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ABSTRACT

Comparative Performance Evaluation of Conventional and Folded Detector

Structures for X-ray imaging

Robin Ray

X-ray photoconductor-based flat-panel X-ray imagers (FPXIs) produce superior X-ray image as
compared to scintillator-based detectors and are the commercially available digital X-ray
detectors for mammography. These detectors are, at present, under scrutiny for use in general
radiography, fluoroscopy, tomosynthesis and portal imaging. Although amorphous selenium (a-
Se) is the most successful photoconductor, recently, Hybrid Organic—Inorganic Perovskites
(HOIPs) receive much attention for this application because of their good charge transport
properties, higher attenuation coefficient and solution-based cheaper process techniques. These

detectors need high detective quantum efficiency (DQE) for getting clear X-ray image.

The photoconductor layer thickness plays a very important role in conventional detector structure
(i.e., a photoconductor layer is sandwiched between two electrodes where charges are collected
in corresponding pixels) on imaging performances. A relatively thicker layer is required for
better sensitivity. However, the thicker layer contributes to more noise and signal spreading as
carriers must travel a longer distance to reach the electrodes, and thus adversely affects image
resolution and DQE). In a folded structure, charge carriers travel perpendicular to the direction of
incident X-rays and thus the X-ray quantum efficiency can be improved using a thicker layer
without affecting the charge collection by keeping the charge collecting electrodes at a
reasonable distance. It is essential to do a comparative analysis on DQE performance of both

conventional and folded structure.

This dissertation focuses on developing mathematical model for studying the DQE of both
folded and conventional detector structures by incorporating the quantum noise due to random

charge carrier trapping in the cascaded linear system model. An analytical expression for the



variance of charge collection in folded structure has been developed. The optimum values of
photoconductor layer thickness and spacing between electrodes for maximizing the DQE under
various material parameters and detector operating conditions are also investigated. The DQE
critically depends on the detector thickness. As a result, the optimum DQE can be even below
0.3 for certain values of material and device parameters in conventional structure. On the
contrary, the folded structure provides more design flexibility for achieving high DQE (even
higher than 0.7) by adjusting the distance between electrodes without compromising the quantum
efficiency. Since the folded structure is more complex than the conventional structure, one
should prefer the folded structure if the photoconductor possesses relatively low linear
attenuation coefficient for higher energy X-rays together with poor charge carrier transport
properties. Moreover, it has also been found that the poly MAPbI3 detector shows significantly

better DQE performance than the Amorphous Selenium Detector.
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E=60keV, hole mobility 14=0.12 cm*V-!s!, electron mobility #.=0.003 cm?V-!s™!, hole lifetime
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quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
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Figure 4.11: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility u,=0.12 cm?*V-!s’!, electron mobility 1.=0.003 cm*V-!s!, hole lifetime
7,=50 ps, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=500e, (b) photon
energy E=20keV, hole mobility x;=0.12 cm?V-!s™!, electron mobility u.~0.003 cm*V-'s™!, hole
lifetime 7,=50 ps, electron lifetime 7.=200 ps, exposure X=240 mR, Electrical noise
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Figure 4.12: Mammography application for folded amorphous Se X-ray detector. Detective

quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
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E=20keV, hole mobility u,=0.12 cm?*V-!s™!, electron mobility 1.=0.003 cm*V-!s!, hole lifetime
77=50 us, electron lifetime 7.=200 us, exposure X= 0.6 mR, Electrical noise Ne=1000e, (b)
photon energy E=20keV, hole mobility u;=0.12 cm?V-!s™!, electron mobility 1.=0.003 cm?V-!s™!,
hole lifetime 7,=50 ps, electron lifetime 7.=200 ps, exposure X=240 mR, Electrical noise

Ne=1000e

Figure 4.13: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility u4=0.12 cm?V-!s™!, electron mobility x.~0.003 cm?V-!s™!, hole lifetime
=50 ps, electron lifetime 7.=200 us, exposure X= 0.1 uR, Electrical noise Ne=1000e, (b)
photon energy E=60keV, hole mobility u,=0.12 cm*V-!s™!, electron mobility #.~0.003 cm*V-!s™!,
hole lifetime 7;=50 ps, electron lifetime 7.=200 us, exposure X= 10 puR, Electrical noise

NETT000E. . ..ot e e e e e e 50

Figure 4.14: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility x#;=0.12 cm*V-!s!, electron mobility #.=0.003 cm?V-!s™!, hole lifetime
7,=50 ps, electron lifetime 7.=200 ps, exposure X= 0.1 puR, Electrical noise Ne=2000e, (b)
photon energy E=60keV, hole mobility u,=0.12 cm*V-!s™!, electron mobility #.~0.003 cm?*V-!s™!,
hole lifetime 7,=50 ps, electron lifetime 7.=200 ps, exposure X= 10 uR, Electrical noise
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Figure 4.15: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility u4=0.12 cm?V-!s™!, electron mobility x#.=0.003 cm*V-!s™!, hole lifetime
7,=50 ps, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=500e, (b) photon
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energy E=20keV, hole mobility #,=0.12 cm?*V-!s’!, electron mobility 1,~0.003 cm?V~'s!, hole
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quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
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photon energy E=20keV, hole mobility u;=0.12 cm?V-!s™!, electron mobility 1.=0.003 cm?V-!s™!,
hole lifetime ;=50 ps, electron lifetime 7.=200 ps, exposure X= 240 mR, Electrical noise

Ne=1000e.

Figure 4.17: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
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Figure 4.18: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility x#;=0.12 cm*V-!s!, electron mobility #.=0.003 cm?V-!s™!, hole lifetime
77=50 s, electron lifetime 7.=200 ps, exposure X= 0.1 uR, Electrical noise Ne=2000e, (b)
photon energy E=60keV, hole mobility u,=0.12 cm*V-!s™!, electron mobility #.~0.003 cm?*V-!s™!,
hole lifetime 7,=50 ps, electron lifetime 7.=200 ps, exposure X= 10 uR, Electrical noise

NET2000€. ettt e e s 55

XVi



Figure 4.19: Mammography application for folded amorphous Se X-ray detector. Detective
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Chapter 1: Introduction

1.1 Background

X-ray was discovered by Wilhelm Conrad Roentgen (1845-1923) [1]. While he was working
with cathode ray tube in his laboratory, he discovered a fluorescent glow which he named X-ray.
It is considered as a revolutionary discovery which has brought impressive development in a
wide range of applications including diagnostics [2][3][4], non-destructive testing (NDT)
[5][6][7][8][9] and scientific research [10]. For disease detection, staging and treatment, X-ray

provided us with a variety of tools and techniques.

Flat panel detector played a big role in the development of X-ray imaging technology [11],
especially direct flat panel digital X-ray detectors. It played an important role for the transition

from analog to digital X-ray imaging.

In figure 1.1, the simplified operating principle of a flat panel X-ray detector is illustrated. Here,
the X-ray photons are passing through the hand (object), and behind the object there is a sensor,
which is connected to an analyzing device. X-ray image incidents on the sensor, and the sensor
converts the image to a digital image. This digital image is sent to the computer for further

procedure.
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X-ray image
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I T
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Figure 1.1: Active-matrix flat panel imaging (AMFPI) system [15]

Large area integrated circuit or active-matrix array (AMA) is the most practical flat panel digital
detector, which is used for mammography, fluoroscopy, chest radiology, and many other
applications. Flat panel detectors that include active-matrix array are known as active matrix flat-
panel imagers (AMFPI). Different materials can be used to develop this structure. A practical

schematic diagram of AMEPI is shown in figure 1.2.

The active-matrix array addresses the pixels. Each of the pixels collect charge, and the collected
charge is proportional to the X-ray radiation incident on it. For indirect photodetector, at first the
X-ray is converted to visible light, then the visible light is converted to charge. For direct
photodetector, X-ray is directly converted to charge instead of converting into visible light. The
charges stored in the pixels are read out by scanning the arrays row by row and multiplexing

parallel columns of the array. Signal is received by a computer for display and storage. [12]
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Figure 1.2: Schematic diagram of an active-matrix array (AMFPI). Charge is distributed in
panel’s pixels, and these are read out using multiplexors and scanning control system. [2]

It is necessary to figure out a suitable material for constructing an X-ray photodetector. There are
many materials which can be used for developing photodetector such as amorphous selenium,

poly-MAPDI;3, poly-CdZnTe, GaAs, Hgl», Pbl; etc.

Ideal photoconductor materials should have the following properties [2]:

1. Incident X-ray photons/radiation needs to be absorbed within the photoconductor
thickness. The absorption depth (8) of X-ray should be less than the photoconductor
thickness so that most of the incident X-rays are absorbed within the photoconductor
layer.

2. Materials with high X-ray sensitivity should be used to build photoconductor. The
material should be able to produce a large number of electron hole pairs (EHP) for per
unit radiation. This means that energy required to create a single EHP (i.e., the ionization

energy, ;) should be low.



3. There should be less deep trapping for electrons and holes. The schubweg uzF should be
more than photoconductor thickness. Here u is carrier drift mobility, 7 is carrier lifetime
and F is electric field. The average length a carrier (electron/hole) travels before it gets
trapped is called schubweg.

4. The diffusion of electrons and holes should be less than their drift.

5. Dark current acts as a source of noise in photoconductor, so dark current should be low.

6. The photoconductor properties should be consistent with time, means properties should
not change with time.

7. The material should be conveniently and uniformly deposited over a large area.

Due to low dark current, good charge-transport properties, and convenient low-temperature
deposition over a large area, amorphous selenium (a-Se) has been used for a long time for direct
conversion detectors [13]. But when we compare with Hgl> or CdZnTe, the ionization energy, Wi,
is large for a-Se. As a result, it has relatively lower intrinsic X-ray sensitivity [14]. As well as
most of the polycrystalline detectors exhibit large dark current under high fields or show
incomplete charge collection [15][16]. At the same time, poly-MAPbI3 requires less energy to
create electron hole pair. Hence, it will provide better quantum efficiency and higher detective

quantum efficiency (DQE) [17][18].

1.2 Research motivation

X-ray photoconductor based flat panel X-ray imagers (FPXIs) produce better quality image as
compared to scintillator-based detectors and are commercially available for mammography
[19][20]. Presently, these detectors are under test to use in other medical applications such as
general radiography, fluoroscopy and tomosynthesis [21][22]. Amorphous selenium (a-Se) is a
popular material to use in photoconductor-based X-ray detector because of the physical
properties such as low dark current and good charge transport properties. It can also be deposited
conveniently over large area at low temperature. But there is one serious drawback of a-Se,
which is its lower intrinsic X-ray sensitivity. It happens due to its large ionization energy, W;
which is minimum radiation energy required to create an electron hole pair (EHP). For

comparison, the value of W; in a-Se is about 45 eV at the typical operating electric field of 10



V/um where the value of W; is 5-6 eV for other X-ray photoconductors such as polycrystalline
Hgl> or CdZnTe [23]. Lower ionization energy W, causes more EHP generation and improves

SNR and signal strength (i.e., higher X-ray sensitivity).

