the detector and the measure-
ment system. These include drifting of detector operation characteristics, electronic noise,
and statistical fluctuations resulting from the discrete nature of the signal being measured.
There are two significant sources of statistical fluctuations, namely: 1) loss of energy due
to vibration in the crystal that results in not all deposited photon energy being utilized for
generating free charge carriers, and 2) the loss of some generated charge due to trapping
and recombination, leading to incomplete collection.In most radiation detectors, statisti-
cal noise is the primary source of noise and sets the lower limit for achievable detector
performance. Even if some of the noise sources follow other distributions, according to
statistical theory, if the noise sources are systematic and independent, the overall response
function will always tend towards a Gaussian shape. As a result, the total full width at
half maximum (FWHM) of the detector response can be determined by adding the FWHM

values of each individual source of fluctuation in quadrature, as demonstrated below:

(FWHM)2 (FWHM)itatistical + (FWHM>$Loise + (FWHM>?lmft + . (226)

overall —

The energy resolution from the PHS simulations performed were calculated to be at

5% to 2% ranging from the 80 micron to the 20 micron pixel structure size.
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Chapter 3

Fabrication and Characterization of
Unipolar Charge Sensing X-ray

Detector

3.1 Fabrication Procedure for Unipolar Charge Sens-

ing X Detector

Wide band-gap polycrystalline and amorphous photoconductors which are operated at
room temperature have proven to effective alternatives compared to single-crystalline pho-
toconductors [37, 88, 89, 90, 91]. Over the years, amorphous Selenium (a-Se) has been
developed and used commercially for X-ray imaging applications like tomosynthesis and
mammography [8, 61, 91]. The timely detection of calcification in the breast is crucial
for diagnosis signals as an early warning for breast cancer. Amorphous Selenium based
detectors serve as an effective direct conversion photoconductor which has proven to have
a high spatial resolution that allows the timely tracing of calcification inside the breast.
A-Se proves to be a reliable and low-cost solution allowing fabrication for large area read-

out circuitry. However, applications pertaining to X-ray photon counting for higher spatial
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resolution like enhanced-contrast spectral mammography, cannot be implemented using
the conventional A-Se detector structure. The work in this chapter discusses the design of

and fabrication of unipolar charge sensing A-Se Single X-ray detector.

The unipolar charge sensing structure was fabricated in 4 different pixel sizes ranging
from 20 microns to 150 microns in the Giga-to-Nano laboratory at the university of Wa-
terloo. This chapter discusses all the fabrication processes that the wafers went through to
fabricate the unipolar charge sensing detectors and also includes the experimental results

that were achieved through.

3.2 Photomask Design

Figure 3.1: Photomask layout of the designed unipolar charge sensing detector

A photomask is made up of a glass or quartz substrate material having a patterned

opaque layer deposited on top of the substrate. This causes some regions to be opaque while
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the remaining regions are allowed to be transparent which allows light to pass through.
The photomask is used in the photolithography process in which it is placed next above
a substrate wafer which is covered with a photosensitive layer also known as photoresist.
As the UV rays are allowed to pass through the photomask the opaque and transparent
regions allow to replicate the pattern on the photomask to the substrate wafer for further
fabrication.The unipolar charge sensing detector was made using a three mask process.
The five inch chrome masks were desgined using K-layout software and was fabricated at

the nanofabrication facility at the university of Alberta.

=2 I50-Micron

Figure 3.2: A close up view of the photomask design showing different pixel sizes of the
designed x-ray detector

The first mask design includes the collecting pixel electrode design along with the
tracks linking each pixel row together. This mask includes the 4 different pixel sizes
ranging from 20 micros to 150 microns. The second mask includes the design for the metal
grid electrodes for each pixel which surrounds each collecting electrode pixel. This mask

also includes the signal tracks connecting each metal electrode column wise. The third

44



Metal Grid I
Collecting B R S - R R P R |
Pixel
Electrode

Figure 3.3: Zoomed-in view of the photomask design showing metal grid and collecting
pixel electrode

photo-mask includes the design for the via-opening required between the photo-conductor
material and the collecting electrode for efficient charge collection. The images below show
the mask designs for our work. Different alignment marks are also included in each design

to allow for the accurate alignment during the photo-lithography process.

