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Abstract

Modern medical imaging revolutionized the way that medical conditions are diagnosed. It became
possible after significant advancements in science and technology related to the medical
visualization field. X-ray imaging is one of the most commonly used modalities; it now relies on
the digital Flat Panel X-ray Imagers (FPXIs) that can provide high-quality radiographs while
benefiting from many advantages inherent to the digital detectors technology, including reduced
radiation exposure and convenience of use. Although some FPXIs have already been
commercialized, their application is very limited, and they do not exploit the full potential of this
technology. Therefore, there is a niche that can only be filled through extensive research and

development. The work carried out and presented in the dissertation contributes to this effort.

In this work, an Amorphous Lead Oxide (a-PbO) photoconductor is investigated as a material of
choice in the direct conversion digital FPXIs for various medical and industrial X-ray imaging
applications, including general radiography, real-time fluoroscopy, digital breast tomosynthesis,
and non-destructive testing. a-PbO is a recently developed material with high X-ray stopping
power in a wide X-ray energy range and high theoretical X-ray—to—charge conversion efficiency.
Most importantly, it lacks certain disadvantages of its predecessor, Polycrystalline Lead Oxide

(poly-PbO), such as slow temporal response, high porosity, and environmental instability, which
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limited the success of poly-PbO—based FPXIs in the past. Although very promising, the technology
of a-PbO photoconductor is not mature enough for practical applications and the properties of this

material have not been fully studied.

One important aspect in the development of the FPXI based on the a-PbO photoconductor
addressed in this work is the reduction of the dark current to an acceptably low level at the strong
practical electric fields without sacrificing the major benefits of a-PbO, i.e., fast temporal response
and high X-ray sensitivity. It was accomplished by investigating and destroying the root cause of
this problem, which is the charge injection from the electrode into the photoconductor. Two
detector designs utilizing multilayer structures based on Lead Oxide photoconductor were
proposed in this work, each with its advantages and shortcomings. The first configuration
comprises a thin injection preventing layer of a-PbO overlayed with a relatively thick layer of
poly-PbO X-ray—to—charge transducer. a-PbO/poly-PbO detector demonstrated improved
structural homogeneity and lesser dispersion of charge transport in comparison to that of poly-
PbO, and fast temporal response inherent to a-PbO. In the second design, a blocking layer structure
with a Polyimide (PI) polymer and an a-PbO photoconductor was developed and evaluated. Pl/a-
PbO detector demonstrated suppression of the dark current down to an acceptably low level and a
capability to withstand a strong electric field, while further improving the temporal response and
X-ray sensitivity in comparison to that of other competitive detectors. This technological
achievement made it possible to examine fundamental properties of the a-PbO photoconductor
related to charge generation and recombination. Through the experimental investigation of the X-
ray sensitivity, it was determined that the columnar recombination and bulk Langevin

recombination mechanisms interplay in the a-PbO photoconductor at practical electric fields.
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Chapter 1

Introduction

1 X-ray medical imaging modality

Modern medicine relies on reliable, affordable, and safe diagnosis in order to provide the most
accurate treatment. In clinical cases when direct visual observation of the patient is not sufficient,
advanced imaging techniques can be used to visualize the interior of the body. Radiography, or X-
ray imaging (including static radiography, real-time fluoroscopy used to visualize the continuous
movement of internal structures, and tomosynthesis that produces three-dimensional images), is
the most widely used medical imaging procedure today. The number of X-ray-based diagnostic
and interventional procedures is greater than the combined use of ultrasound (US), magnetic

resonance imaging (MRI), computed tomography (CT), and nuclear medicine.

Radiography is performed with an X-ray source on one side of the patient and an X-ray detector
on the other side; it is a form of a transmission and projection imaging modality. The X-ray tube
emits a uniform collimated X-ray beam towards the patient; X-ray photons interact with tissues
while passing through the body and reach the detector, where an X-ray image is formed. The
uniform distribution of X-rays reaching the patient is modified by the degree of interaction of the
X-rays with the tissues (via various absorption and scattering mechanisms discussed in the next
section). Different tissues, such as soft tissue, bone, and air have very different properties affecting
attenuation (i.e., composition and density), providing a non-uniform but informative distribution
of X-ray intensity that comes out of the patient. The radiographic image is essentially a map of

this distribution. This process is schematically shown in Figure 1.

X-ray radiography is considered anatomical imaging since it provides information about
anatomical structures through a projection of distribution of the density and composition of the
tissues within the detector’s field of view (FOV). In contrast, nuclear medicine, for example,
visualizes the distribution of an injected radiotracer, which represents relative metabolic properties
of tissues affected by disease conditions, and therefore, nuclear medicine is considered a functional

imaging modality [1-3].
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Figure 1. Schematic representation of the radiographic procedure.

The transmitted X-ray beam (or, rather, distribution of its intensity within the FOV) is a carrier of
information in radiography, and more X-rays generally provide better image quality, which allows
very subtle pathologies to be detected. However, X-rays are a form of ionizing radiation, which
can be harmful to the patient and cause damage to the living tissues. Therefore, the radiologist
should adhere to the As Low As Reasonably Achievable (ALARA) approach in clinical practice
in order to minimize the radiation exposure (both to patient and radiologist) while still providing

suitable image quality for the task at hand.

To facilitate this difficult duty, one has to utilize the most efficient way to extract anatomical
information from the X-ray beam emerging from the patient. The X-ray detector is an integral
component of the entire radiographic system specifically designed for this purpose. Therefore, the
focus should be made on improving the detector’s performance to provide sufficiently high image

contrast at low radiation doses.

2 Flat panel detectors for X-ray medical imaging

For the best experience, the process of acquiring, viewing, and storing radiographic images must

be accurate, safe, and fast. This became possible with the invention of digital X-ray detectors —
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Flat Panel X-ray Imagers (FPXIs), that rendered the previous X-ray film, phosphor plate and X-
ray image intensifier (XRII) technologies essentially obsolete. Indeed, in the past, starting from
the first-ever radiograph obtained by Wilhelm Conrad Roentgen of his wife’s hand in 1895, the
radiologists had to load an X-ray film (which was single-use) into a cassette under the X-ray table,
make the X-ray exposure, develop the film in a so-called dark room. Only after this long process
could the radiograph be reviewed. This technology is not only time-consuming and labour-
intensive but also creates inconvenient patient management and logistical hassle for storing and

transferring the radiographs in a real clinical environment.

These problems were partially resolved by XRII technology introduced in the 1950s [4]. Instead
of a flat X-ray film, it utilizes a rather bulky vacuum image intensifier which, when coupled to a
television viewing system, transfers the X-ray image on a TV screen in real time. XRII/TV systems
provided good image quality, especially at low radiation doses. This is especially critical for real-
time fluoroscopic and angiographic procedures, since the cumulative exposure during the long-
lasting procedure should be maintained at an adequate level, requiring the dose per frame to be

significantly reduced.

With the development of digital solid-state FPXIs and their practical implementation in the 2000s,
it became a dominant technology for radiography due to a number of benefits as will be discussed
in the next sections [5-9]. (In this sense, the approach to the development of medical imaging
technologies is similar to the approach to consumer electronics: vacuum electronics are replaced
by solid-state ones). Ongoing research and development (R&D) in this field would only lead to
even better image quality at a lower cost and with lesser sacrifices. Figure 2 schematically shows

the typical FPXI.

The creation of an X-ray image is conceptually a three-step process. Firstly, the X-ray photons
interact with an X-ray—sensitive medium and generate a measurable response that is proportional
to the intensity of incident X-rays. Secondly, the response signal is integrated and stored on a
storage capacitor. Finally, the electrical signal is recorded and reconstructed into a radiographic

image.
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Figure 2. Schematic of the FPXI. (Image adapted from Philips Research Laboratories, Aachen.)

The X-ray—sensitive medium can be of either direct type (a photoconductor) or indirect type (a
scintillator) (Figure 3), indicating that X-rays are converted into an electrical signal directly (X-
ray photons — electrical charge) or with an intermediate step involving visible light (X-ray photon
— scintillation optical photon — electrical charge), respectively. As this is depicted in Figure 3 (a),
the FPXI of indirect conversion type utilizes a layer of a scintillator (phosphor) as an X-ray—
sensing medium. Incident X-ray photons are absorbed in a scintillator layer and create multiple
optical photons. The optical light propagates through the scintillator and impinges onto one of the
photodiodes in the underlying imaging array, where it is converted to an electrical signal, which is
stored and later read out by the imaging electronics. The most commonly used scintillators are
doped gadolinium oxysulfide (Gd20,S:Tb) and cesium iodide (CsI:T1). Gd20.S is a powdered
(turbid) phosphor with a nearly uniform structure, and thus it allows a lateral spread of light,
reducing the spatial resolution of the image. In contrast, Csl is a structured phosphor, which has
needle-like closely packed crystallites that guide light towards the photodiodes and minimizes
transversal propagation of light. Despite this, the indirect conversion FPXIs typically lack a high

spatial resolution due to the omnidirectional propagation of scintillation optical photons.
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Figure 3. Schematic of the (a) indirect and (b) direct conversion detectors (not to scale).
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In the direct conversion detectors, X-rays are absorbed in a photoconductor layer and directly
create electrical charges — electron and hole pairs (Figure 3 (b)). These charges are separated by
the application of a strong electric field, which directs carriers towards the opposite electrodes,
where they are collected, stored, and finally read out by the imaging electronics. The detection
process is direct in that the image information is transferred from X-rays directly to electrical

charge without an intermediate stage.

Storing and recording of the electrical signal is performed by large-area integrated circuits with a
thin film transistor (TFT) or complementary metal-oxide-semiconductor (CMOS) imaging pixel
array and accompanying digital electronics [10]. These arrays are formed by conventional planar
processing through the deposition and doping of the individual metal, insulator and semiconductor
layers that are appropriately masked by the lithography process in each step. This process allows
to obtain a monolithic imaging array with millions of small individual pixels of dimensions that
are customized for the specific application. Each pixel has its own storage capacitor and transistor
switch that is controlled by external electronics. The transistor is normally in the “off” state,
allowing the X-ray—generated charge to accumulate in the capacitors. After the exposure, when
the readout stage begins, the external electronics activate one line of pixels at a time by applying
a small potential to that gate line, connecting storage capacitors to the source lines, and reading
out the charge and converting it into an electrical signal. After each line of pixels is readout, the
latent distribution of electric charges across the pixel array is reconstructed into a radiograph.
Coupling an X-ray detection medium such as a scintillator or a photoconductor with a large-area

imaging array forms the basis of the FPXI shown in Figure 2.