When we deal with polycrystalline detectors, the basic underlying problem is that they exhibit
either an unacceptably large dark current or they possess significantly low charge collection
efficiency [23][24]. Dark current means a current that flows in the detector in absence of
radiation. The use of Hybrid Organic-Inorganic Perovskites (HOIPs) in large area X-ray detector
was first observed by Yakunin et al. [25] in 2015 when he demonstrated a prototype X-ray
detector using a thick layer (~100 um) of polycrystalline methylammonium lead iodide (poly-
MAPbDI3z where MA is CH3NH3) perovskite photoconductor. It showed high dark current initially.
Then Kim et al.[26] proposed a multilayer structure to reduce dark current using poly-MAPbDI;.
They found low dark current, good X-ray sensitivity, but poor resolution in terms of modulation

transfer function (MTF).

In conventional detector structure, photoconductor layer thickness plays a very important role in
imaging performance [23]. In conventional structure, a photoconductor layer is sandwiched
between two electrodes, and charges are collected at the corresponding pixels. A thicker layer is
required for better sensitivity, but thicker layer contributes to more noise and signal spreading, as
carriers must travel a longer distance to reach the electrode. As a result, the image resolution and

detective quantum efficiency (DQE) are affected [27][28].

Recently Mescher et al. [29] proposed a folded structure, where charge carrier travel
perpendicular to the direction of incident X-ray. Charge carrier transport mechanism in folded
structure is similar to coplanar detector structure [30]. In folded structure, quantum efficiency
can be improved using a thicker layer without affecting the charge collection, because charge
collecting electrodes can be kept at a reasonable distance. However, they have used an
oversimplified model to analyze the DQE. They did not consider the quantum noise due to
random charge carrier trapping, which is an important factor to model detective quantum
efficiency (DQE). Therefore, a comprehensive model is essential for accurate performance

analysis.



1.3 Research objectives and tasks

As mentioned earlier, a-Se has some physical limitations to achieve high DQE as well as
sensitivity. So, in this work, I am going to use both a-Se and poly-MAPbI3 to compare their
imaging performance. At the same time, my thesis will aim to develop mathematical model for
calculating DQE of both conventional and folded structures, and to compare their imaging

performances.

In this thesis, I am going to analyze detective quantum efficiency (DQE) using a cascaded linear
system model for both conventional and folded structure detector by incorporating quantum
noise due to random charge carrier trapping. The analytical expression of variance of charge
collection for folded structure will be developed here. The optimum values of photoconductor
layer thickness and spacing between electrodes for maximizing the DQE will be investigated

under various material parameters and detector operating conditions.

I will obtain DQE characteristics for both conventional and folded structure for fluoroscopy and
mammography using a-Se and poly-MAPbI3 to figure out the relatively better material and

model applicable for these medical applications.

1.4 Organization of the thesis

The thesis is organized as follows.

Chapter 2 provides some background knowledge required to understand the work undertaken in
this thesis. Firstly, the physical structure of conventional and folded structure is explained.
Following that, detective quantum efficiency (DQE) and different types of noise associated with
X-ray detectors are described briefly. A general description and importance of cascaded linear

system model is discussed in chapter 2.

In chapter 3, detective quantum efficiency (DQE) model is developed. At first, stochastic

amplification is discussed with proper equations. Then both conventional and folded device



structures are discussed using cascaded linear system model. Each of the stages (such as X-ray
attenuation, conversion gain, charge collection efficiency, electronic noise) of the linear models
are discussed with mathematical expressions. The expression of DQE for both structures are

obtained in this chapter.

In chapter 4, the results from the DQE model are shown for both conventional and folded
structure. Fluoroscopy and mammography applications are the main concern of this chapter. At
first, poly-MAPbI3 is used to conduct the study. The different values of carrier mobility and
lifetime was used to observe DQE characteristics. A comparison of conventional and folded
structure for both medical applications are shown in this chapter. Then amorphous selenium was
used to conduct the same study. At the end of this chapter, a conclusion has been drawn between

amorphous selenium and poly-MAPbI; based on imaging performance.

Chapter 5 concludes this thesis by summarizing the main contributions made in this thesis, and

suggesting some future work that can be undertaken.



Chapter 2: BACKGROUND CONCEPTS

2.1 Introduction

In this chapter, some background knowledge is provided to understand the work undertaken in
this thesis. Firstly, the physical structure of conventional and folded structure is explained.
Following that, detective quantum efficiency (DQE) and different types of noise associated with
X-ray detectors are described briefly. A general description and importance of cascaded linear

system model is also discussed in this chapter.

2.2 Conventional and Folded Structure

In chapter 1, conventional structure and folded structure were introduced. In this chapter, both

structures will be described briefly.

Conventional Structure: In conventional structure, semiconductor material is sandwiched
between two large area parallel plate electrodes. A bias voltage is applied between two
electrodes. As a result, electric field F was established between the electrodes. In figure 2.1, the
thickness of the photoconductor is denoted by d. The upper electrode is negatively biased. The
incoming photons incident on the electrode surface. The photons are absorbed by the material
and through direct conversion, electron-hole pairs are created. Because of the existing electric
field F between electrodes, electron and holes are drifted in opposite direction. These electrons

are collected in lower electrode, and the holes are collected in upper electrode.
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Figure 2.1. Conventional device structure for negatively biased top electrode. Upper and lower
portion are parallel plate electrodes and middle portion is direct conversion material. Thickness
of the photoconductor is denoted by d.

Folded Structure: In folded structure, photons are absorbed by the material parallel to the
electrodes, where in conventional structure, photons are absorbed perpendicular to the electrodes.
In fig 2.2, many pixels are placed together using folded design. In the middle pixel, X-ray
photons are incident parallel to the electrodes in the semiconductor. The left electrode is
negatively, and right electrode is positively biased. Because of the bias voltage, an electric field F
is established between the electrodes. Through direct conversion, electron hole pairs are created
in the material. The holes are drifted and collected in the left electrode, where the electrons are

drifted and collected in right electrode.
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Figure 2.2. A folded device structure with three pixels. In every pixel, semiconductor material is
sandwiched between two large area parallel plate electrodes. X-ray photons incident on the
material parallel to the electrodes. Thickness and distance between electrodes are denoted by /
and d respectively.

2.3: Detective Quantum Efficiency (DQE)

DQE is a measurement of effect of signal and noise performance. It measures the ability of a
detector how good it is in transferring a signal relative to noise from input side to output side.
Generally, it is expressed as a function of spatial frequency. In the case of medical radiology, it
describes how effectively an X-ray imaging system can produce an image with a high signal-to-

noise ratio (SNR) relative to an ideal detector.

During 1940, there had been huge interest about classifying the performance of signal and noise
in different form of detectors, such as television and camera. Quantum efficiency was used to
determine the performance of detector at that time, but there were other physical processes which
were involved degrading quality of image. In 1946, Albert Rose proposed a concept about an
equivalent quantum efficiency to describe performance of those detectors, which is now called as

detective quantum efficiency. After some years, DQE was started using in medical imaging.
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In the modern X-ray detector, due to various sources of statistical fluctuation, image quality

degrades partially. If spatial frequency is f, then DQE(f) is described as [31]

SNR,..’(f)

DQE(f) ="

SNR,*(f) =y

Where SNR, and SNR, , are signal to noise ratio in input and output side of an image detector.

For an idea detector, DQE( f')is unity.

There are various forms of noise associated with an imaging system. They have been described

below.

Quantum Noise: Quanta means number of particle or objects which can be counted, such as
electron and photon. Because of random fluctuation of incident quanta, quantum noise is

observed. It basically posses a theoretical limit of optical performance.

Electronic Noise: When quanta pass through detector element, they are read out by various
electronic components. Each of those electronic components add an amount of electronic noise
with the signal. This noise can have various forms such as thermal noise, dark noise, and

amplifier noise. These noises play a significant role in degrading detector performance.

2.4: Cascaded Linear System Model

Cascaded linear system model is used to characterize the performance of imaging systems in
terms of signal transfer and noise transfer relationship. In the cascaded linear model, an imaging
system is described as a cascade of simple and independent elementary stages. In most cases, the
input and output of each stage is a distribution of quanta. These quanta can be X-rays, light or
electrons. The random nature of image quanta creates statistical fluctuations in image signal
contributing to image formation. The signal and noise are passed through various stages such as
gain, blurring, addition, aliasing in an imaging system. At each stage, the signal and NPS are

calculated from the signal and NPS of previous stage and the characteristics of the current stage.

11



Cascaded linear system is useful because it helps to break down the imaging system into simple
and independent terms, hence, the imaging properties can be determined separately. The

complexity of understanding the detector performance reduces significantly.

There are three elementary processes that have important role in understanding signal and noise

transfer. (a) stochastic amplification (b) stochastic blurring (¢) deterministic blurring.

Stochastic amplification: For the stochastic gain stage i, the output mean signal quanta per unit
area and noise power spectrum (NPS) arising from incident X-ray photon interactions at depth x

from the radiation-receiving electrode are described using following equations [32][33],

$,(E.x) = g,(E.x)4_,(E.x)
2.2)
Sy (E,x) = g, (E,x).Sy, (E,x)+0,*(E,x).$(E,x)

Here, Ei_l(E,x) and SN(i_l)(E,x) are mean quanta number and NPS incident on i stage.

g (E ,x)and ox(E, x) are mean gain and variance of gain in i" stage. E is the incident X-ray

photon energy. The first term in equation (2.2) represents the amplification of the quantum noise
and the second term represents an additional noise due to the random fluctuation of the

amplification gain of the /™ stage.

Stochastic blurring: Stochastic blurring is caused by random scattering of quanta in a
distribution. Each quanta is randomly relocated to a new position with a certain probability. For

the stochastic blurring stage i, output mean signal quanta per unit area and NPS are given by,

$,(E.x) = ¢, (E,x).MTF,(E, x)
(2.3)
Sy (E.x) =[S (E.x)=,_,(E.x) | MTF’ (E,x)+, ,(E.x)

Where MTF;(E,x) is the modulation transfer function of stage i.

Deterministic blurring: For the deterministic blurring stage i, output mean signal quanta per

unit area and NPS are given by,

12



¢.(E,x)=¢_,(E,x).MTF,(E,x)
(2.4)
Sy (E.x)=| S, (E,x) | MTF? (E,x)
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Chapter 3: Modeling of Detective Quantum Efficiency

3.1 Introduction

The concept of conventional X-ray photoconductor is well known, where the semiconductor is
sandwiched between two charge collecting electrodes. The thicker photoconductor ensures the
higher possibility of the absorption of incident quanta, hence increase of quantum efficiency. At
the same time, it ensures higher sensitivity. But at the same time some new problems arise.
Higher thickness contributes to more noise and signal spreading to the signal, as the carriers must
travel longer distance to reach the charge collecting electrodes. At the same time, the possibility
of charge trapping increases. All these causes reduction of charge collection efficiency, hence

detective quantum efficiency (DQE) reduces.

To address this problem, a new model is introduced named folded device structure. In this
structure, the direction of photon incident is parallel to the electrode. It is possible to increase the
thickness of the detector to increase quantum efficiency, because the electrode distance can
remain the same. So, quantum efficiency can be increased while maintaining charge collection

efficiency, thus the detective quantum efficiency (DQE) increases.

In this chapter, the detective quantum efficiency (DQE) is modeled for both conventional and
folded structure using cascaded linear system model. Cascaded linear system model is useful
here because it breaks down imaging system into simple and independent stages, hence every

single term associated with detective quantum efficiency (DQE) can be determined separately.