3.3 Wafer Cleaning

The Corning Eagle XG(regd.) glass was selected as the wafer substrate for the fabrication
of the device. Eagle XG is an alkaline earth boro-aluminosilicate glass material. The
thermal coefficient of eagle XG is low which makes it a good option for high temperature
processing. The eagle XG substrate is also alkali free. The wafer was circular in shape

having a 4 inch diameter and a thickness of 0.7mm.
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The wafer was cleaned using the RCA-1 process also referred to as standard clean-1
which was developed at the RCA laboratories in the 1960’s by Werner Kern|[refs from UC
Irvine RCA 1 Docs]. The procedure was designed to remove organic films and residue
from the surface of the silicon or glass wafers. The decontamination process involves the
subsequent oxidative desorption and complexing with a solution constituting of Hydrogen
peroxide, Ammonium Hydroxide and deionized water. The RCA-1 solution was made with
5-parts of DI water, 1 part of Ammonium Hydroxide (NH4OH) and 1 part of Hydrogen
peroxide (H205). The solution was then heated to 70 degrees celsius in Pyrex beaker on a
hot plate. Once the solution started to produce bubbles vigorously the wafers were soaked
in the solution for 15 minutes. Once finished, the wafer was transferred to another beaker
and soaked in overflowing DI water. After sometime the wafer was taken out and was blown
dry using nitrogen gas. An important step after wafer cleaning is to dry the wafer. Any left
over water marks after the drying of the wafer can cause particle recontamination because
of static charges. The drying methodology in this work involves the blowing the wafers
with dry nitrogen gas followed by heating them up on hot plates to remove any remaining
water droplets. After the cleaning and drying process the wafers were transferred to wafer

cassettes for storage which were always kept inside the cleanroom.

3.4 Metal Sputtering

Sputtering refers to the process of removing atoms from a surface due to particle bombard-
ment. This leads to the eventual ejection of atoms from the surface. Although sputtering
technically only refers to the interaction between ions and a surface, it is commonly used

to describe the entire deposition method.

A typical magnetron sputtering system is depicted in Figure 3.4. The main component
is a vacuum vessel where the air is evacuated to a high vacuum level at 1 x 10° Torr. A
process gas is then introduced into the chamber, and the flow is regulated to maintain
the desired pressure range, typically between 1-40 mTorr. Argon is commonly used as a

process gas due to its inertness, availability, and affordability.
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In a DC setup, the target material is connected to the negative terminal of a power
supply, which generates a self-sustained glow discharge. This discharge serves as the source
of positive ions, which are attracted by the negative potential at the target. As the ions
approach the surface, they are accelerated to high energies and gain energy in the high
electric field region near the target. When the ions collide with the surface, they produce a
collision cascade that removes atoms from the surface. This collision also extracts electrons
from the surface, which are then accelerated towards the discharge and participate in the
ionization of additional atoms. The ionization efficiency is significantly increased by a

static magnetic field that confines electrons to a region near the target.

Finally, the sputtered atoms travel across the plasma and deposit onto the substrate
and the walls of the apparatus. The WLOS cluster sputtering system in the giga-to-nano
lab was used for the deposition of chrome and aluminum metals on to the designed devices.
The WLOS sputtering system can provide a maximum deposition on an area of 39 cm x 27
cm. The 4 inch circular substrate holders were used to deposit Chromium and Aluminum
metals using direct current power supply. The deposited metal thickness was for both the
metals was kept at 100 nano meters. The fabrication step also involved the deposition of
a thin Aluminum layer at 50 nano meters which was used as a etching mask for the RIE
process. This deposition was also performed using the WLOS clutter sputtering system.
Figure 3.5 shows the WLOS sputtering system in G2N that was used to deposit the metals

on the substrates.