The FPXI based on the direct conversion approach has a higher potential to produce a superior
image quality with a higher spatial resolution (no later spread of light) under lower X-ray doses
(due to one-step conversion process) in comparison to the indirect conversion X-ray detector. In
fact, the spatial resolution of the direct conversion detectors is limited by the pixel size only. This
is, of course, true, when the right photoconductor suited for a particular detector application is

used.

3 Photoconductors for direct conversion detectors

Let us consider what is expected from the “ideal” X-ray photoconductor [11,12].

(a) It should be technically feasible to produce large-area detectors with a photoconductive
layer deposited directly on the imaging array. Crystalline semiconductors, such as
cadmium zinc telluride (CZT), are not applicable for this purpose since no deposition
technique will provide growth of a crystalline material on an imaging array. In contrast,
disordered (polycrystalline and amorphous) photoconductors can be deposited on a TFT or
CMOS imaging array at room temperature (or slightly elevated temperature, usually below
200 °C) without causing any damage to the array. Non-crystalline materials can be
deposited by different techniques compatible with TFT and CMOS technologies, which

will be discussed in the next section, and can produce uniform coatings of a large area.

An alternative approach to overcome the high-temperature growth limitation is to use a
hybrid deposition method [13]. In this process, a photoconductor is either deposited on a
separate blank substrate, typically glass or alumina (for polycrystalline materials) or it is
grown as a single-crystal ingot (for crystalline materials). At this stage, the high deposition
temperature does not possess any limitations since the substrate with imaging electronics
is not yet involved. Following this step, the photoconductor is coupled to the readout
circuitry via bump bonding. This process involves a very precise alignment of the
photoconductor relative to the matrix array to achieve proper bonding of each pixel across
the entire matrix area. This method is more technologically challenging, especially for
high-resolution detectors with small (tens or hundreds of microns) pixel size and high pixel

density. Additionally, single-crystalline photoconductors are grown in relatively small



ingots (several inches in diameter). As a result, to produce a large-area detector, a tillable
array of multiple photoconductive crystals is required. This naturally increases technical

complexity, cost of production, and therefore, is less favourable.

(b) Most of the incident radiation must be absorbed within a photoconductor layer. This means
that over the X-ray energy range of interest, the attenuation depth should be much lower
than the photoconductor thickness. Figure 4 demonstrates the attenuation coefficient for
the main X-ray photoconductors investigated in the past two decades. It should be noted

that the attenuation depth ¢ refers to the photoconductor’s thickness sufficient to absorb

only I‘;ﬁ =(1—-e1) x100% =~ 63% of the incident radiation. Therefore, for at least
0

95% absorption, the photoconductor thickness should be no less than 34.
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Figure 4. The attenuation coefficient and attenuation depth as a function of X-ray energy for

different photoconductors. Data obtained from NIST database [14].

(c) A photoconductor must efficiently convert absorbed X-rays into an electrical signal and

generate as many electron-hole pairs (ehps) as possible per every absorbed X-ray photon.
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This requires high charge yield or, alternatively, low ehp creation energy W.. W-
characterizes the energy required to generate a single detectable pair of electron and hole.
It was shown that the intrinsic (or, theoretical) W7 is proportional to the bandgap of the
photoconductor and follows Klein or Que-Rowlands rules (see Figure 5) that both can be
approximated as W) = 3E,4 [15]. However, in practice, for many photoconductors [16—
19], experimentally measured (or, effective) W is larger than WJ_? and depends on the
applied electric field. Relatively low W-. at the practical electric field is an important

requirement for an X-ray photoconductor.
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Figure 5. The theoretical electron-hole pair creation energy for different materials plotted as a

function of the bandgap. Data obtained from [20,21].

(d) The photoconductor must have a low dark current, which is the main contribution of the
detector’s noise. This requires a wide bandgap to minimize the amount of thermally
activated carriers. Additionally, a photoconductor must form non-injecting contacts with

adjacent electrodes. It can be achieved by separating a photoconductor from the electrodes



by semi-insulating blocking layers that would allow the collection of the X-ray generated
carriers of one sign from the photoconductor but will prevent injection of the oppositely

charged carriers from the electrodes.

(e) The X-ray—generated carriers must be efficiently collected. This requires the schubweg of
both electrons and holes to be larger than the detector’s thickness. Schubweg s is the mean
distance that carriers travels before undergoing trapping or recombination. It is given as a
product of mobility x, lifetime 7 and electric field F: s=utF. Therefore, a photoconductor

must demonstrate sufficient mobility and lifetime of its charge carriers.

(f) A photoconductor must exhibit low surface conductivity, low lateral diffusion of carriers
(in comparison to their drift), and high energy of K-edge (see next section) in order to

preserve high spatial resolution.

(g) The properties of the photoconductor should not change or deteriorate with time. This
requires a photoconductor that is stable in ambient conditions. If it is an issue, an additional
technological step can be implemented to encapsulate a photoconductor from the

atmosphere.

(h) When the intended application of the detector under consideration is in real-time imaging
or 3D tomosynthesis, a photoconductor must have a fast response with very little signal lag

— a residual current after exposure termination.

(1) The technological process of photoconductive layer deposition must be stable,

reproducible, time-efficient, and cost-effective.

It is difficult to expect that one single material will satisfy each one of these requirements. A trade-
off must be achieved between the charge yield and the dark current at a high electric field, or, in
another example, sufficient X-ray absorption, which requires a certain thickness, and schubweg,
which deteriorates with an increase in thickness. Alternatively, an engineering solution can be
applied to improve one or several of these criteria, for example, by reducing a dark current via the
development of a blocking layer structure, or by improving charge carriers transport via proper
doping and alloying of the material. Finally, it should be noted that different clinical procedures
have different requirements (detector area, energy range, read-out rate, etc.), therefore, a

photoconductor must be tuned bearing a specific application in mind.



4 Interaction of X-rays with matter

When passing through matter, X-ray photons can be attenuated or pass through unaffected, as
primary or direct radiation. Attenuation is caused via absorption or scattering, resulting in the local
deposition of energy and the formation of a scattered or characteristic X-rays. The major
interaction types are: (a) photoelectric absorption, (b) Compton scattering, (c) Rayleigh scattering,

(d) pair production [1,2].
Photoelectric absorption

The photoelectric absorption is based on the photoelectric effect discovered by Albert Einstein in
1905. In the photoelectric effect, the incident photon interacts with an atomic electron, transferring
all of its energy (Figure 6 (a)). If the photon’s energy Ey is greater than or equal to the binding
energy BE of the electron, then it is ejected from the atom with the kinetic energy KE = Ey — BE.
Otherwise, the photoelectric interaction with that electron is not energetically feasible and will not

happen.
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Figure 6. Schematic of (a) the photoelectric absorption, (b) the characteristic X-ray and (c)

Auger electron emission processes.

If a photoelectric interaction is energetically unfeasible with K-shell electrons, it may still occur
with an outer-shell electron. The photoelectric interaction has the highest probability when
Eo = BE and afterwards decreases with increasing Ey. Although the probability of the photoelectric

interaction decreases, in general, with increasing photon energy, it experiences an abrupt rise when
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the photon energy overcomes the binding energy. For example, when the photon energy increases
just past the binding energy of a K-shell electron (so-called K-edge), the photoelectric interaction
with that electron becomes energetically feasible and photoelectric absorption probability

increases sharply.

The photoelectric effect results in the ionization of the atom and the formation of a pair of electron
and positively charged atom. The ejected photoelectron leaves a vacancy in the parent atom that
will be filled by an outer-shell electron with lower binding energy, releasing a characteristic
(fluorescent) X-ray with the energy equal to the difference in binding energies E.= ABE
(Figure 6 (b)) or Auger electron (Figure 6 (c)). This cascade process will repeat until the vacancy

is left at the outermost shell where it is the most susceptible to be filled by a free electron.

The photoelectric process dominates when relatively low-energy X-ray photons interact with high-
Z materials (Z — effective atomic number). Therefore, it is typically the main interaction
mechanism in the X-ray detection medium of the detector, i.e., a photoconductor or a scintillator,
which results in efficient conversion of X-ray photon energy into an electrical signal of the digital
detector. However, if characteristic X-rays originate from high-Z materials, they have substantial
energy to propagate finite distance in this medium, which plays a detrimental role in X-ray image

quality.
Compton scattering

In a Compton scattering event, an incident X-ray photon with energy Eyp undergoes the inelastic

(incoherent) scattering by an atomic electron, producing a scattered under the angle 8 X-ray photon
20

—5;— ———, Where moc? =511 keV is the rest mass of the electron, and an
1+? (1+cos8)

with energy E;. = —5
m,
electron ejected from the parent atom with kinetic energy KE_ = E, — E;. — BE (Figure 7).
Compton scattering results in the ionization of the atom and distribution of the incident photon’s

energy between the scattered photon and the recoil electron.

Compton scattering typically occurs at higher X-ray energies, where the binding energy of the
atomic electron is much lower than the energy of the X-ray photon, and thus the Compton effect
takes place with outer-shell electrons. Low-energy photons are mostly back-scattered (6 = 180°)

while high-energy X-rays have a higher probability of forward-scattering (6 = 0°).
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Figure 7. Schematic of the Compton scattering mechanism.

In the X-ray photon energies used in diagnostic imaging (10—140 keV), the incident photon energy
is mostly transferred to the scattered photon, which, upon reaching the detector, cause a

degradation of image contrast and an increase in random noise.

Rayleigh scattering

In a Rayleigh scattering event, an X-ray is elastically (coherently) scattered by an atom (Figure 8).
In this process, ionization of the atom does not occur, and the energy of the scattered photon is
preserved (Es. = Ey), meaning that the X-ray energy is not deposited in the medium. However, the
direction of propagation of the scattered X-ray photon changes relative to that of the incident
photon. This has a detrimental effect in X-ray imaging, where the detection of scattered X-rays is
undesirable. Higher energy X-rays are mostly forward-peaked, but low-energy X-rays undergo

large-angle scattering. Rayleigh elastic scattering is more likely to occur for low-energy X-rays.
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Figure 8. Schematic of the Rayleigh scattering mechanism.

Pair production

In a pair production event, an X-ray photon interacts with the atom’s nucleus, gets absorbed, and
produces an electron € and positron e pair (Figure 9). The X-ray energy Ey is spent toward the
creation of an electron-positron pair (2moc®) and their kinetic energies (KE- and KE+). Pair
production can only occur when the energy of the X-ray exceeds the rest mass energy of the
electron and positron 2moc? = 1022 keV. It is interesting to note that the ionization of an atom does

not occur, although charged particles (e~ and e") are created.

When the positron comes to rest, it annihilates with a negatively charged free electron (there is
always an abundance of outer-shell electrons with low binding energy), resulting in the formation
of two 511-keV gamma-photons ejected in nearly opposite directions. This effect is at the heart of
the positron emission tomography (PET) modality, although the origin of the positron differs. In

diagnostic X-ray imaging, pair production does not occur because of the high energy threshold.
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Figure 9. Schematics of the pair production mechanism.