At first, stochastic amplification is discussed with mathematical explanation, because some of
the stages of cascaded model obtain this process. Then both conventional and folded device
structures are described using cascaded linear system model. Every stage (such as X-ray
attenuation, conversion gain, charge collection efficiency, electronic noise) of the linear models
are discussed with proper mathematical expressions. The expression of DQE for both structures

(conventional and folded) are derived in this chapter.
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3.2 Theoretical model

Conventional Structure: In conventional structure, a photoconductor layer is sandwiched
between two parallel plate electrodes. A bias voltage is applied between the electrodes to produce

electric field.

The DQE performance of many imaging systems is analyzed using a cascaded linear system
model, where the imaging system is described as cascade of simple and independent stages. The
cascaded linear system model for calculating DQE of conventional structure is shown in figure
3.1. This consists of four stages: (1) X-ray attenuation, (2) the creation of EHPs (Conversion
gain), (3) charge collection process, (4) the addition of electronic noise. The flowchart in figure
3.1 illustrates the signal and noise power of every stage. Here spatial spreading of signal and
noise is not considered, so in this work, DQE analysis represents zero spatial frequency detective

quantum efficiency (DQE).

) ) - ) ) 0
® | X-ray attenu- ! Conversion s Chlarge.: Col- 3| Electronic !
S ation (k) | g 8,(E,x) S _lection S Noise SNe | g
NO N1 N2 2. (E,x) N3 N4

Figure 3.1: Cascaded linear system model for a conventional detector structure [34]

First three stages of the flowchart are defined as stochastic gain stage. For stochastic gain stage i,
the output mean signal quanta and noise power spectrum (NPS) per unit area arising from

incident X-ray photon interacts at x distance from radiation receiving electrodes are,

$(E.x)=g,(E.x) ¢ (E.x)
(3.1)
Sy (E,x) = g, (E,x).S,, (E,x)+0,*(E,x).$(E,x)

where E is incident photon energy, , @, (E,x)and S NG1) (E ,x) are mean quanta number and

NPS incident on i stage, g; (E , x)and 0x*(E, x) are mean gain and variance of gain in i stage.
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Now, from the flowchart from figure 3.1, the mean gain and variance of gain of each are

determined as follows.

The gain of the X-ray attenuation stage is the quantum efficiency # of the detector, which is

given by,
n(E)=1-e* (32)

where E is the incident X-ray photon energy, a(E) and d are the linear attenuation coefficient and
the distance between two electrodes (which is the same as the photoconductor layer thickness),
respectively. An incident X-ray photon on this selection stage either interacts with the detector,
probability #, or does not, probability (1 — #). Therefore, this is a binary selection process [35].

According to the binomial theorem, the variance of 7,

G;l =n(l-n) (3.3)

The mean conversion gain g, (E ,x) of the second stage represents the mean number of EHPs

generated after the absorption of an X-ray photon interaction at x is,

E, (E,x)

g,(E,x)= (3.4)

where Euwp(E, x) is the average absorbed energy per X-ray photon of energy E. For a relatively
thinner detector, the reabsorption probability of the secondary photons is small and thus Eus(E) =
(aen/a)E, where aen 1s the energy absorption coefticient of the photoconductor. On the other hand,
the secondary photons are mostly reabsorbed in a thicker detector (i.e., in detectors with high #)

and thus, Ex» = E.

There is a fluctuation in conversion gain due to the stochastic fluctuation of the number of EHP

generation per X-ray photon. We assume that the mean number of free EHPs released per X-ray

photon obeys a Poisson process, i.e., o, (E)~ g,(E) [33][36].

The electric field remains relatively uniform across the photoconductor layer and bimolecular

recombination is negligible in small signals, which is quite appropriate for medical diagnostic
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applications [37]. The diffusion of carriers is negligible compared with their drift counterpart
because of relatively high applied fields across the photoconductor. The general transport
behavior in many photoconductors can be described in terms of a constant drift mobility ¢ and a
single carrier lifetime 7 for each type of carriers (holes and electrons) [33]. With these
assumptions above, the average charge collection efficiency, g3 (x), at the electrodes from EHP
generation at coordinate x can be written as [38],

X d—x

§3(X)=x,(l—e_a’)+xb(1—e ) (3.5)

where x; = wa.F/d, xp» = wptrF/d. The subscript ¢ and b refer to carrier types drifting to the top and
bottom electrodes respectively; the top electrode receives the X-ray radiation. The variance of
charge collection due to random trapping for an EHP generation at x is given by [39],

2x 2(d-x) x d-x

20N L2 2 2y, 2 dx X T, X\ Ty,
o, (X)=x"+x —-x’e” —x'e @ _27%36 C=2x,(1-=)e (3.6)

During image readout, the image signal passes through TFT/CMOS switch and charge amplifiers
and thus the equivalent electronic noise power Sye associated with these electronic components is

added to the total noise power [40].

The input noise in the number of X-ray quanta incident on the detector is usually considered to
follow a Poisson process and thus the input NPS is Sy, = ®,, where @, is the mean number of

incident X-ray photons per unit area. Thus, the square of signal to noise ratio at the input,

SNRZ =@, (3.7)

In conventional structure (Figure 2.1), when X-ray photon interact with the material at a distance
x from the top electrode, the probability density function of photon is expressed by following

equation,

p,(x) = cexp(~ax) (8)
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Where ¢ is a constant, is linear attenuation coefficient of the material. The following

equation can be used to find the value of constant c,
d

I cexp(—ax)dx =1 (3.9)

0

where d denotes photoconductor thickness. After solving the equation,

a
c=— (3.10)
n

Here 77 is quantum efficiency. This is expressed by following equation,

n=1-exp(—ad) (3.11)

The X-rays are attenuated exponentially across the photoconductor thickness. Therefore, the
probability density function for an X-ray photon, that is attenuated within a detector, to interact

at a distance x from the top electrode is, [40],

Px(x)zge‘“" ;0<x<d (3.12)
n
Applying Equations (3.1) successively, the expected total signal at the output of the third stage is,
— — _ rd _ - _
O,=nD,g, IO g, (x)px (x)dx =n®d,g,1n.. (3.13)

where the average charge collection efficiency,

Nee =X 1= B A +x, 41+ ERYAN (3.14)
X Xp

Similarly, the NPS at the output of third stage is,
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Using Equation (2.1), the DQE at the output of the detector is

A2
DQE = — 25

3 (3.17)
q)O (SN3 + SN@)

Folded Structure: In folded structure, the direction of photon incident is parallel to the
electrodes. It is possible to increase the thickness of detector to increase the quantum efficiency,
because the distance between the electrodes can be maintained. As a result, unlike conventional
structure, increase of quantum efficiency (increase in device thickness) does not reduce the

charge collection efficiency, hence the overall DQE increases.

The quantum efficiency for the folded structure can be expressed as
n(E)=1-¢ " (3.18)

where | is photoconductor thickness.
The cascaded linear system model for calculating DQE of a folded structure has an additional

stochastic gain stage, named as “effective filling” as shown in Figure 3.2.
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Figure 3.2: Cascaded linear system model for the folded structure [34]

The X-ray absorption in the electrode volume does not contribute to the EHP generation and this

loss can be determined by the effective fill factor [41],

o
ST vd

(3.19)

Joil

where the width of the electrode is dpi. The gain of this stage is g;. Assuming a binomial
selection process [29], the variance of gain 0'g21 =g (1—§1) .

Equations (3.5) and (3.6) are applicable for calculating the average charge collection g, (x) and

the variance of charge collection o (x) at the electrodes from EHP generation at coordinate x.

For folded structure (Figure 2.2), X-ray photons incident on the semiconductor material parallel
to electrodes. Let’s consider, the photon interacts with the material at a distance y from the
surface. Then through direct conversion, electron hole pairs are generated, and they drift in
opposite direction due to the electric field. The drifting direction of electron and hole is
perpendicular with the direction of photon injection. The probability density of X-ray photon for

folded structure is described as
p.,(y)=cexp(-ay)

Where C is a constant and & is linear attenuation coefficient. The following equation can be

used to find the value of constant c,
cexp(—ay)dydx =1

|

Where 1 is the thickness of photoconductor, and d is the distance between two electrodes. After

S e

solving this equation,



n is quantum efficiency. It is expressed as

n=1-exp(-al)

So, the probability density function per unit area for an X-ray photon to interact at a distance y

from the top electrode is,

o
=—=e* ;0<y<]
Py (») nd y

The total output signal after fourth stage,

_ _ d ol — _
D, =nD,g g, _[0 Io g, (x)pxy (y)dydx =nDyg,g57,.

b 1
. =(xl+xh)—xt2{1—e X’J—x,f(l—e x”}

The NPS at the output of fourth stage is,

where,

Sya = (T)onglghfj Iol {gf (x)[1+§3]+0'g42(x)} Py (y)dydx
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Chapter 4: Results and Discussions

4.1 Introduction

In the previous chapter, mathematical models have been developed to determine the detective
quantum efficiency (DQE) for both conventional and folded device structure of X-ray detector.
In the model, the random trapping of charge carrier inside the semiconductor has been
considered. At the same time, the spatial spreading of signal and noise through the
semiconductor is not considered, so in this work, I will analyze zero spatial frequency detective

quantum efficiency (DQE).

Based on cascaded linear system model, both detector structures will be investigated for
fluoroscopy and mammography application. I will conduct study to obtain proper design
specification of photodetector for these medical applications, and there will be a comparison
between conventional and folded structure for the applications (fluoroscopy and mammography)
based on their imaging performance. There will also be a comparative study to compare between

amorphous selenium and poly-MAPbI; for both structures.

The equations in chapter 3 were used to plot graphs of DQE using software MATLAB. The
effects of radiation intensity, carrier mobility, carrier lifetime, electronic noise, electric field on

the DQE were analyzed quantitatively.

4.2 Perovskite X-ray Detectors

The DQE performance of poly-MAPbI; detector having folded and conventional structures was
evaluated for both fluoroscopy and mammography applications. The thickness of the electrode in
the folded structure is assumed to be dwi=2.8um. The electric field is considered to be F = 1
V/um. The average photon energies are assumed to be 60 keV and 20 keV for fluoroscopy and
mammographic applications, respectively. We have considered ambipolar charge transport
assuming equal electron and hole mobilities [42][43][44]. The carrier transport properties
(mobility and lifetime) of electrons and holes are very similar in poly-MAPDbI; [45]. In the
simulation, we have varied the ur values from 10° cm?/V cm?/V to 107 cm?/V, which are

reasonable for poly-MAPbI3 [23]. While calculating detective quantum efficiency, different
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ranges of exposure are used for different applications. The range of exposure varies from 0.1 to
10 pR with the mean exposure being 1 puR in Fluoroscopy application where it varies from 0.6 to
240 mR with the mean exposure being 12 mR in mammography application [46]. Several
sources of electronic noise are associated with the read-out technology. TFT reset noise or kTC
noise (typical value is 600 e) is the dominant sources of electronic noise, data line and charge
amplifier noise (typical value is 800-2000 e in passive pixel) per pixel also plays a big role. The
total noise power is the sum of the noise power of all the sources, and each of the component
sources of noise is independent. The pixel size for fluoroscopic image sensors is large and the
total electronic noise (Ne) typically varies from 1000 e to 2000 e per pixel whereas it varies from
500 e to 1000 e per pixel in mammographic detectors due to their smaller pixel size and the use

of CMOS or active pixel technology [23]. The noise power, Sne = N.°.
4.2.1: Folded Structure (Fluoroscopy)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

fluoroscopy. For fluoroscopy application, pixel area is 200 um x 200 pum.