3.5 Photolithography

The lithographic process involves creating patterns on a substrate by transferring patterns
from a mask or reticle. The mask contains opaque and transparent regions in a binary
arrangement. The opaque regions are created by coating a highly absorbing material on
selected areas. Illumination is applied on the mask, and only the transparent regions
allow light to pass through.The transmitted light is absorbed by a photosensitive film,

known as a photoresist, on the surface of the substrate. The photoresist undergoes a
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Figure 3.4: Illustration of a typical magnetron sputtering system process involves creating
a glow discharge between two electrodes in a low-pressure environment (typically between
1-100 mTorr). The negatively biased electrode, also known as the target, attracts argon
ions from the discharge. As a result, some atoms from the cathode are vaporized and travel
towards the substrate where they get deposited. The magnets placed behind the target
serve to confine electrons, thereby increasing the efficiency of the process.[?]

photochemical reaction when exposed to light, which alters its solubility. If the exposed
portion of the photoresist becomes soluble in a developer, the resist is positive tone. If
the exposed portion becomes insoluble, the resist is negative tone.After development, the

remaining photoresist serves as a barrier against a subsequent plasma etching. The open
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Figure 3.5: Image of the WLOS cluster sputtering system in the G2N lab used in this
work

regions of the photoresist can then be transferred into the underlying film, allowing for
pattern transfer of the resist pattern into metals and oxides, which cannot be patterned
directly by irradiation.This process is used in the fabrication of electronic devices such as
microprocessors, memory chips, and sensors, where precise patterning is necessary for the

device to function correctly.

The photolithography process is comprises of several steps namely: surface preparation,

spin coating, pre-baking, mask alignment, light exposure, development, post-baking.

3.5.1 Swurface Preparation

The surface preparation can be described as the cleaning of the wafer and the removal the

contaminants and residues before coating photoresist on the glass wafer substrate. Adhe-
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Figure 3.6: Image of the SUSS MA6 mask aligner present in the G2N lab

sion promoters are used to increase the adhesion between the substrate and photoresist.
Primers are used which can form bonds with the wafer’s surface. For this work, we used
Hexamethyldisilzane (HMDS) which was spin coated on top of clean glass substrates before

the coating of photoresists.

3.5.2 Spin Coating

Centrifugal force is employed in spin coating to create even thin films. The process begins
by securing a wafer onto a spindle. A liquid solution containing nanoparticles or precursors
is then released onto the center of the substrate using a syringe. The substrate is then
subjected to centripetal acceleration, causing the liquid to spread evenly over the surface
due to centrifugal force. As a result of excess material being thrown off the edge of the

rotating substrate, a uniform thin film is left on the surface. This method is widely used
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Figure 3.7: Illustration showing the typical photolithography process using positive and
negative photoresist

to create consistent thin films in various applications.In spin coating, the speed at which
the substrate rotates must be carefully controlled relative to various material properties
of the solution. Viscosity is particularly important because it determines the resistance to
uniform flow, which is essential for achieving a uniform surface finish. Depending on the
viscosity of the solution, spin coating can be performed at speeds ranging from 500 to 12,000
revolutions per minute (rpm).While viscosity is the most critical material property in spin
coating, other factors such as surface tension and percent solids can also affect the flow

characteristics of the solution and the desired thin film thickness needed to achieve specific
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end-use properties, such as electrical mobility. Spin coating is therefore conducted with a
comprehensive understanding of the relevant material properties and plenty of adjustable

parameters to suit specific characteristics such as flow, viscosity, and wettability.
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Figure 3.8: An Illustration showing a general spin-coating process. source [insecto.co.uk]

After spin coating HMDS on to the wafer the photoresists were spin coated to prepare
the wafer for the photolithography process. The fabrication process for the device in this
work required photolithography at three different steps. For each step positive/ negative
photoresists were selected as per the requirements. For the negative photoresist we used
AZ nlof 2035 and —— was used as the positive photoresist. The spin coating process was

also used to coat PI layers on to the wafer as well.



3.5.3 Post baking

The last after spin coating the photoresist on to the wafer is post baking the wafer on the
hot plate which sometimes is also referred to as hard baking. This causes the photoresist
on the wafer to harden up. This is done to prevent the photoresist to come off easily during
the etching process. For post baking the temperature is normally set 5 to 15 degrees celsius
higher to that for soft baking. It is possible to observe some shrinkage in the spin coated

photoresist layer following the post bake process.