Attenuation coefficients

All of the abovementioned interaction mechanisms result in the attenuation of the incident X-ray
beam as it propagates through the matter by removal of the photons from the beam via absorption
or scattering. The fluence of a beam after it passes through the medium is given by Lambert-Beers

law:
N = Noe™H4, (1)

where No is the incident fluence, d — thickness of the medium, and x is the linear attenuation
coefficient, which denotes the probability per unit of thickness, that an X-ray photon will be
attenuated. The linear attenuation coefficient includes the probability of interaction from all
mechanisms described above, and is the sum of the interaction probabilities of photoelectric

absorption (7), Compton (oc) and Rayleigh (o,) scattering, and pair production (x) interaction types:
u=t+o.+o,+m. (2)

For a given X-ray photon energy, the linear attenuation coefficient is specific to each element, and
thus, to each material. However, if mediums have the same elemental composition but different
densities (water, ice, and vapours, for example), they will attenuate the X-ray beam differently. To
account for this fact, the attenuation of the X-rays is conventionally characterized by a mass

attenuation coefficient (u/p). Therefore, the Lambert-Beers law can be rewritten as:

N = Nje ()4 (3)
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where pd is usually referred to as mass thickness.

The mass attenuation coefficients are usually given for individual elements. For the compound
consisting of a mixture of elements i with corresponding weight fractions w;, the mass attenuation

coefficient is the weighted (by weight) average of the elemental coefficients (u/p);:
®
;)

Mass attenuation coefficient describes the efficiency of the removal of X-ray photons from the

=Zow (%) . “)

compound i

initial beam via different interaction mechanisms. However, only a fraction of these interactions
results in a local deposition of energy as kinetic energy of electrons. Indeed, a Rayleigh-scattered
photon does not transfer its energy; in Compton scattering, a portion of energy leaves the
interaction site as a scattered photon. In photoelectric absorption, after the photon energy is
transferred to the electron, the ionized atom can be de-excited by either ejecting secondary Auger
electrons via non-radiative transitions and locally depositing energy, or by emitting a characteristic
X-ray that leaves the interaction site. Mass-energy transfer coefficient (u;,./p) describes a fraction
of the mass attenuation coefficient which contributes to the production of kinetic energy in charged
particles in the medium. If energetic electrons subsequently produce a bremsstrahlung (braking)
radiation as they decelerate in the medium, another portion of the energy is lost; the mass-energy
absorption coefficient (u.,/p) accounts for this difference. However, in the diagnostic energy

range and for low-Z materials, the radiative losses are negligibly small and (us-/p) = (ten/P)-

Figure 10 shows mass attenuation coefficients as a function of X-ray photon energy for two
different cases: (a) soft tissue (a patient) and (b) lead oxide (a photoconductor in a digital detector).
As soft tissue has a low density and consists mainly of low-Z elements (H, C, N, O), it has a
relatively low photoelectric absorption efficiency, and thus, Compton scattering begins to
dominate after ~30 keV. To remove these scattered photons, an anti-scatter grid is typically placed
in between the patient and the detector, which inevitably reduces detected signal intensity. A
photoconductor, in contrast, has a high density and high effective atomic number. This results in
strong absorption of the incident X-rays (and, consequently, in a high digital signal) with a
negligible scattering in the diagnostic X-ray energy range. The high energy of K-edge (~88 keV)
also ensures that the characteristic (fluorescent) X-rays are not produced when photons with

energies below this edge are used. The dashed lines in Figure 10 illustrate the mass-energy
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absorption coefficients (i.,,/p), and the shaded areas indicate the energy range relevant to X-ray

medical imaging.
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Figure 10. Mass attenuation and mass-energy absorption coefficients for (a) soft tissue and (b)

lead oxide photoconductor. Data obtained from the NIST databases [13,23].

5 Research Objectives

The objective of this research is to undertake comprehensive materials science research into a new
photoconductor material for X-ray imaging systems, namely amorphous Lead Oxide. The research

goals carry both an applied and a fundamental character.
Applied purposes are:

(1) to advance a-PbO technology by developing a PbO-based blocking structure for enhanced
stability under high electric field and reduced dark current while preserving fast temporal
response and high X-ray sensitivity;

(2) to optimize the design of the X-ray—to—charge converter based on bilayer a-PbO/poly-PbO
structure;

(3) to develop technology to the point that it will be ready for scaling up in order to produce
large-area detectors with a photoconductive structure deposited directly on the imaging

array.
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A fundamental purpose is to clarify the physics of the charge generation-recombination
mechanisms in this material which remain unclear despite the long-term discussion about the

similar processes in other disordered photoconductors, including amorphous selenium (a-Se).

6 Dissertation outline

Chapter 1 provides a background on the medical X-ray imaging, flat panel X-ray imagers
technology and their physical principles, as well as postulates the research objectives and structure

of this dissertation.

Chapter 2 provides an overview of the progress in the science and technology of Lead Oxide
photoconductors for application in the direct conversion X-ray imaging detectors. The deposition
process, structural properties, and X-ray performance of both polycrystalline and amorphous

polymorphs of Lead Oxide are presented.

Chapter 3 demonstrates a practical approach to the suppression of signal lag and dark current by
developing a bilayer a-PbO/poly-PbO homostructure. The rationale behind this approach is
discussed. Charge transport properties of the faster carriers (holes) and X-ray temporal response

of this detector are investigated.

Chapter 4 demonstrates a practical approach to the dark current suppression by developing a Pl/a-
PbO blocking structure. Technical details of the blocking layer application are presented. The
suppression of the dark current to an acceptably low level, as well as improvements in signal lag

and adequate ghosting, are demonstrated.

In Chapter 5, the X-ray sensitivity of a-PbO photoconductor is analyzed and underlying
mechanisms responsible for charge recombination in this material are examined. The electron-hole
pair creation energy in a-PbO is measured in a wide range of electric fields, exposures, and X-ray
energies. The role of the geminate, columnar and bulk recombination mechanisms in a-PbO

photoconductor is discussed.

Chapter 6 concludes the dissertation, highlights the significance of the results, and provides

suggestions for future work.
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The topics discussed in Chapters 2—5 have been published or are currently in press in peer-

reviewed journals and books, where the author of this dissertation is the first (main) co-author and

his supervisor is the most senior co-author of the publications. Full texts of these publications are

provided in each chapter, which constitute the main body of the dissertation.
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Chapter 2
Progress in Lead Oxide photoconductors for
digital direct conversion X-ray imaging

detectors

This topic has been elaborated in the following publication:

Oleksandr Grynko, Alla Reznik. Progress in Lead Oxide X-ray Photoconductive Layers. In

Photoconductivity and Photoconductive Materials: Fundamentals, Techniques and Applications

(ed. Safa Kasap). John Wiley & Sons, Ltd; Chapter 16 (2022); in print.

Selected sections of the publication are listed below.
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1. Introduction

Many of the existing X-ray and gamma-ray detectors and imaging systems rely on indirect
conversion of radiation into a signal, i.e., where a scintillator first converts X-ray quanta into
optical photons, which in turn diffuse through a phosphor (e.g., CsI or Gd20,S) and then are
converted back to electrons by an array of photodiodes [1,2]. This two-step conversion process
reduces the X-ray—to—charge conversion gain and as a result, these detectors are quantum limited,
so the signal-to-noise ratio (SNR) for a given pixel is proportional to the square root of the number
of detected X-rays. Subsequently, at the lowest exposure levels common in fluoroscopy (0.1-1
puR/frame) electronic noise dominates over the quantum noise and therefore, the visibility of low

contrast objects is compromised. In addition, diffusion of optical photons in the scintillator reduces
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the spatial resolution of the indirect conversion detectors [3,4]. An alternative detection scheme is
a direct conversion [5], i.e., where X-rays are absorbed in a semiconductor that directly creates
electron-hole pairs (EHPs), which in turn are subsequently separated by a bias field to generate a
signal. The charges are moved by an electric field, making it possible to create an image with a
thick detector layer without significant loss of resolution. The benefits inherent to direct
conversion are high spatial resolution that is limited only by pixel size and improved adherence to
the As Low As Reasonably Achievable (“ALARA”) patient dose recommendation, as required by
X-ray imaging clinical practices. Commercial Flat Panel X-ray Imagers (FPXIs) for
mammography, with a layer of amorphous selenium (a-Se) as an X-ray—to—charge transducer,
opened a new era in breast imaging due to the supreme detectability of small breast lesions,

illustrating the enormous potential for direct conversion detectors in X-ray imaging [5—7].

The two major components of FPXIs are a large area thin-film transistor (TFT) or complementary
metal-oxide-semiconductor (CMOS) active-matrix array (as used in flat panel displays, for
example), and a photoconductive layer which is deposited directly onto the imaging array and acts
as an X-ray—to—charge transducer (Figure 1). Currently, stabilized a-Se is the only commercially
viable large-area-compatible X-ray photoconductor in direct conversion X-ray detectors due to its
several distinct advantages over potentially competing photoconductors. Both X-ray generated
electrons and holes can be made to drift in a-Se, the dark current can be appropriately controlled
by the use of blocking structures, and the X-ray attenuation coefficient, while not outstanding, is
acceptable for the relatively soft X-rays in the mammographic energy range. Therefore, the most
successful application of stabilized a-Se technology is in mammography, where a-Se large area
flat panel detectors became a dominant technology. For higher energy applications like
fluoroscopy, a-Se does not have enough X-ray stopping power and alternative materials are needed
to expand the success of the direct conversion scheme over the diagnostic energy range. In this
regard, alternative and technologically feasible X-ray photoconductors with higher effective

atomic numbers that can be easily interfaced with readout electronics are needed.
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Figure 1. A simplified schematic illustration of a direct conversion FPXI and its peripheral

electronics that drive the sensor operation [6].