When noise=1000e and Photon energy=60keV
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Figure 4.1: Fluoroscopy application for folded poly-MAPbI3 X-ray detector. Detective quantum
efficiency (DQE) as a function of photoconductor thickness | and distance between electrodes d.
(a) photon energy E=60keV, pt= 10" cm?/V, exposure X=0.1pR, Electronic noise Ne=1000e,

(b) photon energy E=60keV, ut= 10" cm2/V, exposure X=10uR, Electronic noise Ne=1000e,

(c) photon energy E=60keV, pt= 10" cm?/V, exposure X=0.1pR, Electronic noise Ne=1000e,

(d) photon energy E=60keV, ut= 10" cm?/V, exposure X=10uR, Electronic noise Ne=1000e,

(e) photon energy E=60keV, pt= 107 cm?/V, exposure X=0.1pR, Electronic noise Ne=1000e,

() photon energy E=60keV, pt= 107 cm*/V, exposure X=10uR, Electronic noise Ne=1000e.

Figure 4.1 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for fluoroscopy application in folded structure. The applied electric field was F=1 V/um
and incident photon energy was E=60keV. The nominal exposure of X=0.1uR was used in figure
4.1a, 4.1c, 4.1e, and X=10uR was used for figure 4.1b, 4.1d, 4.1f. The electron hole pair (EHP)

creation energy W: was 5eV [29]. Electronic noise was 1000e. The multiplication of carrier
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mobility and lifetime was considered same for both electron and hole, which was pt= 10" cm?/V
in figure 4.1a and 4.1b, pt= 10 cm?/V in figure 4.1c and 4.1d, and pt= 107 cm?/V in figure 4.1e
and 4.1f, respectively.

In figure 4.1a, 4.1b, and 4.1d, the DQE increases with the increase in photoconductor thickness
gradually. At the same time, at first DQE increases with the increase in distance between the
charge collecting electrodes, and after reaching a certain value of d (distance between electrode),

DQE reaches its maximum value (more than 0.9 for all three curves), then starts to decrease.

In figure 4.1c, 4.1e, and 4.1f, at first DQE increases almost linearly with the increase of
photoconductor thickness. Then the DQE increases slowly with increase in thickness. At the
same time, at first DQE increases rapidly with the increase of distance between charge collecting
electrodes. After reaching the pick value (more than 0.8), DQE starts to decrease with the

increase of distance between electrodes.

When noise=2000e and Photon energy=60keV
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Figure 4.2: Fluoroscopy application for folded poly-MAPbI3z X-ray detector. Detective quantum
efficiency (DQE) as a function of photoconductor thickness | and distance between electrodes d.
(a) photon energy E=60keV, pt= 10~ cm?V, exposure X=0.1uR, Electrical noise Ne=2000e

(b) photon energy E=60keV, ut= 10" cm?/V, exposure X=10uR, Electrical noise Ne=2000e

(c) photon energy E=60keV, pt= 10" cm?/V, exposure X=0.1pR, Electrical noise Ne=2000e

(d) photon energy E=60keV, ut= 10 cm?/V, exposure X=10uR, Electrical noise Ne=2000e

(e) photon energy E=60keV, pt= 10" cm?/V, exposure X=0.1pR, Electrical noise Ne=2000e

(f) photon energy E=60keV, pt= 1077 cm?/V, exposure X=10uR, Electrical noise Ne=2000e

Figure 4.2 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for fluoroscopy application in folded structure. The applied electric field was F=1 V/pm
and incident photon energy was E=60keV. The nominal exposure of X=0.1uR was used in figure

4.2a, 4.2c, 4.2e, and X=10uR was used for figure 4.2b, 4.2d, 4.2f. The electron hole pair (EHP)
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creation energy W= was 5eV [29]. Electronic noise was 2000e. The multiplication of carrier
mobility and lifetime was considered same for both electron and hole, which was pt= 10" cm?/V
in figure 4.2a and 4.2b, pt=10% cm?/V in figure 4.2¢ and 4.2d, and pt= 107 cm?/V in figure 4.2¢
and 4.2f, respectively.

In figure 4.2a, 4.2b, 4.2c, 4.2d, and 4.2f, the detective quantum efficiency (DQE) curve shows
increasing tendency with the increase of photoconductor thickness. At the same time, at first
DQE increases with the increase in distance between charge collecting electrodes very rapidly,
and after reaching a certain value of d (distance between electrode), DQE reaches its maximum

value (more than 0.8 for every case), and then it starts to decrease.

In figure 4.2e, at first DQE increases almost linearly with the increase of photoconductor
thickness. When the thickness is more than 0.lcm, DQE increases slowly with increase in
thickness. At the same time, at first DQE increases rapidly with the increase of distance between
charge collecting electrodes. After reaching its pick value (0.8), DQE starts to decrease with

increase of the distance between electrodes.
4.2.2: Folded Structure (Mammography)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

mammography. For mammography application, pixel area is 50 pm x 50 pm.
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When noise=500e and Photon energy=20keV
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Figure 4.3: Mammography application for folded poly-MAPbI; X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness 1 and distance between
electrodes d.

(a) Photon energy E=20keV, pt= 10 cm?/V, exposure X=0.6mR, Electrical noise Ne=500¢
(b) Photon energy E=20keV, pt= 10" cm?/V, exposure X=240mR, Electrical noise Ne=500¢
(c) Photon energy E=20keV, pt= 10"% cm?/V, exposure X=0.6mR, Electrical noise Ne=500e
(d) Photon energy E=20keV, pt= 10" cm?/V, exposure X=240mR, Electrical noise Ne=500¢
(e) Photon energy E=20keV, pt= 107 cm?/V, exposure X=0.6mR, Electrical noise Ne=500e
(f) Photon energy E=20keV, pt= 107 cm?/V, exposure X=240mR, Electrical noise Ne=500e

Figure 4.3 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for mammography application in folded structure. The applied electric field was F=1 V/um
and incident photon energy was E=20keV. The nominal exposure of X=0.6mR was used in figure
4.3a, 4.3¢c, 4.3¢, and X=240mR was used for figure 4.3b, 4.3d, 4.3f. The electron hole pair (EHP)
creation energy W. was 5eV [29]. Electronic noise was 500e. The multiplication of carrier
mobility and lifetime was considered same for both electron and hole, which was pt= 10" cm?/V
in figure 4.3a and 4.3b, pt=10° cm?/V in figure 4.3c and 4.3d, and pt= 10”7 cm?/V in figure 4.3
and 4.3f, respectively.

In figure 4.3a, 4.3b, 4.3c, 4.3d, 4.3e, and 4.3f, the detective quantum efficiency (DQE) gradually
increases with the increase of photoconductor thickness. At the same time, at first DQE shows
increasing tendency with the increase in distance between charge collecting electrodes, and after
reaching a certain value of d (distance between electrode), DQE reaches its maximum value

(more than 0.9), then starts to decrease with the increase of distance between electrodes.
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When noise=1000e and Photon energy=20keV
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Figure 4.4: Mammography application for folded poly-MAPbI; X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness 1 and distance between
electrodes d. (a) photon energy E=20keV, pt= 10~ cm?/V, exposure X=0.6mR, Electrical noise
Ne=1000e, (b) photon energy E=20keV, put= 10~ cm?V, exposure X=240mR, Electrical noise
Ne=1000e, (c) photon energy E=20keV, pt= 10° cm?/V, exposure X=0.6mR, Electrical noise
Ne=1000e, (d) photon energy E=20keV, put= 10 cm?V, exposure X=240mR, Electrical noise
Ne=1000e, (e) photon energy E=20keV, pt= 107 cm?/V, exposure X=0.6mR, Electrical noise
Ne=1000e, (f) photon energy E=20keV, ut= 1077 cm?/V, exposure X=240mR, Electrical noise
Ne=1000e

Figure 4.4 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for mammography application in folded structure. The applied electric field was F=1 V/um
and incident photon energy was E=20keV. The nominal exposure of X=0.6mR was used in figure
4.4a, 4.4c, 4.4e, and X=240mR was used for figure 4.4b, 4.4d, 4.4f. The electron hole pair (EHP)
creation energy W= was 5eV [29]. Electronic noise was 1000e. The multiplication of carrier
mobility and lifetime was considered same for both electron and hole, which was pt= 10" cm?/V
in figure 4.4a and 4.4b, pt= 10 cm?/V in figure 4.4c and 4.4d, and pt= 107 cm?/V in figure 4.4e
and 4.4f, respectively.

In figure 4.4a, 4.4b, 4.4d, and 4.4f, at first the DQE increases with the increase of
photoconductor thickness rapidly, and after reaching a certain thickness, DQE increases very
slowly with increase of thickness. At the same time, at first DQE increases with the increase in
distance between electrodes with large slopes, and after reaching a certain value of d (distance
between electrode), DQE reaches its maximum value (more than 0.8) and decrease if d is

increased further.

In figure 4.4c, and 4.4e, at first DQE increases almost linearly with the increase of
photoconductor thickness. After reaching a certain thickness, DQE increases slowly if thickness
is increased. At the same time, DQE increases rapidly with the increase of distance between
charge collecting electrodes. After reaching the pick value, DQE starts to decrease with the

increase of distance between electrodes.
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4.2.3: Conventional Structure (Fluoroscopy)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

fluoroscopy in conventional structure. For fluoroscopy application, pixel area is 200 um % 200

pm.

When noise=1000e and Photon energy=60keV
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Figure 4.5: Fluoroscopy application for conventional poly-MAPDbI3; X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, put= 107 cm?/V, exposure X=0.1uR, Electrical noise Ne=1000e, (b) photon energy
E=60keV, ut= 10> cm?/V, exposure X=10puR, Electrical noise Ne=1000e, (c) photon energy
E=60keV, ut= 10% cm?/V, exposure X=0.1uR, Electrical noise Ne=1000e, (d) photon energy
E=60keV, ut= 10° cm?/V, exposure X=10puR, Electrical noise Ne=1000e, (e) photon energy
E=60keV, ut= 107 cm?/V, exposure X=0.1pR, Electrical noise Ne=1000e, (f) photon energy
E=60keV, ut= 10" cm?/V, exposure X=10uR, Electrical noise Ne=1000e.

Figure 4.5 shows the affect of change in electrode distance d on DQE for fluoroscopy application
in conventional structure. In conventional structure, distance between electrodes is considered as
photoconductor thickness. The applied electric field was F=1 V/um and incident photon energy
was E=60keV. The nominal exposure of X=0.1pR was used in figure 4.5a, 4.5c, 4.5e, and
X=10puR was used for figure 4.5b, 4.5d, 4.5f. The electron hole pair (EHP) creation energy W-.
was 5eV [29]. Electronic noise was 1000e. The multiplication of carrier mobility and lifetime
was considered same for both electron and hole, which was ut= 10> ¢cm?/V in figure 4.5a and
4.5b, pt= 10° cm?V in figure 4.5¢ and 4.5d, and pt= 107 cm?V in figure 4.5¢ and 4.5f,

respectively.