3.6 Wet Etching

Wet-etching techniques rely solely on chemical reactions and are typically highly selective.
However, they are mostly isotropic, meaning that the liquid solution wets both the lateral
and bottom surfaces of the structures being etched. Anisotropic etching, in which different
crystallographic planes are removed at varying rates, can only be achieved in crystalline

materials.

Occasionally, wet-etching processes require strongly basic or acidic solutions, or tem-
peratures well above room temperature. In these situations, the resist may not provide
adequate masking due to issues such as the resist’s dissolution or adhesion problems. The
resist and the sample are only held together by Van Der Waals forces, which may not be
sufficient to withstand the high forces created during the etching process. Due to which the
etching chemical can sometimes damage the interface region which causes the separation
of the resist layer. In this case, another material is deposited on top of the photoresist
which serves as etching mask for the process. Wet etching was performed after every step
where the wafer was exposed to UV for photolithography. In this work we used wet etching
the etch the chrome and aluminium metals to produce the desired pattern for our x-ray
detectors. Chrome metal was used to produce the pixel electrodes in this work while we

used Aluminium metal to produce the grid metal for the x ray detector.
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Figure 3.9: An image showing the wet bench station by FineLine Fabrications in the G2N
lab

3.7 Reactive Ion Etching

The method of dry etching involves a process known as Reactive Ion Etching (RIE). RIE is
a type of dry etching that combines chemical reactions with directional ion bombardment
in a vacuum chamber. One common configuration of RIE is the parallel plate reactor, as
depicted in Figure 1. The top electrode is connected to the "shower-head,” which is the
inlet for the etching gas, and is grounded. The wafer is placed on the bottom electrode,
which is connected to the RF power generator and serves as the power electrode.When
an electric field is applied to a gas, it ionizes the gas molecules and creates plasma. Once
the discharge is ignited and plasma is established, a DC bias voltage is formed on the
RF-powered bottom electrode. This DC bias voltage extracts ions from the bulk plasma
and energizes them, contributing to the directionality of etching and desorption of reaction

byproducts from the wafer surface. The generation of reactive species in the bulk plasma,
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including excited molecules and radicals, as well as the density of charged species such
as ions and electrons, depend on the applied RF power. Therefore, the DC bias and ion

current to the substrate are interdependent and controlled using the same RF power source.

This work uses reactive ion etching for etching and developing the polyimide layer which

plays an important role as a hole blocking layer in the detector.

Shower ﬂGas
head

Table
Power

Figure 3.10: A figure showing a typical reactive ion etching system (left). An image showing
the Phantom II reactive ion etching system in the G2n Lab
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3.8 Fabrication Process

The fabrication process starts off with by cleaning the glass wafers through the RCA
cleaning process after which they were dried using nitrogen gas and then stored safely in
wafer carriers inside the Giga-to-Nano lab at the university of Waterloo. After the cleaning
process the 2nd step was to deposit a chrome layer of thickness 100 nm using the DC metal
sputtering tool. The wafer was then washed with acetone, IPA and DI water. The wafer
was then spin coated with HMDS to improve the adhesion of the negative photoresist (nlof-
2035) on to the wafer. The spin coater was set at an intial rpm of 500 at an acceleration
of 255 m/s for 10 seconds and the final spin at 4000 rpm at an acceleration of 255 m/s for
1 min to spin coat a 3um thick layer of photoresist on to the wafer. After spin coating the
wafer was soft/pre baked at 90 degrees Celsius for one min. The wafer was then exposed
for 6 seconds using the UV rays of wavelength at 193 nm. The wafer is then dipped in the
developer for 2 mins to remove the unexposed photoresist. The wafer was then hard baked
at 110 degrees celsius for one min. Next, the wafer was dipped in the chrome etchant for 2
mins to etch away the uncovered metal layer forming the collecting pixel electrode pattern
on to the wafer. After etching the wafer was dipped in water for 5 minutes. Afterwards,
the wafer was dipped in stripper for 5 minutes to remove all the photoresist from the wafer.