When choosing an optimal photoconductive material for direct conversion detectors two major
factors should be considered: (1) X-ray—to—charge conversion efficiency and (2) technical
feasibility to be deposited over the imaging electronics, under deposition conditions suitable for
imaging substrates. Additionally, if the photoconductor is considered for application in real-time
imaging, it should demonstrate adequate temporal response without signal lag, i.e., a residual
current after X-ray exposure is terminated. Since X-ray imaging detectors should normally have a
large active area (one cannot converge X-rays), single-crystalline photoconductors are ruled out
from the consideration. Thus, it is imperative to focus on amorphous and polycrystalline phases of
high-Z photoconductors, that can be directly deposited on a large-area imaging array without
causing permanent damage. Potential X-ray photoconductors such as polycrystalline layers of Bil3
[8,9], Pbl [10-12], Hgl> [12—14], ZnO [15], CdTe [16], CdixZnxTe [17], and PbO [18] have been
investigated and have shown potential for use in direct conversion detectors. The X-ray—to—charge

conversion rate of these materials is 3—8 times larger than that of a-Se and thus, potentially they
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are capable of X-ray quantum noise limited operation at low exposures, since the X-ray quantum
noise can prevail over the electronic noise. However, the level of lag in these materials is too high:
for example, CdixZnxTe and CdTe show 10-70% lag at 30 frames per second (fps) read-out
[16,19-21], Pbl and Hgl> have lag of 10-30% at 2—5 fps [12,22,23], and poly-PbO demonstrated
4-9% lag at 1 fps [18]. The presence of this residual signal has a detrimental effect on real-time
procedures, since part of the signal from previous exposures combines with the consecutive one.
The resulting image can be inaccurate and misleading and as such can compromise the whole
visualization advantage of real-time (fluoroscopic) imaging. For practical fluoroscopic
applications, the residual signal should promptly decay to a level well below 10% in less than 33
ms [21,24-27]. Other problems of these photoconductors are incomplete charge collection and
high dark current (or a combination of both). Therefore, material science and engineering solutions
are needed to be applied to bring the technologies and properties of these promising materials to

the “detector grade” level.

Another class of materials that is rapidly gaining popularity for applications in photonics and
optoelectronic devices and potentially can be a game-changing approach to medical X-ray
detectors are perovskite semiconductors [28]; however, they are still at a very early stage of
development. Most of the perovskites are limited by comparatively high dark current, signal lag,
material instability, and technological difficulties in manufacturing a thick and uniform layer over
a large area. Therefore, at the current state of technology, they are not mature enough to be

considered as a practical solution to improve radiation medical imaging.

Among the potential X-ray—to—charge transducers listed above, Lead Oxide (PbO) has a special
place. Lead Oxide has three distinct advantages over a-Se. To start, it has higher X-ray detection
efficiency than a-Se due to its higher Z.;and thus permits effective absorption of higher energy X-
rays with a thinner layer. Furthermore, it has a lower theoretical EHP creation energy, and hence
a higher X-ray-to-charge conversion gain. Finally, the high energy of the absorption edge (K-edge)
results in constant contrast between bones and soft tissues in a much broader range of X-ray tube
voltages (kVp settings) as compared to other materials. Therefore, Lead Oxide can be considered

as an alternative to an a-Se photoconductor [5,6,29-32].

PbO exists in two polymorphs which both can be deposited over large-area imaging substrates:

polycrystalline Lead Oxide (poly-PbO) which is deposited with the basic thermal evaporation
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method, and a newer non-crystalline polymorphic form of the material — amorphous Lead Oxide
(a-PbO), deposited by ion-assisted thermal deposition i.e., with simultaneous energetic ion
bombardment of the growing layers. Interestingly, poly-PbO, like a-Se has a long history of
commercial utilization in optical imaging. Previously, thin layers of poly-PbO were employed in
so-called Plumbicon video pick-up tubes that were extensively used for broadcast and fluoroscopy
and digital subtraction angiography in conjunction with image intensifiers. Due to the exceptional
photoconductive properties of poly-PbO, Plumbicon gave rapid response and high-quality pictures
at low light levels. In 1967, the Academy of Television Arts and Science awarded Philips an Emmy
Award for “Outstanding Achievements in Engineering Development” for the invention of the
Plumbicon tube. The principle of Plumbicon vacuum pick-up tubes utilizing poly-PbO photo-
targets involves the following. Optical photons impinging on the poly-PbO photoconductive layer
are absorbed at the incident poly-PbO surface and create free EHPs. Under the influence of the
applied field, holes are drawn across the poly-PbO and are collected on the back surface where
they form a latent charge image that is subsequently readout using a scanning electron beam. In

this configuration with electron beam read-out, poly-PbO showed no signal lag [33-35].

For use in medical imaging systems, electron beam readout has to be replaced by a two-
dimensional array of pixel electrodes. However, the implementation of electronic readout to a
poly-PbO photoconductor in a non-vacuum environment has several technological challenges.
First, poly-PbO layers are highly porous and unstable at ambient conditions thus requiring a
protective sealing to be applied immediately after the deposition. Also, interfacing a poly-PbO
layer with pixelated metal electrodes results in signal lag. Reported signal lag is probably the major
constraint for the application of poly-PbO in real-time imaging and restricts its application to static

imaging only (radiology) [29,36].

In contrast to poly-PbO, its more disordered, amorphous PbO counterpart, grown by ion-assisted
thermal deposition is more attractive for application in the direct conversion detectors [37]. It is
dense, capable of withstanding higher electric fields with lower dark current and exhibits no signal

lag [30].

Here we present an overview of the recent advances in Lead Oxide technology for application in
the direct conversion X-ray imaging detectors. The technological step that led to the growth of lag-

free material, namely a-PbO, and the underlying mechanisms that allowed the transition from
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structurally disordered poly-PbO to a homogeneously structured a-PbO, will be discussed. The
peculiarities of the electro-optical and X-ray performance of both PbO polymorphs will be
thoroughly examined and compared to those of other photoconductors currently in use or under
intensive research. A practical approach to the PbO-based detectors for a variety of clinical and
industrial application including multilayer a-PbO/poly-PbO and Polyimide/a-PbO blocking

structures will be demonstrated.

2. Deposition process of PbO layers

Like many other materials, PbO can be grown by a wide variety of methods. Table 1 below
summarizes the techniques and the main deposition parameters for the growth of different PbO

structural configurations.

Since currently the most promising application of PbO is in medical X-ray detectors, where a
uniform layer of a photoconductor has to be directly deposited on the TFT or CMOS imaging
array, recent research efforts were focused on the development of PbO deposition techniques that
allow the depositing of large-area uniform layers without damaging the imaging electronics. The

major requirements to the deposition process are:

1. The deposition process should provide a uniform coating over a large area (~25x30 cm?

for breast imaging and ~43x43 cm? for chest imaging) [18,38];
2. The substrate temperatures should be kept below ~200-250 °C [39];
3. The deposition rate should be not less than ~0.5 pm/min for a cost-efficient process.

The first condition comes from the fact that the detector is typically placed right behind the object
to be imaged, or a patient, and therefore, the active area of the X-ray imaging detector has to be at
least of the same size as the object (since one cannot effectively focus X-rays). The second
condition prevents irreversible damage to the TFT and CMOS imagers, that negatively alters their

operating parameters [40], possibly caused by the high temperature.
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Table 1. Overview of known PbO deposition techniques.

Deposition Substrate Deposition
tecI;mi e Solid type temperature Area rate Ref.
1 °O) (pm/min)
Czochralski . 2x2x2
method Single crystal ~870 o’ 33-83 [41]
Hydrothermal . 1x1x0.1 .
method Single crystal 400 m’ Not specified | [42]
. . . Depends
Electrochemical Microcrystalline 20 on anode ~10 [43.44]
method film .
size
Spray pyrolysis PbO film * 300 2'(5:;;'5 ~0.004 [45]
. Not
. . % 8
Sputter deposition PbO film Not specified - 0.01-0.1 [46,47]
C e 2.5x2.5 )
Particle-in-binder PbO film * 25-500 om? Not specified | [48]
Chemical vapor Polycrystalline o 10 inch in
deposition (CVD) film A=l diameter DS B2
Laser assisted Polycrystalline Not
deposition (LAD) film 150-300 specified >-20 [51]
Vacuum .thermal Polycrystalline 100 18%20 cm? 12 [18.36]
evaporation film

* the film is not single-crystalline, but further details on the structure were not specified.

The low-temperature and large-area deposition requirements significantly constrain the choice of

deposition method and the type of solids to be used. Indeed, the methods for growing single-

crystalline materials require a much higher temperature than imaging electronics can withstand.

Alternative methods using a hybrid deposition technique, where the photoconductor is first grown

on the glass or alumina substrate and then coupled to the readout circuitry are also less practical,

since the latter involves very precise alignment of the photoconductor relative to the matrix array

to achieve proper pixel-to-pixel bonding that is technologically challenging and makes the detector

fabrication very expensive, especially for large-area high-resolution detectors. Therefore, single-

crystalline photoconductors are removed from consideration.
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Alternatively, most of the non-crystalline deposition techniques allow direct deposition on large-
area substrates, but with a few limitations. Chemical vapour deposition (CVD) and spray pyrolysis
utilize high substrate temperature. CVD, spray pyrolysis, and sputtering depositions have slow
deposition rates. The laser assisted deposition (LAD) lacks uniformity for large-area coatings.
Electrochemical methods require submerging an imaging substrate into an aqueous solution which
is not feasible. The particle-in-binder technique uses a gel paste prepared by mixing particles with
a special binder and deposited on the substrate. However, this method might also be impractical,
since it is hard to control the quality and thickness of the layer across the large area of the imager.
Overall, all of the deposition techniques discussed above have pitfalls that prevent their practical
utilization in the fabrication of large-area uniform layers of X-ray photoconductors. The only other
technique that can satisfy all of the deposition criteria is thermal evaporation in vacuum, a common

method of physical vapour deposition (PVD).

Thermal deposition of the polycrystalline Lead Oxide layer was pioneered by the Philips Research
Laboratories in the early 1960s [35] for the growth of relatively thin poly-PbO layers (~5-20 um)
to make optical targets in the Plumbicon television pick-up tubes. In the 2000s, with a resumed
interest in photoconductive materials for application in X-ray imaging, Simon et al at Philips
Research Laboratories scaled up the deposition process to obtain a 340-pm thick layer of poly-

PbO, required for the efficient absorption of diagnostic X-rays [18,36,52].

The schematics of the thermal evaporation process is shown in Figure 2. During the thermal
deposition, high purity (5N) PbO powder is evaporated from a crucible at ~1000 °C (melting point
of PbO is ~890 °C) onto the substrate held at ~100 °C with a relatively high deposition rate of ~1—
2 um/min [18,36,52,53]. The deposition takes place in a background atmosphere of molecular
oxygen at ~3 mTorr, which is required for proper layer stoichiometry. The bulk of the layer
consists mainly of the red tetragonal lead oxide (a-PbO) (with a small fraction of yellow
orthorhombic B-PbO), but a seeding layer at the first few microns of the film is formed mostly by
B-PbO [54].
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Figure 2. Schematic description of the conventional thermal evaporation process [53]. (Used

with permission.)