In figure 4.5a, 4.5b, and 4.5d, DQE gradually increases with the increase of photoconductor
thickness. Maximum DQE of about 0.9 is observed for them. In figure 4.5¢ and 4.5f, the DQE
increases with the photoconductor thickness gradually, and after reaching the peak value (0.77

and 0.81 for figure 4.5c and 4.5f, respectively), DQE starts to drop slowly if thickness is
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increased further. In figure 4.5¢, DQE reaches the peak value (0.17) for thickness of 0.02cm,

then it drops rapidly with increase of thickness between charge collecting electrodes.

When noise=2000e and Photon energy=60keV
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Figure 4.6: Fluoroscopy application for conventional poly-MAPbI; X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, pt= 107 cm?/V, exposure X=0.1uR, Electrical noise Ne=2000e, (b) photon energy
E=60keV, ut= 10~ cm?/V, exposure X=10uR, Electrical noise Ne=2000e, (c) photon energy
E=60keV, ut= 10% cm?/V, exposure X=0.1uR, Electrical noise Ne=2000e, (d) photon energy
E=60keV, ut= 10° cm?/V, exposure X=10puR, Electrical noise Ne=2000e, (e) photon energy
E=60keV, ut= 107 cm?/V, exposure X=0.1pR, Electrical noise Ne=2000e, (f) photon energy
E=60keV, ut= 107" cm?/V, exposure X=10uR, Electrical noise Ne=2000e.

Figure 4.6 shows the affect of change in electrode distance d on DQE for fluoroscopy application
in conventional structure. In conventional structure, distance between electrodes is considered as
photoconductor thickness. The applied electric field was F=1 V/um and incident photon energy
was E=60keV. The nominal exposure of X=0.1pR was used in figure 4.6a, 4.6c, 4.6e, and
X=10puR was used for figure 4.6b, 4.6d, 4.6f. The electron hole pair (EHP) creation energy W-.
was 5eV [29]. Electronic noise was 2000e. The multiplication of carrier mobility and lifetime
was considered same for both electron and hole, which was ut= 10° ¢m?/V in figure 4.6a and
4.6b, pt= 10° cm?V in figure 4.6¢c and 4.6d, and pt= 107 cm?V in figure 4.6e and 4.6f,

respectively.

In figure 4.6a, 4.6b, and 4.6d, detective quantum efficiency (DQE) gradually increases with the
increase of photoconductor thickness and reaches up to 0.9. In figure 4.6c and 4.6f, the DQE
increases with the photoconductor thickness gradually, and after reaching the peak value of DQE

at a certain thickness (0.57 at 0.06cm and 0.62 at 0.06cm for figure 4.6¢ and 4.6f, respectively),
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DQE starts to drop slowly if thickness is increased further. In figure 4.6e, DQE reaches the peak
value (0.06) for thickness of 0.018cm, then it drops rapidly with increase of distance between

charge collecting electrodes. Very poor imaging performance is observed for figure 4.6e.

4.2.4: Conventional Structure (Mammography)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

mammography. For mammography application, pixel area is 50 um x 50 pm.

When noise=500e and Photon energy=20keV
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Figure 4.7: Mammography application for conventional poly-MAPbI3 X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, pt= 10 cm?/V, exposure X=0.6mR, Electrical noise Ne=500¢, (b) photon energy
E=20keV, pt= 10 cm?/V, exposure X=240mR, Electrical noise Ne=500e, (c) photon energy
E=20keV, pt= 10° cm?/V, exposure X=0.6mR, Electrical noise Ne=500¢, (d) photon energy
E=20keV, put= 10° cm?/V, exposure X=240mR, Electrical noise Ne=500e, () photon energy
E=20keV, pt= 1077 cm?V, exposure X=0.6mR, Electrical noise Ne=500e, (f) photon energy
E=20keV, pt= 10" cm?/V, exposure X=240mR, Electrical noise Ne=500e.

Figure 4.7 shows the affect of change in electrode distance d on DQE for mammography
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=1 V/um and incident
photon energy was E=20keV. The nominal exposure of X=0.6mR was used in figure 4.7a, 4.7c,
4.7e, and X=240mR was used for figure 4.7b, 4.7d, 4.7f. The electron hole pair (EHP) creation
energy W.was 5eV [29]. Electronic noise was 500e. The multiplication of carrier mobility and
lifetime was considered same for both electron and hole, which was pt= 10 cm?/V in figure
4.7a and 4.7b, 1= 10% cm?/V in figure 4.7c and 4.7d, and pt= 107 cm?/V in figure 4.7¢ and
4.71, respectively.

In figure 4.7a, 4.7b, and 4.7f, DQE gradually increases with the increase of photoconductor
thickness and reaches up to 0.99 in figure 4.7a and 4.7b, 0.97 in figure 4.7f. In figure 4.7c and
4.7d, the DQE increases with the photoconductor thickness gradually, and after reaching a peak
value at a certain thickness (0.97 at 0.025cm and 0.98 at 0.025cm for figure 4.7c and 4.7d,
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respectively), DQE starts to drop slowly if thickness is increased further. In figure 4.7e, DQE

reaches the peak value (0.94) for thickness of 0.018cm, then it drops rapidly with increase of

thickness.

When noise=1000e and Photon energy=20keV
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Figure 4.8: Mammography application for conventional poly-MAPbI3 X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, put= 10 cm?/V, exposure X=0.6mR, Electrical noise Ne=1000e, (b) photon energy
E=20keV, pt= 107 cm?/V, exposure X=240mR, Electrical noise Ne=1000e, (c) photon energy
E=20keV, pt= 10° cm?/V, exposure X=0.6mR, Electrical noise Ne=1000e, (d) photon energy
E=20keV, pt= 10 cm?/V, exposure X=240mR, Electrical noise Ne=1000e, (e) photon energy
E=20keV, put= 107 cm?/V, exposure X=0.6mR, Electrical noise Ne=1000e, (f) photon energy
E=20keV, pt= 10" cm?/V, exposure X=240mR, Electrical noise Ne=1000e.

Figure 4.8 shows the affect of change in electrode distance d on DQE for mammography
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=1 V/um and incident
photon energy was E=20keV. The nominal exposure of X=0.6mR was used in figure 4.8a, 4.8c,
4.8e, and X=240mR was used for figure 4.8b, 4.8d, 4.8f. The electron hole pair (EHP) creation
energy W.was 5eV [29]. Electronic noise was 1000e. The multiplication of carrier mobility and
lifetime was considered same for both electron and hole, which was pt= 10 cm?/V in figure
4.8a and 4.8b, 1= 10% cm?/V in figure 4.8c and 4.8d, and pt= 107 cm?/V in figure 4.8¢ and
4.8f, respectively.

In figure 4.8a, and 4.8b, DQE gradually increases with the increase of photoconductor thickness
and reaches up to 0.98 in figure 4.8a and 4.8b. In figure 4.8c, 4.8d, and 4.8f, the DQE increases
with the photoconductor thickness gradually, and after reaching a peak value at a certain

thickness (0.96 at 0.025cm, 0.97 at 0.025c¢cm, and 0.98 at 0.03cm for figure 4.8c, 4.8d and 4.8f,
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respectively), DQE starts to drop slowly if thickness is increased further. In figure 4.8e, DQE
reaches the peak value (0.85) for thickness of 0.018cm, then it drops rapidly with increase of

thickness.

4.2.5: Summary of graphs for poly-MAPbI;

In table 4.1, I have gathered information about the optimum photoconductor thickness /* and
distance between electrodes d* in different conditions in folded structure for fluoroscopy
application. For lower flux, when electronic noise is 1000e and ur =107 cm?/V, when detector
thickness is more than 0.1 cm and distance between electrodes is between 0.0025cm and 0.01cm,
we get DQE to be more than 0.8, but if the distance between electrodes are more than 0.01cm,
then DQE drops below 0.8. Similarly for higher flux, when electronic noise is 2000e and ur
=107 cm?/V, we get DQE to be more than 0.8 for detector thickness more than 0.07 ¢cm and

distance between electrodes is between 0.0025¢m and 0.05¢cm.

Folded Structure, Fluoroscopy
E=60 keV I d’ DQOE | I d’ DQE
(cm) (cm) for (cm) (cm) Jor

Yiow ¥ igh

Electronic | M7 =107 cm?/V >0.07 0.025-0.5 >0.8 >0.07 0.025-0.5 >0.8
Noise HT =10 cm?/V >0.07 0.025-0.1 >0.8 >0.07 0.025-0.5 >0.8
1000e | piz =107 cm?V >0.1 0.0025-0.01 >0.8 >0.07 | 0.025-0.125 | >0.8
Electronic | M7 =107 cm*V >0.07 0.025-0.5 >0.8 >0.06 0.025-0.5 >0.8
Noise HT =10 cm?/V >0.08 0.0025-0.045 >0.8 >0.07 0.025-0.5 >0.8
2000e 1 4z =107 em*V >0.08 0.0025-0.005 | =07 | >0.07 | 0.0025-0.05 | >0.8

Table 4.1: Design guideline for fluoroscopy application for folded poly-MAPbI; X-ray detector.
For photon energy E=60keV, performance of DQE is measured for low (0.1pR) and high
exposure (10uR) along with different electronic noise (1000e and 2000e).

In table 4.2, I have gathered information about the optimum photoconductor thickness /* and
distance between electrodes d* in different conditions in folded structure for mammography

application. For instance, while using lower flux, electronic noise of 1000e, uz =107 cm?/V,

when detector thickness is more than 0.01 cm and distance between electrodes is between
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0.0025cm and 0.0325cm, then we get DQE to be more than 0.8, but if the distance between
electrodes are more than 0.0325cm, then DQE drops below 0.8.

Folded Structure, Mammography
E=20 keV I d’ DQE I d’ DQFE
(cm) (cm) for (cm) (cm) Jor

V/ng lr//High

Electrical | M7 =107 cm*/V >0.01 0.025-0.5 >0.8 >0.01 0.025-05 | >0.8
Noise UT =10 cm?/V >0.01 0.025-0.5 >0.8 >0.01 0.025-0.5 | >0.8
500e ut =107 em*/V >0.01 0.0025-0.05 | >08 >0.01 | 0.025-0.05 | >08
Electrical | 47 =107 cm?/V >0.01 0.025-0.5 >0.8 >0.01 0.025-0.5 | >0.8
Noise UT =10 cm?/V >0.01 0.025-0.325 >0.8 >0.01 0.025-05 | >0.8
1000e U7 =107 cm?/V >0.01 0.0025- >0.8 >0.01 | 0.025-0.5 | >0.8

0.0325

Table 4.2: Design guideline for mammography application for folded poly-MAPbI; X-ray
detector. For photon energy E=20keV, performance of DQE is measured for low (0.6mR) and
high exposure (240mR) along with different electronic noise (500e and 1000e).

In table 4.3, we have gathered information about the optimum distance between electrodes d* in
different conditions in conventional structure for fluoroscopy application. For instance, while
using lower flux, electronic noise of 1000e, 7 =107 cm?/V, when distance between electrodes is
between 0.006cm and 0.06cm, we get DQE to be more than 0.1, but if the distance between
electrodes are more than 0.06cm, then DQE drops below 0.1. Again, for higher flux (higher
exposure), electronic noise of 1000e, uzr =10 cm?/V, if distance between electrodes is more than

0.065 cm, we get DQE to be more than 0.8. But if distance between electrodes is more than

0.065cm, than DQE drops below 0.8.