The wafer was then washed with acetone, IPA and DI water to prepare it for the next step.

After the patterning of the 1st photomask on to the wafer, the next step was to spin
coat a 1.8um layer of polyimide on to the wafer. After spin coating the wafer is soft baked
and hard baked at 90 and 150 degrees celsius. Next the wafer was cured at a temperature
of 350 degrees celsius for 2 hours. The next phase was to pattern the metal grid layer on
the wafer. This required a deposition 100 nm of aluminium layer on the wafer using DC
sputtering process. Following the Aluminum metal deposition the wafer was cleaned using
IPA, aceton and DI water. Next, the wafer was spin coated with HMDS again to improve
adhesion of the negative photoresist on the wafer. This was followed by soft baking, UV
exposure, photoresist development, hard baking using the similar methodology as was done
for the first photolithography procedure. The etching and stripping process was repeated

like in the previous steps and the wafer was then washed with acetone, IPA and DI water.
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Figure 3.11: Fabrication Steps for the fabricated unipolar charge sensing detector

Next, the metal grid electrodes were needed to be covered with a 1.8um polyimide layer.
This was done by spin coating, soft and hard baking and curing polyimide using the same

recipe as discussed previously.

The third photo-mask was designed to open vias from the top of the device and down
to the collecting electrode. The polyimide layer can be etched with oxygen gas using the
reactive ion etching process. However, this process required some care as we only want to
etch the polyimide layer on top of the collecting electrode. Therefore, this process required
to use an etching mask. To do this we deposited a 50 nm thick Aluminum metal on the
wafer using DC sputtering. The wafer was then washed with acetone, IPA and de-ionized
water. Next, the wafer was spin coated with HMDS and positive photo-resist (AZ3312)
having a thickness of 2um setting the spin coater at 1000 rpm. The wafer was then soft
baked at 90 degrees celsius for 1 minute. The wafer was then exposed to UV light for 12

seconds. The wafer was then dipped in the developer solution for 1 min to develop the
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Figure 3.12: Fabrication Steps for the fabricated unipolar charge sensing detector

photo-resist. Next, the wafer was post baked at 90 degrees celsius for 1 minute. Next, we
go through the wet etching process to etch the Aluminium with the Aluminum etchant for
2 minutes. The wafer was then dipped in the stripper solution for 2 mins to remove all
the photo-resist layer. Next, the wafer was washed with IPA, acetone, DI water and then
dried with nitrogen gas to prepare it for the reactive ion etching process. The RIE was
performed to etch via holes down in the PI layer on top of the collecting pixel electrode.
The RIE etching rate for PI was set at 270nm/min and hence the wafer underwent the
RIE process for 7 minutes inside the chamber with oxygen gas at 50ccm. The wafer was
then washed with IPA, acetone, DI water and dried with nitrogen gas. The next step was
to spin coat a 1.8um PI layer on top of the wafer to prepare it for the amorphous selenium
deposition. The same receipe was followed for the spin coating of PI layer as discussed
previously. The next and final step was thermal deposition of a 70um a-Se on top of the

wafer which would serve the purpose of the photoconductor on the device.
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Figure 3.13: Microscopic view of the fabricated device showing the collecting pixel elec-
trodes of 40um pixel size

3.9 Experimental Results

The device was tested for dark current and photocurrent response to verify it’s performance
the testing setup for the dark and photocurrent measurements involved The research con-
ducted measurements on the dark and photo currents while keeping the applied electric
field constant. To do this, we used a high-voltage power supply from stanford research sys-
tems (SRS-PS365) to apply a positive voltage on the top electrode of the device layer and

a picoammeter (Keithley-6482) which were both automated to carry out the dark-current
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Figure 3.14: Microscopic view of the fabricated device showing the collecting pixel and
grid electrodes for the 80um pixel size

measurements. The samples were kept in a short circuit configuration in a light-proof-box
for at least 24 hours between measurements to ensure that any trapped charge was com-
pletely released. For the photo-current measurements, the samples were exposed to UV
LED pulses. The images below show the dark current measurements for the conventional
x-ray detector and the photocurrent response. For the photocurrent response the UV led
had a pulsewidth of 2 seconds with a period of 3 seconds. The PI layer helps reduce the
dark current in the detectors the greater the thickness of PI used the lower would be the

dark current. As can be seen from the dark current plot for the conventional detector
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Figure 3.15: Microscopic view of the fabricated device showing the collecting pixel electrode
and the grid electrode for 150um pixel size

the dark current starts at 4 pA but then gradually falls to 0 at about 5-6 minutes. The
photocurrent response for the conventional detector also shows the output waveform at an

average amplitude of 20 pA.