Poly-PbO deposited by thermal evaporation has a very peculiar structure: poly-PbO layers are
composed of randomly oriented platelets, or grains, which are several microns in diameter and
around a hundred nanometers thick (Figure 3) [53,55]. As seen from the scanning electron
microscopy (SEM) images in Figure 3, these platelets are oriented largely along the growth
direction, but randomly arranged within a plane. The platelet structure results in high micrometre
surface roughness (as defined by the platelets size) and high porosity of the grown layers. High
porosity significantly reduces the packing density of the poly-PbO (up to 50% of single-crystal
density). It should be noted that the morphologies of poly-PbO layers reported in different
publications are very similar [18,53,55] suggesting high reproducibility of the basic thermal

evaporation process.
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Figure 3. (a) The SEM cross-sectional view of the poly-PbO. (b) The surface of the poly-PbO
layer with visible individual platelets [53]. (Used with permission.)

Similar to many other metal oxides, poly-PbO layers grown by thermal evaporation suffer from
some degree of non-stoichiometry. Figure 4 shows the X-ray photoelectron spectroscopy (XPS)
spectra of the poly-PbO layer measured on the surface and in the bulk of the layer at different
depths [53]. The surface is over-oxidized as indicated by the presence of both PbO and PbO»
phases. In the bulk, Pb-O remains the dominant bonding configuration, but some oxygen deficit
(as indicated by the presence of un-oxidized Pb atoms) is evident from the spectra. This is not
surprising considering the relatively low theoretical formation energy of oxygen vacancies and

their high solubility in the grown layers [56].
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Figure 4. XPS spectra of poly-PbO at a surface and at selected depths [53]. (Used with

permission.)

In a simplified way, the low packing density, poor sample stability and non-stoichiometry of the
PbO-layers grown by thermal evaporation can be explained in terms of the so-called structure zone
diagram (SZD) model [57-59 and references therein]. In this model, the effect of different
deposition parameters on structural imperfections is reduced to consider only the homologous
temperature, T, that is the layer growth temperature normalized by the melting temperature of the
deposited layer material, Tp,ep- Since it is difficult to measure the layer temperature during a
deposition process, it is normally replaced by the substrate temperature, Tg,p,, and T* is estimated
as Tsup/ Tmert (K/K). In order to achieve a highly-packed layer during evaporative deposition, T*
should be higher than ~0.6, which corresponds to Zone 3 of the temperature regime [58,59] (the
closer this ratio is to unity, the more refined structure is obtained due to increased adatom mobility
and surface diffusion). At substrate temperatures which correspond to Zone 1 with T* < 0.3, the

adatom mobility is low; this leads to continued nucleation of grains and as a result, to the growth
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of a textured structure consisting of fibrous grains growing in the direction of the incoming vapour
flux [57]. Since the melting temperature of PbO is ~890 °C, its temperature regime for the
deposition over imaging readout electronics at T,,~200 °C corresponds to T*~0.4. Although this
is slightly beyond Zone 1 of the SZD model, a high porosity and a platelet structure of grown poly-
PbO layers strongly resemble the fine-grained structure of textured and fibrous grains typical to
Zone 1, and can be attributed to the limited mobility of the material on the surface of the growing
layer and insignificant diffusion of atoms in the bulk of the layer under low-temperature deposition

[60-62].

Thus, the conventional thermal deposition of the PbO layer over imaging electronics has an
inherent problem of large thermal mismatch between the PbO vapour and the substrate, which
causes the formation of the porous structure with a network of individual platelets. Raman
spectroscopy indicates that the platelets are composed of highly crystalline material with a

predominance of tetragonal a-PbO phase in the bulk [53].

To obtain a dense and more homogeneous film, the deposition regime should correspond to Zone
3 with T* > 0.6. To achieve this, the substrate temperature must be maintained at ~600 °C that is

well above the thermal tolerance of most commercial image readout electronics.

A plausible approach to solving a problem of the large mismatch between T}, and Tyepr during
the PbO deposition process, is to apply the so-called ion-assisted deposition that is thermal
evaporation with low-energy oxygen ion bombardment. The key difference from the conventional
thermal deposition, is that the deposition takes place in the atmosphere of ionized oxygen, instead
of molecular oxygen (Figure 5 (a)). Oxygen ion bombardment can be delivered by a specialized
ion source with either a hot filament or a hollow-cathode electron emitter (Figure 5 (b)). The latter
provides much better control of the emission current and offers a significantly longer operational
time interval before maintenance in comparison to the hot filament electron source. The gas to be
ionized is admitted to the ion source between the magnet and the small base of the conical anode
at a controlled flow rate. As voltage is applied between the anode and cathode, electrons emitted

from the cathode are accelerated by the applied electric field and bombard the gas, producing ions.
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Figure 5. (a) Schematic description of the advanced ion-assisted thermal evaporation process.
Oxygen gas is supplied to the chamber through an ion source [53]. (Used with permission.) (b)
The cross-section of the End-Hall ion source with the Hollow-Cathode electron emitter

(cathode).

Most ion sources work with singly charged ions, for instance, N>* and O»" for nitrogen and oxygen,
respectively [63]. The magnet provides a divergent DC magnetic field that impedes the mobility
of electrons as they drift to the anode, thus increasing their lifetime in the plasma. This results in
a spatially distributed plasma potential field that accelerates ions away from the source. The energy
of the accelerated ions depends on where they were created along the spatial potential field, but
the mean ion energy is ~60—70% of the anode voltage. The fraction of electrons that do not
participate in gas ionization, serves as the neutralization for the ion beam [64,65]. The ion source
allows for independent control of oxygen ion energy and ion current density, required to achieve

the desired structural modifications of a growing layer.

During the ion-assisted thermal evaporation, the substrate is being simultaneously coated with
material vapours and bombarded with ions (Figure 6 (a)). Quantitatively, this process can be

characterized by the ion arrival rate R; (atoms/cm?/s) and the atom arrival rate R, (ions/cm?/s) [63]:

R =—Ji R. = TXPXN 1078, (1)

17 161019 a7 16610"24xW

where Ji (A/cm?) — ion current density that is given by the specifications of the ion source and the

discharge current, » (A/s) — deposition rate, p (g/cm’) — deposited film density, N — number of
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atoms in a molecule, w (amu) — molecular weight of the material being deposited [63,66]. The
ion/atom arrival ratio, multiplied by the ion energy E;i (eV) gives one of the most important

parameters to consider in the ion-assisted applications, an ion-assist energy dose Dia (eV/atom)
[63]:

Rj
Dia = Ei X R_ . (2)

a

It was shown [63] that for low-energy applications (E; < 100 eV), the practical ion-assist dose
increases exponentially with the melting temperature of the material being deposited (Figure 6
(b)). For PbO with Tieit ~890 °C, Dja should be ~1-10 eV/atom. A lower ion arrival rate would
result in a smaller density and incomplete amorphization of the film. On the other hand, excessive

ion bombardment may cause an ion implantation or etching of the deposition substrate [63,66].
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Figure 6. (a) Schematics of the ion-assisted deposition. (b) Optimal ion-assist energy dose for low-
energy applications. Data extracted from [63]. The red star marker indicates a typical dose for a-

PbO, which falls into the optimal region.

The ion-assisted deposition has been proven to be an effective tool for solving a variety of
problems in materials science. Initially, this method was used to improve the basic properties of
metal oxides, including packing density [67-70] and stoichiometry [71,72]. Nowadays, ion-

assisted deposition is successfully applied to advance the growth of organic transistors and
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polymer-based electronic devices [73—75]. In addition, ion-assisted deposition is used as an
alternative to high pressure and/or high-temperature deposition technique of crystalline and
epitaxial materials [76,77]. In the case of PbO growth, ion-assisted deposition was shown to
destroy structural disorder in the form of individual platelets and to produce amorphous layers that
are free of voids, possess bulk packing density, and have perfect stoichiometry throughout the film
thickness. For the ion-assisted deposition of a-PbO layers, the ion energy varied between 40—60
eV, while the ion flux is kept at ~0.2 mA/cm?. The substrate and evaporation source temperatures
were similar to those of the conventional thermal evaporation, resulting in the deposition rate of
a-PbO ~0.2-0.4 pm/min. Under these deposition conditions, the ion-assist dose is 2—6 eV/atom,
which lays within the useful range for PbO, as indicated by the red star marker in Figure 6 (b).

Figure 7 shows the SEM image of the amorphous Lead Oxide deposited using ion-assisted
deposition in an atmosphere of ionized oxygen [53]. In contrast to the poly-PbO layer (Figure 3),
a-PbO has a uniform, homogeneous and void-free structure. The absence of platelets results in a
smooth surface of the grown layer, never achieved before with conventional thermal deposition of

the polycrystalline layers.

Figure 7. (a) The SEM cross-sectional view of the a-PbO. (b) The surface of the a-PbO layer
[53]. (Used with permission.)

Utilization of an ion source was a natural way of solving the oxygen deficiency problem in poly-
PbO layers. As it is evident from the XPS spectra obtained at different depths below the surface,

a-PbO layers are structurally uniform and stoichiometric across the layer thickness: only PbO
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without any other elements or oxides of lead (e.g., Pb or PbO,) was detected (Figure 8) [53]. The
reason for this is that the charge neutrality is distorted, thus facilitating the incorporation of oxygen
in the growing film: the ion source ionizes oxygen, converting it to a charged state and thus making

it more reactive.

Another issue which is addressed by the application of ion-assisted deposition, is the chemical
stability of the grown layers. Indeed, poly-PbO is unstable in the ambient conditions; it reacts with
water and carbon dioxide (CO2) from the air and forms a compound known as a hydro-cerussite:
2PbCO;3-Pb(OH): [36,44]. This structural transformation results in significant degradation of the
electrical, optical and X-ray performance of the poly-PbO photoconductor. To overcome this
problem, extra technological steps should be taken, that includes either keeping a detector in the
atmosphere of dry nitrogen or other inert gas, or adding a protective overcoating layer such as
Parylene, Cellulose Acetate or Epoxy resin atop of the photoconductor to seal the layer and to
prevent degradation of its performance during operation. In contrast, novel a-PbO layers deposited
by the ion-assisted thermal evaporation technique are stable at ambient conditions, reducing the

complexity and cost of the PbO-based detector fabrication process.
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Figure 8. XPS spectra of a-PbO at a surface and at selected depths [53]. (Used with permission.)

Figure 9 (a) compares Raman spectra of poly-PbO and a-PbO films, grown with conventional
thermal deposition and ion-assisted thermal deposition, respectively [53]. The Raman spectrum of
poly-PbO indicates the presence of both phases: tetragonal o-PbO peaks at 81 and 340 cm™ and p-
PbO peaks at 89 cm™ and 289 cm™'. The Raman peak at ~146 cm™' cannot be definitely attributed
to either phase since both of them have the strongest signal in this region: a-PbO at 145 cm™ and
B-PbO at 147 cm™! [54]. Overall, the measured Raman spectrum of poly-PbO is represented by tall
and relatively narrow peaks, indicating a crystalline structure of the deposited layers. In contrast,

the Raman spectrum of a-PbO is very different. It is represented by wide peaks and a high plateau

typical of an amorphous structure.