Conventional Structure, Fluoroscopy
E=60 keV d DOE d DOE
(cm) Jor (cm) Jor
V/Low WHigh
Electrical UT =107 cm?/V >0.06 >0.8 >0.06 >0.8
Noise UT =10 cm?/V 0.055-0.14 >0.7 >0.065 >0.8
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1000e 1T =107 cm?/V 0.006-0.06 >0.1 0.085-0.1 >0.8
Electrical 1T =107 cm*/V >0.065 >0.8 >0.06 >0.8
Noise HUT =10 cm?/V 0.035-0.1 >0.5 >0.065 >0.8
2000e 41T =107 cm?/V 0.005-0.035 >0.05 0.045-0.085 >0.6

Table 4.3: Design guideline for fluoroscopy application for conventional poly-MAPbIz X-ray
detector. For photon energy E=60keV, performance of DQE is measured for low (0.1uR) and
high exposure (10pR) along with different electronic noise (1000e and 2000¢).

In table 4.4, we have gathered information about the optimum distance between electrodes d* in
different conditions in conventional structure for mammography application. For instance, while
using lower flux, electronic noise of 500e, uz =107 cm?/V, when distance between electrodes is
between 0.008cm to 0.06cm, we get DQE to be more than 0.8, but if the distance between
electrodes are more than 0.06cm, then DQE drops below 0.8. Again, for higher flux (higher

exposure), electronic noise of 1000e, ur =10 cm?/V, if distance between electrodes is more than

0.008cm, we get DQE to be more than 0.8. But if distance between electrodes is more than

0.008cm, than DQE drops below 0.8.

Conventional Structure, Mammography
E=20 keV d DQE d’ DQE
(cm) for (cm) for

l//Low V/High

Electrical UT =107 cm?/V >0.009 >0.8 >0.008 >0.8
Noise HUT =10 cm?/V >0.009 >0.8 >0.008 >0.8
500e 4T =107 cm?/V >0.008-0.06 >0.8 >0.008 >0.8
Electrical HUT =107 cm?/V >0.008 >0.8 >0.08 >0.8
Noise HT =10° cm?/V >0.008 >0.8 >0.008 >0.8
1000e UT =107 cm?/V 0.01-0.03 >0.8 >0.009 >0.8

Table 4.4. Design guideline for mammography application for conventional poly-MAPbI; X-ray
detector. For photon energy E=20keV, performance of DQE is measured for low (0.6mR) and
high exposure (240mR) along with different electronic noise (500e and 1000e).

From the above discussion, we can say for folded structure provides much better DQE than
conventional structure for fluoroscopy application. But for mammography application, both

folded and conventional structure provides good DQE (more than 0.8) with almost identical
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performance, but folded structure is slightly ahead because it provides same DQE in relatively

less photoconductor thickness.

4.3: Amorphous Selenium

The DQE performance of amorphous selenium detector having folded, and conventional
structures was evaluated for both fluoroscopy and mammography applications. The thickness of
the electrode in the folded structure is assumed to be dwi=2.8um [Error! Bookmark not
defined.]. The electric field is considered to be /= 10 V/um. The average photon energies are
assumed to be 60 keV and 20 keV for fluoroscopy and mammographic applications, respectively.
The hole mobility u;=0.12 cm?V-!s!, electron mobility u.~0.003 cm?*V-!s™!, hole lifetime 7,=50
us, electron lifetime 7.=200 ps. While calculating detective quantum efficiency, different ranges
of exposure are used for different applications. The range of exposure varies from 0.1 to 10 pR
with the mean exposure being 1 pR in Fluoroscopy application where it varies from 0.6 to 240
mR with the mean exposure being 12 mR in mammography application. Several sources of
electronic noise are associated with the read-out technology. TFT reset noise or kTC noise
(typical value is 600 e) is the dominant source of electronic noise, data line and charge amplifier
noise (typical value is 800-2000 e in passive pixel) per pixel also plays a big role. The total noise
power is the sum of the noise power of all the sources, and each of the component sources of
noise is independent. The pixel size for fluoroscopic image sensors is large and the total
electronic noise (Ne) typically varies from 1000 e to 2000 e per pixel whereas it varies from 500
e to 1000 e per pixel in mammographic detectors due to their smaller pixel size and the use of

CMOS or active pixel technology [23]. The noise power, Sxe = Ne>.

4.3.1: Folded Structure (Fluoroscopy)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

fluoroscopy. For fluoroscopy application, pixel area is 200 um x 200 um.

When noise=1000e and Photon energy=60keV (Positive bias)
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Figure 4.9: Fluoroscopy application for folded amorphous Se X-ray detector. Detective quantum
efficiency (DQE) as a function of photoconductor thickness / and distance between electrodes d.
(a) photon energy E=60keV, hole mobility #4=0.12 cm?V-!s™!, electron mobility x.~0.003 cm?V-
sl hole lifetime 7,=50 ps, electron lifetime 7.=200 us, exposure X=0.1pR, Electrical noise
Ne=1000e, (b) photon energy E=60keV, hole mobility u;=0.12 cm?V-!s!, electron mobility
1~0.003 cm?*V-ls!, hole lifetime ;=50 ps, electron lifetime 7.=200 us, exposure X=10uR,
Electrical noise Ne=1000e.

Figure 4.9 shows the effect of change in photoconductor thickness / and electrode distance d on
DQE for fluoroscopy application in folded structure. The applied electric field was F=10 V/um
and incident photon energy was E=60keV. The nominal exposure of X=0.1uR was used in figure
4.9a, and X=10uR was used for figure 4.9b. The electron hole pair (EHP) creation energy W-
was 45eV [29]. Electronic noise was 1000e. Hole mobility x,=0.12 cm?V-!s™!, electron mobility
1e=0.003 cm?V-!s! hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.

In figure 4.9a, at first DQE increases almost linearly with the increase of photoconductor
thickness. Then the DQE increases slowly with increase in thickness. At the same time, at first
DQE increases rapidly with the increase of distance between charging electrodes. After reaching
the pick value at a certain d (0.55 at 0.03cm), DQE starts to decrease with the increase of

distance between electrodes.

In figure 4.9b, the DQE increases with the increase of photoconductor thickness gradually. At the

same time, at first DQE increases with the increase in distance between electrodes, and after
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reaching a certain value of d (0.03cm), DQE reaches the maximum value (0.85), then starts to

decrease if distance between electrodes is increased.

When noise=2000e and Photon energy=60keV (Positive bias)
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Figure 4.10: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness / and distance between
electrodes d. (a) photon energy E=60keV, hole mobility x;=0.12 cm?*V!s’!, electron mobility
1e~0.003 cm?*V-!s! hole lifetime 7,=50 ps, electron lifetime 7.=200 us, exposure X=0.1pR,
Electrical noise Ne=2000e, (b) photon energy E=60keV, hole mobility u#;=0.12 cm?*Vs,
electron mobility #.=0.003 ¢cm?V-!s! hole lifetime 7,=50 us, electron lifetime 7.=200 s,
exposure X=10uR, Electrical noise Ne=2000e.

Figure 4.10 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for fluoroscopy application in folded structure. The applied electric field was F=10 V/um
and incident photon energy was E=60keV. The nominal exposure of X=0.1uR was used in figure
4.10a, and X=10uR was used for figure 4.10b. The electron hole pair (EHP) creation energy W-
was 45eV [29]. Electronic noise was 2000e. Hole mobility x,=0.12 cm?V-!s™!, electron mobility
1e~0.003 cm*V-!s!, hole lifetime 7,=50 ps, and electron lifetime 7.=200 ps.

In figure 4.10a, at first DQE increases almost linearly with the increase of photoconductor. Then
the DQE increases slowly with increase in thickness. At the same time, at first DQE increases

rapidly with the increase of distance between charging electrodes. After reaching the pick value
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at a certain d (0.25 at 0.03cm), DQE starts to decrease with the increase of distance between

electrodes.
In figure 4.10b, the DQE increases with the increase of photoconductor thickness gradually. At
the same time, at first DQE increases with the increase in distance between electrodes, and after

reaching a certain value of d (0.03cm), DQE reaches the maximum value (0.83), then starts to

decrease if distance between electrodes is increased.

4.3.2: Folded Structure (Mammography)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for

mammography. For mammography application, pixel area is 50 um % 50 pm.

When noise=500e and Photon energy=20keV (Positive bias)
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Figure 4.11: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness / and distance between
electrodes d. (a) photon energy E=20keV, hole mobility u,=0.12 cm*V-!s’!, electron mobility
1e~0.003 cm?V-!s’! hole lifetime 7:=50 s, electron lifetime 7.=200 ps, exposure X= 0.6 mR,
Electrical noise Ne=500e, (b) photon energy E=20keV, hole mobility 1;,=0.12 cm?*V!s™!, electron
mobility ©#.~0.003 ¢cm?V-'s™, hole lifetime 7:=50 ps, electron lifetime 7.=200 us, exposure
X=240 mR, Electrical noise Ne=500e.
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Figure 4.11 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for mammography application in folded structure. The applied electric field was F=10
V/um and incident photon energy was E=20keV. The nominal exposure of X=0.6 mR was used
in figure 4.11a, and X=240 mR was used for figure 4.11b. The electron hole pair (EHP) creation
energy W.was 45eV [29]. Electronic noise was 500e. Hole mobility u4=0.12 cm*V-!s!, electron

mobility x.=0.003 cm?V-!s™!, hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.

In figure 4.11a, at first DQE increases almost linearly with the increase of photoconductor. Then
the DQE increases slowly with increase of photoconductor thickness (from 0.03cm). At the same
time, at first DQE increases rapidly with the increase of distance between charging electrodes.
After reaching the pick value at a certain d (0.92 at 0.025cm), DQE starts to decrease with the

increase of distance between electrodes.

In figure 4.11b, the DQE increases with the increase of photoconductor thickness gradually. At
the same time, at first DQE increases with the increase in distance between electrodes, and after
reaching a certain value of d, DQE starts to decrease, then again start to rise, and will decrease
after reaching a certain value of d. Although DQE is showing increasing trend with d in our
measurement range, after a certain value of d (0.025c¢m), DQE should reach its maximum value

(0.97) and start to decrease with the increase of distance between electrodes.

When noise=1000e and Photon energy=20keV (Positive bias)
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Figure 4.12: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness / and distance between
electrodes d. (a) photon energy E=20keV, hole mobility x,=0.12 cm?*V-!s!, electron mobility
1e~0.003 cm?V-!s! hole lifetime 7:=50 s, electron lifetime 7.=200 ps, exposure X= 0.6 mR,
Electrical noise Ne=1000e, (b) photon energy E=20keV, hole mobility u#;=0.12 cm?*V!s’,
electron mobility #.~0.003 cm?V-!s’! hole lifetime 7,=50 s, electron lifetime 7.=200 ps,
exposure X=240 mR, Electrical noise Ne=1000e.

Figure 4.12 shows the affect of change in photoconductor thickness / and electrode distance d on
DQE for mammography application in folded structure. The applied electric field was F=10
V/um and incident photon energy was E=20keV. The nominal exposure of X=0.6 mR was used
in figure 4.12a, and X=240 mR was used for figure 4.12b. The electron hole pair (EHP) creation
energy W.was 45eV [29]. Electronic noise was 1000e. Hole mobility u;=0.12 cm*V!s™!, electron
mobility z.~0.003 cm*V-!s!, hole lifetime 7:=50 ps, and electron lifetime 7.=200 ps.