However, for the dark current measurements looking at the fabricated unipolar device
shows a lesser dark current at 0.7 pA which sharply falls approximately to 0 in 5-6 minutes.
The photocurrent response shows a smaller peak compared to the conventional detector

mainly because it was operating at half the electric field i.e. 5V/um, than that of the
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Dark Current Measurements - Conventional Detector 5V/um
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Figure 3.16: Dark Current Measurements for a conventional X-ray detector

conventional detector. However, it has been proven through simulations that increasing
the electric field would also increase the output signal amplitude.It is to be noted that all
the results for the unipolar charge sensing detector here are given when the grid voltage
was at OV.

It was not possible to test the device with an applied voltage on the grid electrodes as
the voltage supply attached to the grid electrode would trip notifying a large amount of
current flowing in through the grid electrodes to the device. To check and verify why this
was happening we performed scanning electron microscopy on to our samples to see the
reason behind it. It was noted in the figures below that some of the pixel strucutres were
missing the PI layer on top of the collecting electrode. We discovered that this happened
due to the fact that when we wanted to etch the PI on the signal tracks we didn’t use the
metal mask to protect the PI layer on top of the pixel as we didn’t have a photomask for

patterning the RIE metal mask. Hence once we were doing the RIE etch to etch away the
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Conventional Detector Photoresponse
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Figure 3.17: Photocurrent response for a conventional X-ray detector

PI layer on the signal tracks the oxygen plasma used for RIE etch also went through to the
pixel electrodes and etched the PI on top of some of the pixel electrodes. Since the PI layer
on top of the pixel electrode also served as an insulator to prevent charge injection from
the grid layer to the photoconductor and collecting pixel electrode. All the grid electrodes
in our design are connected together which allowed excess amount of charge to easily flow
through the grid electrode towards the device causing the voltage supply to trip. The
figure 3.21 below shows how a pixel electrode should be covered with the polyimide layer
to help prevent any charge being injected in to the device through the grid electrode. The
figure 3.22 to 3.24 show some of the pixel electrode with etched polyimide layer and some

covered with polyimide layer in separate rows.
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Dark Current Measurments-40Micron Pixel Size
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Figure 3.18: Dark Current Measurements for a 40um Pixel Size Unipolar Charge Sensing
Detector.
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PHOTOCURRENT RESPONSE 5V/UM ELECTRIC FIELD - 40MICRON PIXEL SIZE
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Figure 3.19: Photocurrent Response for the 40um Pixel Size unipolar charge sensing de-
tector.
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SUS000 5.0kV x4.00k SE(L)

Figure 3.20: SEM image of a single Pixel Electrode in the fabricated device covered with
poliyimde.
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SUS5000 5.0kV x2.00k SE(L)

Figure 3.21: SEM image of a single Pixel Electrode in the fabricated device shown with
etched Polyimide.
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Figure 3.22: SEM image of a single Pixel Electrode in the fabricated device covered with
poliyimde and some pixel electrode shown with etched Polyimide.
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Figure 3.23: SEM image of a single Pixel Electrode in the fabricated device covered with
poliyimde and some pixel electrode shown with etched Polyimide.
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Chapter 4