Figure 9 (b) shows Raman spectra of a-PbO sample following annealing for one hour at different
temperatures [53]. Various characteristic peaks evolve from a broad spectrum of the as-grown a-
PbO at different temperatures, indicating that a-PbO undergoes gradual recrystallization. Indeed,

at 200 °C structural changes begin with the formation of the peaks at 85, 143 and 288 cm’!; in the
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temperature range from 200 °C to 300 °C these peaks grow gradually and become well defined at
300 °C. These peaks are close to those of the B-PbO phase [54]. At 400 °C, another characteristic
B-PbO peak appears at 71 cm™!, as well as additional peaks at 121, 224, 391 and 548 cm™ attributed
to Pb3O4[54]. Upon annealing to 600 °C, most of the former peaks have disappeared. All peaks at
600 °C are attributed to orthorhombic B-PbO. The spectra showed in Figure 9 (b) were normalized
and shifted upwards for better visualization. However, it should be noted, that the peak becomes
higher and narrower as the temperature increases. At the same time, the plateau decreases with an

increase in annealing temperature, indicating refinement of the crystal structure.
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Figure 9. (a) Raman spectra of as-deposited poly-PbO and a-PbO. (b) Raman spectra of a-PbO
layers after one hour annealing at selected temperatures indicated. All spectra were measured on

the surface of the films [53]. (Used with permission.)

Similar peculiarities of poly-PbO and a-PbO layers were observed with X-ray diffraction (XRD)
spectroscopy (Figure 10 (a)) [53]. While the XRD spectrum of poly-PbO is represented by sharp,
well-defined characteristic peaks typical for crystalline structure, the XRD spectrum of a-PbO
again exhibits very wide peaks indicating its amorphous nature. XRD measurements of poly-PbO
reveal the presence of both tetragonal and orthorhombic phases of PbO, as well as an orthorhombic
PbO> phase, which was not observed on the Raman spectrum. This might be due to the higher

sensitivity of the XRD measurements than that of the Raman spectroscopy.
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XRD also demonstrates structural changes in a-PbO upon annealing (Figure 10 (b)) [53]. The
effect of annealing starts to appear at 200 °C, although insignificantly. At higher temperatures,
characteristic peaks emerge from a broad spectrum. A gradual refinement of the crystal structure
is further observed: the width of the emerged peaks decreases, and their intensity increases with
increasing temperature. At temperatures above 300 °C, multiple phases of PbO were found to
coexist simultaneously: a-, B-PbO, Pb3O4 and PbO,. However, at 600 °C, the spectrum closely

resembling a single phase of orthorhombic PbO with a minor peak of PbO; detected.
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Figure 10. (a) The XRD spectra of as-deposited poly-PbO and a-PbO. (b) XRD spectra of a-PbO
layers after one hour annealing at selected temperatures indicated. The spectra were measured

on the surface of the films [53]. (Used with permission.)

Overall, XRD and Raman measurements after thermal annealing demonstrate that although
amorphous PbO is stable at ambient conditions, it is (as expected) fundamentally metastable with
respect to its crystalline counterpart and undergoes gradual recrystallization toward orthorhombic
PbO at elevated temperatures. This property is reminiscent of another amorphous material that is

highly significant to radiation medical imaging, namely, a-Se.

In conclusion, conventional thermal evaporation of Lead Oxide results in a platelet-like, porous
polycrystalline structure of the grown layers. Introducing oxygen ion bombardment into the

deposition process increases the packing density, improves stability, stoichiometry and uniformity

40



of the film and produces a new material, namely, amorphous Lead Oxide, which is another
polymorphic form of PbO. Enhanced density and uniformity of the a-PbO layers result in a high
X-ray stopping power — one of the main advantages of PbO for direct conversion X-ray detectors.
The a-PbO deposition process is compatible with large-area X-ray detector technologies.
Therefore, an a-PbO X-ray—to—charge transducer can be considered as an alternative to a-Se
photoconductors for X-ray medical detectors in the diagnostic energy range where a-Se is

suboptimal due to its low atomic number.

3. X-ray performance of poly-PbO

The first prototype of the PbO-based direct conversion medical imaging detectors was developed
by Simon et al at Philips Research Laboratories [18,36]. The detector employed 340-um thick
poly-PbO X-ray—to—charge transducer deposited by conventional thermal evaporation process
over a large-area (18x20 cm?) TFT array. The results of its imaging performance evaluation were
very reassuring: the sensitivity was high enough for low-dose imaging, and the spatial resolution,
measured in terms of a modulation transfer function (MTF), was also very high and limited only
by the pixel size — a proven capability for high-resolution imaging [18,36]. However, the detector
exhibited poor temporal performance caused by signal lag. The presence of lag limits the
application of this detector to static imaging only (i.e., mammography or chest radiography), while

the needs of vitally-important real-time imaging, like fluoroscopy, are left unmet.

Another important characteristic of the poly-PbO photoconductor that was evaluated with the first
detector prototype is the charge yield, or its reciprocal, electron-hole pair creation energy W, — an
average energy needed to create one detectable EHP. W. indicates the ability of the material to
convert X-ray photons into recordable electrical charges and directly indicates the detector’s X-
ray sensitivity: the lower the WW. value, the more charges can be collected from a single photon,
and thus the higher is the sensitivity of the detector. Typically, W= can be estimated from the width
of bandgap of the semiconductor E; by empirical formula, so-called Klein rule [78]. Klein showed
that for many X-ray photoconductors, Ws increases linearly with increasing E; with a slope of

about three. This implies that on average an energy of 3E; is needed to release one EHP, which

for PbO with Eg ~ 1.9 eV [6] yields the theoretically estimated EHP creation energy WJ_rO ~ 6eV.
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However, in practice, there are low-mobility amorphous and polycrystalline semiconductors which
demonstrate experimental - that is higher than that estimated by the Klein rule. This indicates
that a certain portion of the initially generated charge is not collected, either due to trapping into
deep localized states within the bandgap or recombination. The latter can occur between (1)
separate electron and hole drifting through the bulk of the photoconductor, that collide with one
another and recombine, (2) geminate EHPs, i.e, those created together by the same event of
ionizing collision, or (3) non-geminate (or columnar) EHPs created by the same X-ray photon in
a uniformly dense region (a column) surrounding the trajectory of a photoelectron [79].
Additionally, for two materials that stand out, a-Se and poly-PbO, the W. was found to be

dependent on the electric field: W decreases with application of a stronger electric field [18,80].

Two main techniques used for the X-ray characterization and W- evaluation are X-ray—induced
Photocurrent Method (XPM) [18,48,81] and Pulse Height Spectroscopy (PHS) [80,82—84]. In
XPM technique, schematically depicted in Figure 11 (a), a biased detector is irradiated by a
relatively long continuous X-ray pulse, generating charge carriers in the bulk of the
photoconductor. The X-ray generated EHPs are separated and extracted by the applied electric
field. W, is obtained by integrating the X-ray response and comparing the total collected charge
against the energy deposited by the incident X-ray flux. XPM can be used to measure W- as a
function of X-ray flux, allowing to investigate how W. changes at different radiation doses, which
i1s a very important characteristic for a medical imaging X-ray detector. However, the XPM
technique has its drawbacks: if there is a charge injection in the material from the bias electrodes
(as it was suggested for poly-PbO [18]), the injected charge will be added to the X-ray generated
charge (since injection current cannot be easily and unambiguously separated from the X-ray
response), thus the calculated W, is exaggerated, resulting in the overestimated X-ray—co—charge

conversion efficiency of the detector.

On the other hand, PHS technique utilizes low fluxes of gamma photons emitted from the
radioactive source to irradiate the detector; the generated charge is integrated over a very short
time (in the microseconds or even nanoseconds scale) and compared with the energy of an incident
photon (Figure 11 (b)). Due to very short, microsecond-range integration time, the contribution of
the injection current is greatly reduced. Also, since the detector is exposed to a monoenergetic

isotopic gamma-ray source rather than a polyenergetic high-flux beam from the X-ray tube, W, is

42



evaluated more accurately. These benefits make PHS a gold standard for more accurate
measurement of IW,.. In addition, PHS can be used not only for X-ray sensitivity measurements,
but also for charge transport characterization. Indeed, the shape of the pulse height spectrum gives
insights into the charge transport and collection being affected by the mobility-lifetime product ut
of the carriers [80]. This in turn allows evaluation of the carrier schubweg s, i.e., the mean carrier
range before it is trapped or recombines. Schubweg can be expressed as the product of charge

carrier’s mobility u, lifetime T and applied field F'i.e., s = utF.
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Figure 11. (a) Schematic representation of the XPM apparatus. The exposure was applied from
the ITO side. The rotational chopper is used to modulate an X-ray pulse to simulate short-pulse
irradiation. (b) Schematic representation of the PHS setup with a virtual ground input to charge
amplifier for poly-PbO characterization. The radioactive source was located behind the ITO

glass [29].

Simon et al used the XPM technique to investigate the temporal performance of the poly-PbO—
based detector prototype and to evaluate W.; he obtained a value of 9.9 eV/ehp at the electric field
of 3.5 V/um [18,36]. This value was higher than the one predicted by the Klein rule; however, it
was much lower than the previously measured W in a-Se at similar electric fields (45 eV/ehp at
10 V/um) [80,85,86]. This finding was very encouraging and motivated further research and

development of the PbO technology to combat signal lag while preserving charge collection
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efficiency and W-.. Further investigation of the poly-PbO-based detector was performed by
Semeniuk et al, who characterized performance of a relatively thick 42-um poly-PbO films using
both XPM and PHS techniques [29]. It should be noted that prior to this work PHS measurements
have never been performed on poly-PbO mainly due to a challenge to make a PbO X-ray detector
with low noise to acquire spectra with distinguishable peaks. Recent improvements in poly-PbO
deposition technology led to a significant dark current suppression that in turn enables measuring

an X-ray photocurrent spectrum with distinguishable peaks.

The typical response of poly-PbO detector to a continuous 3.75-s—long X-ray pulse is shown in
Figure 12 (a). XPM results by Semeniuk et al [29] are very similar to the previously published data
by Simon et al [18]. At the beginning of the irradiation, the amplitude of the signal gradually
increases until it reaches a steady-state value in ~2 seconds. As exposure terminates, the detector
exhibits a well-pronounced residual current, or lag. Both the signal amplitude and lag increase
with the applied electric field F in a similar manner so that when the signals are normalized, they

closely resemble each other as shown in Figure 12 (b).
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Figure 12. (a) Normalized X-ray response of poly-PbO, measured at F = 4 V/um. (b)
Normalized X-ray responses measured at different electric fields. In all the waveforms, the dark

signal was set to zero [29].