In figure 4.12a, at first DQE increases almost linearly with the increase of photoconductor. Then
the DQE increases slowly with increase of photoconductor thickness (from 0.03cm). At the same
time, at first DQE increases rapidly with the increase of distance between charging electrodes.
After reaching the pick value at a certain d (0.8 at 0.025cm), DQE starts to decrease with the

increase of distance between electrodes.

In figure 4.12b, the DQE increases with the increase of photoconductor thickness gradually. At
the same time, at first DQE increases with the increase in distance between electrodes, and after
reaching a certain value of d, DQE starts to decrease, then again start to rise, and will decrease
after reaching a certain value of d. Although DQE is showing increasing trend with d in our
measurement range, after a certain value of d (0.025c¢m), DQE should reach its maximum value

(0.93) and start to decrease with the increase of distance between electrodes.

4.3.3: Conventional Structure (Fluoroscopy, Positive Bias)

The effect of electric field, exposure, carrier density, electronic noise on DQE were studied for
fluoroscopy. For fluoroscopy application, pixel area is 200 pm % 200 pum. This study was

conducted for positive bias to the photodetector.
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When noise=1000e and Photon energy=60keV (Positive bias)
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Figure 4.13: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility u4=0.12 cm?V-!s!, electron mobility ©.~0.003 cm?V-!s!, hole lifetime
7,7=50 us, electron lifetime 7.=200 ps, exposure X= 0.1 pR, Electrical noise Ne=1000e, (b)
photon energy E=60keV, hole mobility u»=0.12 cm*V-'s!, electron mobility 1~0.003 cm?*V-!s!,
hole lifetime 7;=50 us, electron lifetime 7.=200 us, exposure X= 10 pR, Electrical noise
Ne=1000e.

Figure 4.13 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=60keV. The nominal exposure of X=0.1puR was used in figure 4.13a, and
X=10puR was used for figure 4.13b. The electron hole pair (EHP) creation energy W. was 45eV
[29]. Electronic noise was 1000e. Hole mobility #4=0.12 cm*V-!s!, electron mobility u.~0.003

cm?V-!s7! hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.
In figure 4.13a and 4.13b, DQE gradually increases with the increase of photoconductor

thickness. But imaging performance is poor in this combination. The maximum DQE are 0.44

and 0.83 for figure 4.13a and 4.13b, respectively.
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When noise=2000e and Photon energy=60keV (Positive bias)
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Figure 4.14: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility u4=0.12 cm?V-'s!, electron mobility 1.~0.003 cm?V-'s!, hole lifetime
7,=50 us, electron lifetime 7.=200 ps, exposure X= 0.1 pR, Electrical noise Ne=2000e, (b)
photon energy E=60keV, hole mobility u,=0.12 cm?V-!s! electron mobility x.=0.003 cm*V-!s!,
hole lifetime 7,=50 ps, electron lifetime 7.=200 ps, exposure X= 10 pR, Electrical noise
Ne=2000e.

Figure 4.14 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/pm and incident
photon energy was E=60keV. The nominal exposure of X=0.1pR was used in figure 4.14a, and
X=10uR was used for figure 4.14b. The electron hole pair (EHP) creation energy W was 45¢V
[29]. Electronic noise was 2000e. Hole mobility u,=0.12 cm?V-!s!, electron mobility 1.~0.003

cm?V-Is! hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.

In figure 4.14a and 4.14b, DQE gradually increases with the increase of photoconductor
thickness. But imaging performance is poor in this combination. The maximum DQE are 0.18

and 0.81 for figure 4.14a and 4.14b, respectively.

4.3.4: Conventional Structure (Mammography, Positive Bias)
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Findings for mammography in folded structure is presented here. For mammography application,

pixel area is 50 um x 50 um. This study was conducted for positive bias to the photodetector.

When noise=500e and Photon energy=20keV (Positive bias)
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Figure 4.15: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility u»=0.12 cm?*V-!s!, electron mobility u=0.003 cm?V-!s™! hole lifetime
7,=50 s, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=500e, (b) photon
energy E=20keV, hole mobility u,=0.12 cm?V-'s™!, electron mobility x.~0.003 cm?V-'s™!, hole
lifetime 7;,=50 ps, electron lifetime 7.=200 ps, exposure X= 240 mR, Electrical noise Ne=500e.

Figure 4.15 shows the affect of change in electrode distance d on DQE for mammography
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=20keV. The nominal exposure of X=0.6 mR was used in figure 4.15a, and
X=240 mR was used for figure 4.15b. The electron hole pair (EHP) creation energy W. was
45eV [29]. Electronic noise was 500e. Hole mobility u;=0.12 ¢cm*V-!'s!, electron mobility
1e~0.003 cm*V-!s!, hole lifetime 7,=50 ps, and electron lifetime 7,=200 ps.

In figure 4.15a, the DQE increases with the photoconductor thickness gradually, and after the
DQE reaches the peak value at a certain distance between charge collecting electrodes (0.97 at

0.03cm), DQE starts to drop slowly if thickness is increased further. In figure 4.15b, DQE
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gradually increases with the increase of photoconductor thickness. Maximum DQE of about 0.99

is observed at 0.1cm of photoconductor thickness.

When noise=1000e and Photon energy=20keV (Positive bias)
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Figure 4.16: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility u»=0.12 cm*V-!s!, electron mobility u=0.003 cm?V-!s™! hole lifetime
7,=50 s, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=1000e, (b)
photon energy E=20keV, hole mobility x,=0.12 cm*V-'s! electron mobility x.=0.003 cm*V-!s!,
hole lifetime 7;=50 s, electron lifetime 7.=200 ps, exposure X= 240 mR, Electrical noise

Ne=1000e.

Figure 4.16 shows the affect of change in electrode distance d on DQE for mammography
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=20keV. The nominal exposure of X=0.6 mR was used in figure 4.16a, and
X=240 mR was used for figure 4.16b. The electron hole pair (EHP) creation energy W. was
45eV [29]. Electronic noise was 1000e. Hole mobility u;=0.12 cm?V-!s!) electron mobility
14e=0.003 cm?V-!s! hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.

In figure 4.16a, the DQE increases with the photoconductor thickness gradually, and after the

DQE reaches the peak value at a certain distance between charge collecting electrodes (0.93 at
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0.025cm), DQE starts to drop slowly if thickness is increased further. In figure 4.16b, DQE
gradually increases with the increase of photoconductor thickness. Maximum DQE of about 0.99

is observed at 0.1cm of photoconductor thickness.

4.3.5: Conventional Structure (Fluoroscopy, Negative Bias)

Findings for fluoroscopy in folded structure is presented here. For fluoroscopy application, pixel

area is 200 um % 200 um. This study was conducted for negative bias to the photodetector.

When noise=1000e and Photon energy=60keV (Negative bias)
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Figure 4.17: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility u»=0.12 cm?*V-!s!, electron mobility u=0.003 cm?V-!s™! hole lifetime
7,=50 s, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=1000e, (b)
photon energy E=20keV, hole mobility x,=0.12 cm*V-'s!, electron mobility x.=0.003 cm*V-!s!,
hole lifetime 7;=50 ps, electron lifetime 7.=200 ps, exposure X=240 mR, Electrical noise
Ne=1000e.

Figure 4.17 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=60keV. The nominal exposure of X=0.1pR was used in figure 4.17a, and
X=10pR was used for figure 4.17b. The electron hole pair (EHP) creation energy W. was 45eV
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[29]. Electronic noise was 1000e. Hole mobility x,=0.12 cm?V-!s™!, electron mobility 1.=0.003

cm?V-!s7!, hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.
In figure 4.17a and 4.17b, DQE gradually increases with the increase of photoconductor

thickness. But imaging performance is poor in this combination. The maximum DQE are 0.31

and 0.78 for figure 4.17a and 4.17b, respectively.

When noise=2000e and Photon energy=60keV (Negative bias)

0.2 T o8
7 07
0.1
0.6 T
-
0.08 "
05
5 / S04
g 0.06 , / 0.
g
/7 03
0.04 7
r
y ;f 02
0.02 /
/ [ I
Q0 o
[i] 005 01 015 02 [H] 0.05 o1 @15 02
Distance between electrodes (cm) Distance between electrodes (cm)
(a) (b)

Figure 4.18: Fluoroscopy application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=60keV, hole mobility 14=0.12 cm*V-!s!, electron mobility x#.=0.003 cm?V-'s!, hole lifetime
77=50 us, electron lifetime 7.=200 ps, exposure X= 0.1 puR, Electrical noise Ne=2000e, (b)
photon energy E=60keV, hole mobility 1;=0.12 cm?V-'s™!, electron mobility z.~0.003 cm?V-!s,
hole lifetime 7;=50 us, electron lifetime 7.=200 us, exposure X= 10 pR, Electrical noise
Ne=2000e.

Figure 4.18 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=60keV. The nominal exposure of X=0.1uR was used in figure 4.18a, and
X=10pR was used for figure 4.18b. The electron hole pair (EHP) creation energy W was 45eV
[29]. Electronic noise was 2000e. Hole mobility 1,=0.12 cm?*V-!s™! electron mobility x.=0.003

cm?V-ls7!| hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.
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In figure 4.18a and 4.18b, DQE gradually increases with the increase of photoconductor
thickness. But imaging performance is poor in this combination. The maximum DQE are 0.11

and 0.74 for figure 4.18a and 4.18b, respectively.
4.3.6: Conventional Structure (Mammography, Negative Bias)

Findings for mammography in folded structure is presented here. For mammography application,

pixel area is 50 um x 50 um. This study was conducted for negative bias to the photodetector.

When noise=500e and Photon energy=20keV (Negative bias)
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Figure 4.19: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility 1;=0.12 cm*V-!s’!, electron mobility x#.=0.003 cm?V-'s!, hole lifetime
7,7=50 us, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=500e, (b) photon
energy E=20keV, hole mobility 1;=0.12 cm?V-!s’!, electron mobility x.~0.003 cm?V-!s’!, hole
lifetime 7,=50 s, electron lifetime 7.=200 ps, exposure X= 240 mR, Electrical noise Ne=500e.

Figure 4.19 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident
photon energy was E=20keV. The nominal exposure of X=0.6 mR was used in figure 4.19a, and

X=240 mR was used for figure 4.19b. The electron hole pair (EHP) creation energy W. was
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45eV [29]. Electronic noise was 500e. Hole mobility #,=0.12 cm?*V!s!, electron mobility
1£=0.003 cm?V-!s!, hole lifetime 7,=50 us, and electron lifetime 7.=200 ps.

In figure 4.19a, DQE reaches the peak value (0.97) for thickness of 0.035cm, then it drops
rapidly with increase of distance between charge collecting electrodes. In figure 4.19b, the DQE
increases with the photoconductor thickness gradually, and after reaching the peak value of DQE

at a certain thickness (0.99 at 0.03cm), DQE starts to drop slowly if thickness is increased

further.