Conclusions and Recommendations
for Future Work

This work discussed the background knowledge related to x-ray imaging and detectors.
It discussed the important factors such as sensitivity, dark current, photocurrent lag and
ghosting that are important for designing x-ray detectors. This thesis presented the design
of a unipolar charge sensing detector that can be used for X-ray photon counting with
improved resolution and charge collection efficiency and improved lag. The simulation
results shows that the charge collection efficiency for the unipolar charge sensing structure
is nearly independent of from the detector’s thickness compared to a conventional detector
whose charge collection efficiency degraded with increased thickness. This happens because
of the grid structure creating a near-field effect near the collecting pixel electrode allowing
the collection of holes, the fast moving charge in amorphous Selenium photoconductor.
The Pulse height spectroscopy simulations were performed on the Xenos Software suite to
analyze the performance of the designed unipolar charge sensing detectors, the results from
the PHS simulations were then used to determine the energy resolution of the designed
detectors which ranged from 5% to 2% for the designed pixel sizes ranging from 80 microns
to 20 microns. These simulations were performed at a electric field of 10V/um and an

energy source of 60keV, to achieve the above mentioned results.
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This work further describes the process for fabrication steps taken to fabricate the
unipolar charge sensing detector in the Giga-to-Nano lab at the university of Waterloo.
The photomask was designed using the K-layout software tool and manufactured at the
nanofabrication facility at the university of Alberta. The photomasks were designed keep-
ing the pixel size for the detectors at 20 micron, 40 micron and 80 micron on a 5-inch square
chrome-glass masks. The devices were fabricated on a 4-inch diameter Corning eagle XG
glass substrate using several processes including photolithography, metal sputtering, spin
coating, wet metal etching and reactive ion etching. Polyimide layer was used to collect
the fast charge carriers i.e. holes from the A-Se photoconductive layer as PI over the years
have proven to be a good material for hole conduction and proven compatibility during
fabrication with amorphous selenium. During characterization of the device, the voltage
supply attached to the grid metal electrodes tripped whenever a voltage was applied on to
the grid metal electrodes. The device samples were analyzed using the scanning electron
microscope to investigate the cause of the problem. It was noted that the sample had
non-uniform coating of polyimide layer between the photoconductor and grid electrode
which happened during an RIE-etching process to uncover the signal tracks resulting in
the PI layer over the pixel electrode to etch away. This resulted in excess charge to flow
through the gate electrodes to the photoconductor and the collecting electrode creating a
short circuit configuration and causing the voltage supply to trip. For future considerations
to avoid making this mistake it is recommended to use an to deposit an aluminum metal
layer and pattern it using a photomask to protect the poliyimide layer on top of the pixel

electrodes.

Commercial medical imaging detectors have successfully utilized a-Se detectors due
to their exceptional high spatial resolution. However, the photon-to-charge conversion
energy required for amorphous selenium is significantly lower, by one order of magnitude,
compared to direct conversion materials like CdTe or PbO when operating in a practical
bias electric field of 10V/m. It is desirable to develop a selenium imaging detector that can
achieve avalanche gain. Previous studies have demonstrated that an avalanche gain can
be achieved with a-Se through impact ionization under an applied field exceeding 90V /m.

However, one of the challenges lies in maintaining a lower dark current while operating
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the detector at this applied field.By dividing the selenium detection layer into two distinct
regions, namely a low-field charge absorption and drift region, and a high-field region
utilizing additional grid structures, it becomes possible to achieve avalanche gain. Over
the past few years, numerous research groups have explored this particular configuration
and its variations for partitioning the selenium field, aiming to enhance charge collection
and gain. The fabrication of such grid structures necessitates the use of insulating materials
with a high dielectric strength to prevent electrical breakdown hotspots. Moreover, the
electric field strength within the gain region is non-uniform, with stronger fields near the
well’s walls and weaker fields at the center of the well or trough. Image charges originating
from different locations within the bulk material will drift along the field lines, ultimately
reaching the avalanche gain region. Due to the non-uniform distribution of field strength
across the gain region, even charges generated from the same pixel may exhibit different
levels of avalanche gain. As the gain factor rapidly increases above the threshold field, the
resulting non-uniform gain distribution can introduce significant image noise, particularly
in applications involving low radiation doses. To stabilize the avalanche gain and mitigate
issues such as run-away avalanches or excessive noise near the avalanche threshold potential,

it becomes necessary to implement a negative feedback circuit.
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