The X-ray sensitivity W, for the poly-PbO detector was calculated from the XPM measurements

for different pulse durations and electric fields. For the 3.75-s—long X-ray pulse and applied field
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F=4V/um, W, = 12 eV/ehp, which is close to the previously reported by Simon et al value W, =
9.9 eV/ehp, obtained under similar experimental conditions (5 s, 3.5 V/um [18]). However, it
should be noted that W, measured by XPM is sensitive to the X-ray pulse duration tpyjse: the
shorter the X-ray pulse, the larger is W;. For instance, at F =4 V/um and tp15e = 100, 50 and 10
ms, W, will increase to 14.2, 15.8 and 18.3 eV/ehp, respectively. On the other side, at longer
exposures (tpyise > 3.75 s) and higher electric fields (F > 10 V/um), W, will drop to its estimated

value W7).

To investigate this unusual dependence of Wy on tyyse, the detector was exposed to a series of
short millisecond-long X-ray pulses, instead of a single seconds-long pulse, using a copper rotating
chopper (thick enough to block X-rays) to modulate an incident X-ray pulse at a variable frequency
(Figure 11 (a)) [29]. This XPM technique in a pulsed mode was often selected for investigation of
the temporal behaviour of the detector since it allows to distinguish the injected current from the
X-ray photogenerated current [87,88]. The example of the X-ray response is shown in Figure 13,
where a 3.75-s—long X-ray pulse was modulated with the frequency of 5 Hz and 50/50 duty cycle.
In this configuration, the detector is exposed to a sequence of ~18 100-ms—long X-ray pulses with

an interval of 100 ms between each other.
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Figure 13. The X-ray response of poly-PbO detector to the modulated X-ray exposure at F' = 2
V/um, normalized to the steady-state peak value. It should be noted that the first frames are
affected by the asynchronization of the chopper rotation and the beginning of the exposure, and

fluctuations in radiation intensity at the beginning of the X-ray pulse [29].

As it can be seen from Figure 13, the X-ray response of the poly-PbO detector I,eax has two
components: the signal due to the X-ray generation of charge carriers Ijgna and the signal due to
injection lipjection- The injection current builds up during the irradiation reaching a steady-state
value after ~2 s, while the X-ray generated current remains unchanged. Moreover, the level of
Linjection changes with the chopper rotation frequency f, where tyyse = 1/2f. In Figure 14, the
ratio of steady-state currents (Iin]-ection / Ipeak) X 100% is plotted as a function of f [29]. At the
higher frequencies (smaller pulse durations), [ipjection has a larger contribution to the total current
(corresponding to higher [ipjection/Ipeak ratio on the graph, and therefore, lower Igignal/Ipeak ratio).
At the end of the irradiation, [ipjection gradually decays over time, which appears as signal lag. As

seen from Figure 13, after the exposure terminates, the signal almost instantaneously drops to the

steady-state level of lipjection reached during the irradiation, after which it is rolling off.
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Figure 14. The ratios of Ilinjection/Ipeak and ILsignai/lpea are plotted as a function of the chopper

frequency f for F'=2 V/um [29].
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The signal lag was calculated as a percentage of I,eax and plotted in Figure 15, that shows how
signal lag decays with time (represented by a number of read-out frames) for different frame rates
[29]. The amplitude of lag is proportional to the X-ray pulse duration t,,se: for a 1-s X-ray
exposure, the lag decays to a level below 1% after a few seconds, while for 10-ms pulse it takes
less than 50 ms. Also, lag is more severe at shorter exposures. This agrees with the previous

observation of higher linjection/Ipeak ratio for higher chopper frequency (i.e., shorter X-ray pulses)

shown in Figure 14.
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Figure 15. The signal lag (presented as a ratio of year in percent) is shown as the function of a

frame number. The frame read-out time is the same as exposure duration [29].

Despite that the total X-ray generated charge measured by the XPM technique is being
overestimated due to the presence of the injection current, leading to inaccurate X-ray sensitivity
W, this method is very useful to investigate the behaviour of signal lag, particularly in poly-PbO.
It was previously believed that in disordered materials, lag is linked to the release of the previously
trapped carriers from the deep trapping sites in the energy band tails [89]. If the exposure duration

tpulse 18 shorter than the de-trapping time from these sites, then some carriers get released after

the X-ray exposure is ceased, contributing to signal lag. In this case, the release time and the signal
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lag should not depend on t,yse, since it is a fundamental property of material and not an
experimental parameter. Moreover, signal lag should decrease with the application of a stronger
electric field, since charge schubweg (s = utF) increases with the field, making charge de-
trapping more efficient. However, Figure 12 (b) demonstrates that the lag is scalable with the
electric field, while Figures 14 and 15 show that lag is proportional to exposure duration tpyse-
Therefore, signal lag in poly-PbO cannot be related to the charge trapping and detrapping during
their drift across the bulk of the photoconductor. In addition, the previous investigation of lag
dependence on the material of the bias electrode [18] suggests that the bulk charge trapping is not

the dominant mechanism for the signal lag in poly-PbO.

An acceptable explanation of this peculiar behaviour is based on the time-dependent X-ray—
induced local enhancement of the electric field at the interface between the metal electrode and the
photoconductor, triggering injection from the bias electrode into the poly-PbO. During the XPM
measurements, a high flux of X-rays is used to generate a measurable signal, thus creating a
relatively large amount of charge carriers across the photoconductor. When the carriers get
trapped, they modify the electric field inside of the photoconductor. Those carriers that are trapped
at the metal/photoconductor interface (the surface of the photoconductor has an abundant
concentration of trapping sites) might cause a local enhancement of the electric field. This, in turn,
triggers charge injection, which builds up during the exposure, and introduces uncertainty in
measured W, values [87,88]. The injection current builds up until an equilibrium state between
the trapped and released carriers at the interface is achieved. As the X-ray exposure terminates, the
local electric field gradually returns to its initial level (i.e., applied field) and the residual injection

current decreases as well.

The kinetics of the injection current build-up during exposure was further examined with pulsed
X-rays [29]. Figure 16 shows the response of the poly-PbO detector to two consecutive 100-ms
pulses, plotted in a semi-log scale. The signal is composed of two components: fast C-A and slow
A-B. The fast C-A component is associated with the transit of the X-ray generated carriers through
the detector, while the slow A-B component represents the contribution of the injection current
[87,88]. The X-ray pulse duration and the interval between pulses decreases as the chopper
frequency increases. As a result, point B shifts toward the A region, thus resulting in larger

injection current levels (see Figures 14 and 15). It would be very tempting to use only the C-A

48



portion of the signal for the W, calculations; however, the position of point A will vary with
experimental conditions such as X-ray pulse duration and exposure. Indeed, as shown in Figure
15, lag depends on X-ray pulse duration. Since the value of the signal from the C-A section is
inversely correlated to lag, the C-A portion also depends on experimental conditions. This suggests
that for materials with dynamic types of injection caused by local enhancement of the electric field,
XPM measurements inherently overestimate W, values. Therefore W, measurements were

verified with an alternative technique insensitive to injection, such as PHS.
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Figure 16. The response of poly-PbO detector to subsequent 100-ms X-ray pulses at /=2 V/um
plotted in the semi-log scale (taken from the middle section of the graph shown in Figure 13).
Points C and B represent the total current and the injection current levels, respectively, while

point A defines the inflection point in the signal decay, i.e., the beginning of lag [29].

A typical pulse height spectrum of poly-PbO obtained with 59.5 keV gamma photons from the
24 Am source is shown in Figure 17 [29]. The spectrum is asymmetrical and obscured by the
background noise (injection current and noise from electronics) at lower channel numbers. From
the measured spectrum, the ut product of the charge carriers and the value of W, which
corresponds to the position of the spectral peak could be determined [90]. However, due to the

asymmetrical shape of the spectrum, a numerical simulation must be applied to accurately
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determine the peak position [90-95]. For the given experimental conditions, nearly uniform charge
generation in the photoconductor is expected since at the photon energy 59.5 keV, the attenuation
depth of PbO is § = 300 um, which is much larger than the detector thickness (d = 42 um) [6].
Therefore, the PbO layer was divided into virtual slices and assuming uniform generation, the
collection efficiency from every slice was calculated using the depth-dependent Hecht formula.
This formula describes the collection efficiency n(x) (i.e., the ratio of collected charge carriers

N, to the total number of carriers generated by the X-ray photons Ngp,) as follows [90-95]:

Ngen d

d—x x
n(x) = Yea® S—h<1 —e Sh ) +%e<1 —e se ) 3)

where x is the distance from the radiation receiving electrode (ITO in this case) to the charge
generation site, sy, ¢ is the hole and electron schubweg, respectively. Afterwards, the Hecht fit was
convolved with noise spectrum and the result was used to fit the measured spectrum. After a fit
was received, the true peak position was determined from the unconvolved Hecht fit (see Figure
17). The Hecht fit shows how the true peak position S is affected by the system noise, which is
typical for materials with significant differences in the carrier’s schubwegs [90-95]. From the true

peak position S, the EHP creation energy W, can be derived as:
Wy =¢/S, 4

where £ = 59.5 keV is the energy of the emitted from 2*! Am source photon.
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Figure 17. Pulse height spectrum measured with 42-um poly-PbO detector at =10 V/um, & =
59.5 keV, shaping time 7z, = 50 pus and superimposed with noisy and noiseless Hecht fits.
Background counts are shown to dominate the spectral waveform below channel ~800. The

measured position of the noise-free spectral peak is shown to be affected by the system noise

[29].

Following this procedure, the Hecht fitting provided the values of the mobility-lifetime products
for holes and electrons: upty, = 4.1 X 1078 cm?/V, et ~ 1072 cm?/V. ut values are assigned to
a type of carrier based on the previous reports that revealed that holes are the faster carrier in poly-
PbO [55,96]. The field dependence of W, for different shaping times tg, derived from PHS
measurements, is shown in Figure 18 [29]. W, decreases with both F and 7, and reaches the value
~17 eV/ehp at F =10 V/um and 75 = 17 ps. The dashed line shows a predicted by Klein rule value
of W ~ 6 eV/ehp.

51



\
25 us
\ 32 us
\ 40 us
30 + X 50 us
a \
c ~
0} / ~
= 7 g
220} . ~ g
et w7, = 2.8x10™ cm*/V TN @
g U T, = 10° cm?/V
10 +
Klein rule
0 n 1 L 1 1 L L 1 L 1
0 2 4 6 8 10

F (V/um)

Figure 18. Measured from PHS values of W are plotted as a function of F' for different z, [29].