When noise=1000e and Photon energy=20keV (Negative bias)

0.85 1 —
-
— /!
0ol S oast |
{ '-\.‘. |
ossl | “‘\\\ 09
08l | N oas) |
| N |
8 o7s| | ™ & osl |
a | \\\ o
\\\ I
o7t | . 075 |
| .
065} | . o7t
My,
|
| ™
08| ™ 0.65 |
0.55 0.6
] 005 o1 015 02 ] 0.05 0.1 015 02
Distance between electrodes (cm) Distance between electrodes (cm)
(@) (b)

Figure 4.20: Mammography application for folded amorphous Se X-ray detector. Detective
quantum efficiency (DQE) as a function of photoconductor thickness d. (a) photon energy
E=20keV, hole mobility 1#;=0.12 cm*V-!s’!, electron mobility ©#.=0.003 cm?V-'s!, hole lifetime
77=50 ps, electron lifetime 7.=200 ps, exposure X= 0.6 mR, Electrical noise Ne=1000e, (b)
photon energy E=20keV, hole mobility 1;=0.12 cm?V-!s™!, electron mobility z.~0.003 cm?V-!s,
hole lifetime 7,=50 us, electron lifetime 7z.=200 ps, exposure X= 240 mR, Electrical noise

Ne=1000e.

Figure 4.20 shows the affect of change in electrode distance d on DQE for fluoroscopy
application in conventional structure. In conventional structure, distance between electrodes is
considered as photoconductor thickness. The applied electric field was F=10 V/um and incident

photon energy was E=20keV. The nominal exposure of X=0.6 mR was used in figure 4.20a, and

58



X=240 mR was used for figure 4.20b. The electron hole pair (EHP) creation energy W. was
45eV [29]. Electronic noise was 1000e. Hole mobility u;=0.12 cm?V's’!, electron mobility
1~0.003 cm?*V-'s!, hole lifetime 7,=50 ps, and electron lifetime 7,=200 ps.

In figure 4.20a, DQE reaches the peak value (0.91) for thickness of 0.03cm, then it drops rapidly
with increase of distance between charge collecting electrodes. In figure 4.20b, the DQE
increases with the photoconductor thickness gradually, and after reaching the peak value of DQE
at a certain thickness (0.99 at 0.03cm), DQE starts to drop slowly if thickness is increased
further.

4.3.2: Summary of the graphs for Amorphous Selenium

In table 4.5, we have gathered information about the optimum photoconductor thickness /* and
distance between electrodes d* in different conditions in folded structure for fluoroscopy
application. Hole mobility 1;,=0.12 cm?*V-!s™!, electron mobility x.=0.003 cm?*V-!s™!, hole lifetime
7,=50 ps, electron lifetime 7.=200 ps. For different values of exposure, we get different flux. For
lower flux, when electronic noise is 1000e, when detector thickness is more than 0.16 cm and
distance between electrodes is between 0.025cm and 0.05cm, then we get DQE to be more than
0.3, but if the distance between electrodes is more than 0.05cm, then DQE drops below 0.3.
Similarly for higher flux, when electronic noise is 2000e, we get DQE to be more than 0.7 for
detector thickness more than 0.18 cm and distance between electrodes is between 0.0025c¢m and

0.05cm.

Folded Structure, Fluoroscopy
E=60 keV I d DQE I d DQE
(cm) (cm) Jor (cm) (cm) for
l//Low l//High
Electronic >0.18 0.025-0.05 >0.5 >0.17 0.025-0.175 >0.8
Noise
1000e

59



Electronic >0.15 0.025-0.075 >(.2 >(.18 0.025-0.125 >0.8
Noise
2000e

Table 4.5: Design guideline for fluoroscopy application for folded amorphous selenium X-ray
detector. For photon energy E=60keV, performance of DQE is measured for low (0.1uR) and
high exposure (10uR) along with different electronic noise (1000e and 2000e).

In table 4.6, we have gathered information about the optimum photoconductor thickness /* and
distance between electrodes d* in different conditions in folded structure for mammography
application. While using lower flux and electronic noise of 500e, when detector thickness is
more than 0.02 cm and distance between electrodes is between 0.025¢m and 0.05¢cm, then we get
DQE to be more than 0.8, but if the distance between electrodes is more than 0.05¢m, then DQE
drops below 0.8. Again, for the same case, if electronic noise is more (1000e), the DQE

decreases for the same range of photoconductor thickness and electrode distance (DQE=0.7).

Folded Structure, Mammography
E=20 keV I d’ DQE I d’ DQE
(cm) (cm) Jfor (cm) (cm) for
Y Low Y High

Electronic >0.01 0.025-0.5 >0.8 >0.01 0.025-0.5 >0.8

Noise

500¢
Electronic >0.01 0.025-0.2 >0.8 >0.01 0.025-0.5 >0.8

Noise

1000e

Table 4.6: Design guideline for mammography application for folded amorphous selenium X-ray
detector. For photon energy E=20keV, performance of DQE is measured for low (0.6mR) and
high exposure (240mR) along with different electronic noise (500e and 1000e).

In table 4.7, we have gathered information about the optimum distance between electrodes d* in
different conditions in conventional structure for fluoroscopy application for both positive and
negative biasing. We can see for photon energy E=60keV, we have figured out ranges for
optimum distance between electrodes d* for specific values of DQE. While using lower flux,

electronic flux of 1000, positive biasing, when distance between electrodes is more than 0.08cm,
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we get DQE to be more than 0.1, but if the distance between electrodes is less than 0.08cm, then
DQE drops below 0.1. Again, for higher flux (higher exposure), electronic flux of 1000e,
negative biasing, if distance between electrodes is more than 0.06 cm, we get DQE to be more
than 0.07. But if distance between electrodes is more than 0.06cm, than DQE drops below 0.07.
Using amorphous selenium, we obtain very low values of DQE compared to poly-MAPbI3 for

fluoroscopy application.

Conventional Structure, Fluoroscopy
E=60 keV d DQE d’ DQE
(cm) for (cm) for
l//Low l//High
Electrical | Positive >0.17 >0.4 >0.19 >0.8
Noise bias
1000e  Negative >0.12 >0.3 >0.14 >0.7
bias
Electrical | Positive >0.19 >0.18 >0.19 >0.8
Noise bias
2
000¢ ™ Jegative >0.1 >0.1 >0.16 >0.7
bias

Table 4.7: Design guideline for fluoroscopy application for conventional amorphous selenium X-
ray detector. Both positive and negative biasing was observed. For photon energy E=60keV,
performance of DQE is measured for low (0.1uR) and high exposure (10uR) along with different
electronic noise (1000e and 2000¢).

In table 4.8, we have gathered information about the optimum distance between electrodes d* in
different conditions in conventional structure for mammography application for both positive and
negative biasing. While using lower flux, electronic flux of 500, positive biasing, when distance
between electrodes is more than 0.015cm, we get DQE to be more than 0.8, but if the distance
between electrodes is less than 0.015cm, then DQE drops below 0.8. Again, for higher flux
(higher exposure), electronic flux of 1000e, negative biasing, if distance between electrodes is
more than 0.01 cm, we get DQE to be more than 0.8. But if distance between electrodes is less
than 0.01cm, than DQE drops below 0.8. Using amorphous selenium, we obtain almost similar

DQE compared to poly-MAPDI; for mammography application.
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Conventional Structure, Mammography
E=20 keV d DQE d DQE
(cm) for (cm) Jfor

l//LOW l//High

Electrical | Positive >0.01 >(.8 >0.01 >0.8
Noise bias

3008 ™ Negative >0.01 >0.8 >0.01 >0.8
bias

Electrical | Positive >0.01 >(.8 >0.01 >0.8
Noise bias

1000e

Negative 0.01-0.09 >(0.8 >0.01 >(.8

bias

Table 4.8: Design guideline for mammography application for conventional amorphous selenium
X-ray detector. Both positive and negative biasing was observed. For photon energy E=20keV,
performance of DQE is measured for low (0.6mR) and high exposure (0.6mR) along with
different electronic noise (500e and 1000¢).

4.4: Comparison between a-Se and poly-MAPDbI3 X-ray Detectors

Both conventional structure and folded structure have been examined for fluoroscopy and
mammography for amorphous selenium and poly-MAPbI;. From table 4.1-4.8, it has been found
that amorphous selenium and poly-MAPbI; both provide optimum performance for
mammography in conventional structure (From table 4.4 and 4.8). But folded structure of poly-
MAPDI; provides relatively better performance than conventional structure for mammography
application using both materials (From table 4.2). For fluoroscopy application, folded structure
using poly-MAPDI; shows relatively better performance than both poly-MAPbI3; conventional
structure and a-Se structure (folded and conventional) (from table 4.1,4.3,4.5,4.7). Therefore, we
can conclude that poly-MAPbI; provides better DQE performance than a-Se for both

applications.

62



Chapter 5: Summary, Conclusion, and Future work

5.1 Summary

The DQE of the folded device structure, which includes incomplete charge collection, was
calculated using a cascaded linear system model. For different values of incident photon flux,
attempts were made to determine the optimum folding length and thickness of the detector.
Random charge carrier trapping was considered, leading to the consideration of variance in
charge collection efficiency. In general, it has been observed that when the photoconductor
thickness is increased, a rising behavior in the detective quantum efficiency (DQE) is exhibited
for folded structure. 3D curves were simulated to observe the change in DQE with variations in
the length and thickness of the detector, and the optimum size was determined. Following that,
the same thickness of detector was considered for the conventional structure using the respective
incident flux. A significant difference in DQE between conventional and folded devices can be
clearly observed. Much better performance in terms of detective quantum efficiency (DQE) is
exhibited by folded devices compared to the conventional structure. Simultaneously, a
comparative study was conducted between amorphous selenium and poly-MAPbI; X-ray
detectors. The work was published with the title "Comparative Performance Evaluation of
Conventional and Folded Detector Structures: Application to Perovskite X-ray Detectors"
in journal "Electronics," by the publisher "MDPIL," in Volume 12, Issue 13, page number 2976,
on 6th July 2023, where the imaging performance of the conventional and folded detector

structure had been studied using poly MAPDI; for both fluoroscopy and mammography.

5.2 Conclusion

The DQE performance of both folded and conventional detector structures has been analyzed by
considering the quantum noise due to random charge carrier trapping in the photoconductor layer
in the cascaded linear system model. An analytical expression for the variance of incomplete
charge collection in folded structure has also been developed. The optimum values of

photoconductor layer thickness / and spacing between electrodes d for maximizing the DQE
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under various combinations of exposure, electronic noise and uzr have been determined. The
folded structure provides design flexibility for achieving DQE higher than 0.7 by adjusting the
distance between electrodes while the maximum possible DQE in conventional structure can be
even below 0.3 for certain values of material and detector parameters. The DQE model for folded
structure in this paper can also be applied to coplanar detector structure if the electric field
profile is considered uniform. At the same time, a comparison has been drawn between poly-
MAPDI3 and amorphous selenium, and it has been found that poly-MAPbI3; detector shows

significantly better DQE performance than Amorphous Selenium Detector.

5.3 Future work

The photoconductor structures in this thesis were developed for zero spatial frequency. But
spatial spreading of signal is an unavoidable fact in imaging system. Taking spatial frequency
into account to determine DQE will provide better understanding of the relative increase of noise
of the imaging system. Deriving DQE as a function of spatial frequency will help to compare
folded and conventional device structure in a broader perspective. Moreover, in the thesis,
optimum design parameters of folded and conventional device structure were investigated for
fluoroscopy and mammography, but many other medical applications such as tomosynthesis and
chest radiology should be brought under evaluation. Furthermore, in this thesis, only the relative
comparison between amorphous selenium and poly-MAPbI3 were presented, but different other
types of Hybrid Organic-Inorganic Perovskite materials can also be used different medical

applications such as tomosynthesis, chest radiology, fluoroscopy, and mammography.
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