The field dependence of W, was used to verify ut values obtained from PHS measurements,

following the procedure in [97], where X-ray sensitivity is given by:

(- ety enf0-eD)- (-] o

where xj,, x, are normalized hole and electron schubweg, respectively (xe,h = Sen/ d), Ais a

Necol

=X
Ninc h

normalized attenuation depth A= §/d and Nj,. is the number of incident X-ray photons.

Considering uniform absorption, equation (5) can be simplified to:

%:=%lxh <1 + X (e_ﬁ— 1)) + Xe <1 + X, (e_i— 1))], (0)

1 Xeh
A 4
Xeh

1
;e a—>1. It

1
assuming that for large A (i.e., uniform absorption): (1 — e_Z) - %;

should be noted that equations (5) and (6) provide a generic expression of photoconductor
sensitivity. They account for both X-ray absorption efficiency and charge collection efficiency. To

derive the charge collection efficiency alone from the PHS measurements, equation (6) should be

1
divided by absorption efficiency (1 — e_Z), which for large A reaches %. Therefore, the expression

for charge collection efficiency for the case of uniform absorption takes the form:
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where Ngen = Nipc/A. Interestingly, the same expression (7) can be obtained by integrating
equation (3) over x and normalizing by thickness d. Fitting field dependence of W, (shown in
Figure 18) with equation (7) provided ut values for holes and electrons that are similar to values

obtained from spectrum fitting: p, 7, = 2.8 X 1078 cm?/V, peTe = 107° cm?/V.

The asymmetrical shape of the spectrum observed by the PHS measurements that is shown in
Figure 17 is typical for materials with a substantial difference between the schubwegs of electrons
and holes and for the case of the ballistic deficit resulting from insufficient shaping time
[80,90,91,95]. Moreover, the non-Gaussian shape of the spectrum remains even under higher
applied electric fields and longer shaping times, suggesting that at the fields used here, the transit
time of the slower carriers (i.e., electrons) is much longer than the shaping times. Similar behaviour
was observed in other materials, like CdTe and CdZnTe, which are currently employed in gamma-
detectors [90,91,98]. Because holes are much slower than electrons in these materials, they possess

a relatively long transit time which results in a ballistic deficit and asymmetrical PHS spectrum.

From the mobility-lifetime products of p, Ty, =~ 4.1 X 1078 cm?/V (for faster carriers, holes) and
UeTe =~ 1079 cm?/V (for the slow carrier, electrons) obtained from the PHS spectra fitting, one can
calculate the carrier schubwegs. At F = 10 V/um, the hole schubweg s, = 41 um, which is almost
identical to the poly-PbO thickness of d = 42 um. It is not surprising that at this particular field,
when d = sy, the charge collection efficiency is no longer dependent on the shaping time. As it is
seen in Figure 18, at F = 10 V/um, all data points overlap since most of X-ray generated holes are
collected regardless of the shaping time used in the experiment. Since for electrons pe7, =~ 1072
cm?/V is much lower than for holes, they do not contribute significantly to the signal on the

microseconds scale.

From the mobility-lifetime products measured with PHS and the carriers mobility measured, for
example, with a conventional Time-of-Flight (TOF) or an advanced photogenerated Charge
Extraction by Linearly Increasing Voltage (photo-CELIV) techniques, one can estimate the
lifetime of the carriers. For this purpose, the hole mobility p;, was separately measured in this
sample using a photo-CELIV technique, similarly to how it was previously done in [55], which

reached a value of uy, =~ 0.008 cm?/Vs at relatively low electric field of 1 V/um (measurements at
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higher electric field were technically unfeasible due to the limitations of the photo-CELIV
experimental setup). Although hole mobility in poly-PbO increases with the electric field, this
dependence was omitted for the sake of rough estimate, which gives a lifetime of drifting holes at

low electric field t,, = pupth/Un = 5.1 ps.

Electron lifetime can be estimated in a similar way. However, due to the low mobility of electrons
in poly-PbO and the limited capability of the photo-CELIV apparatus to characterize transport in
such a thick layer, a previously measured value of i = 2 X 1075 cm?*/ Vs at F = 10 V/um in a 5-
um thick poly-PbO layer was used [96] and extrapolated to the 42-um thick layer used for the PHS
measurements, since mobility in materials with dispersive charge transport is scalable with their
thickness [99,100]. Because the hole mobility of the 42-pum-thick sample is about an order of
magnitude smaller than that of the 5-um-thick sample [55], the same ratio can be applied to
electrons. Therefore, for 42-um-thick sample, the electron mobility is estimated as y, ~ 2 X 107°
cm?/Vs, which gives the electron lifetime of 7, ~ 0.5 ms, and the electron transit time of ~21 ms
at maximal F = 10 V/um. These calculations support an initial hypothesis that electrons are
responsible for the ballistic deficit in the PHS measurements. In order to collect slower electrons,
the shaping time should be on the order of milliseconds (3 orders of magnitude higher than
currently used), which would inevitably lead to a significant noise increase [101] that would

obscure the useful signal.

Overall, more accurate measurements of the X-ray sensitivity in poly-PbO with PHS technique
demonstrated that despite the values of W, are higher than the predicted WJ_rO even at the relatively
strong electric fields, W, still compare very favourably with that in a-Se (17 eV/ehp and 45 eV/ehp
at 10 V/pm for poly-PbO and a-Se, respectively). The combination of a higher quantum efficiency
over a wider energy range, together with higher charge yield, makes poly-PbO a very promising
candidate to replace a-Se photoconductors in the next generation of direct conversion digital X-
ray medical imaging detectors. An investigation of the signal lag kinetics with the pulsed XPM
technique in the poly-PbO detector revealed that its temporal performance is limited by the
configuration of the detector, rather than by the fundamental charge transport properties of poly-
PbO. This finding suggests an alternative approach to improving the PbO technology: to separate
a poly-PbO photoconductor from the bias electrode by a blocking layer that would prevent charge

injection while allowing collection of the photogenerated charge, similar to how it was previously
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done for a-Se [86,87]. The development of such a multilayer blocking structure would substantially
improve the performance of the poly-PbO-based detector by reducing signal lag and dark current,
which would permit its use in real-time imaging. The development and characterization of the

multilayer structures based on the Lead Oxide photoconductor is described in the next sections.

4. X-ray performance of a-PbO

A technological step that replaces the structural disorder in poly-PbO with a homogeneous a-PbO
structure, by introducing ion bombardment into the deposition process as described in Section 2,
significantly reduces signal lag, and improves the temporal performance of the a-PbO-based X-
ray detector. This was demonstrated with a-PbO single-pixel detector prototype that consists of 8-
um thick a-PbO layer deposited on an ITO-coated glass substrate, and a gold contact, 1 mm in

diameter, that was sputtered ex-situ atop the a-PbO film [30].

A typical response of a-PbO to a 4-s X-ray pulse is shown in Figure 19 (a). The X-ray response
exhibits constant signal amplitude during the exposure, which rapidly drops to the dark current
level after exposure terminates, with almost no signal lag. The a-PbO photoconductor
demonstrates a remarkable improvement of the temporal performance in comparison to poly-PbO,
also illustrated in Figure 19 (a). Indeed, the photocurrent in the poly-PbO detector builds up during
the exposure, followed by relatively long lag. Figure 19 (b) illustrates the normalized X-ray
response of the a-PbO detector to 100-ms exposures measured at different electric fields. Signal
lag in a-PbO is scalable with the applied electric field, showing no lag improvement at higher

fields.

55



—_—
Y
~—
—_—
(=3
~—

1.0+ poly-PbO B 1.0F Md'«" 3 V/ium
a-PbO ===5V/um
S o8l 4 S 08¢ = 7 Vim
s S ——10 V/um
5 0.6 . 5 061 |
5 3 |
S 04t 1 8 04r |
£ 2 '
< S ]
& o2t -
|
00 |wad— - - - - - - __ 0.0 -*Q!— ———————— M‘"“
0 2 4 6 8 0 100 200 300
Time (s) Time (ms)

Figure 19. (a) The normalized X-ray response of a-PbO at F'= 10 V/um to 4-s X-ray exposure
and that of poly-PbO. (b) The normalized response of a-PbO to 100-ms X-ray pulse at different

applied electric fields. The X-ray signals were offset corrected for the dark current [30].

The X-ray sensitivity of a-PbO was characterized in terms of the EHP creation energy W, using
XPM technique [30]. Figure 20 shows the measured W, at different electric fields F up to 20
V/um: W, decreases with F and reaches the value of 22 eV/ehp and 18 eV/ehp at 10 V/um and 20
V/um, respectively. It should be noted that the measurements performed using short (100 ms) and
long (1 s) X-ray pulses provided essentially the same values within ~3% error, which is in stark
contrast to poly-PbO. The inset to Figure 20 shows W, plotted versus reciprocal electric field
1/F and a linear fit extrapolation that reaches ~14 eV/ehp at “infinite” electric field, which is

nearly two times larger than the theoretically predicted Wi(_’ by Klein rule for PbO.
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Figure 20. Measured values of W= are plotted as a function of F for 100-ms and 1-s exposures.

The inset to the Figure shows W plotted as a function of 1/F [30].

To make a deeper insight into the temporal performance of the a-PbO detector, signal lag was
measured at various experimental conditions, relevant to those used in fluoroscopy, using the
pulsed XPM technique [24,25] and plotted in Figure 21 [30]. For this purpose, the detector was
exposed to a short (4 ms and 10 ms) X-ray pulse and an X-ray response was readout every 33 ms
i.e., at 30 frames per second (fps) read-out rate. The lag was determined as the ratio of the residual
current after exposure to the X-ray signal value. For example, following the convention described
in [24,25], the residual signal after the first frame, i.e., in 33 ms after termination of exposure, was
found to be ~1.4% for 10-ms X-ray pulse. The signal lag during consequent frames was measured
with 33-ms intervals showing the lag values <1% of the signal magnitude during the exposure. As
seen from Figure 21, the signal lag of a-PbO increases with exposure duration, which was
previously observed in other materials, like a-Se and poly-PbO [24,29]. Thus, the first frame lag
of a-PbO was found to be 0.4% and 1.4% after single X-ray pulses of 4 ms and 10 ms, respectively.
The lag dropped to undetectable values after the first frame for the shortest pulse duration (4 ms)
and after the second frame for 10 ms pulse. While the data obtained compares favorably with lag
measured in a-Se detectors of 1.5% and 3.7% for same pulse durations [21,25,26], it is also

important to check the residual signal under longer exposures. To simulate such conditions, the a-
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PbO detector was subjected to extended exposures of 100 ms, 1 s and 4 s. The corresponding
values for the first frame lag are: 3.2%, 4.1% and 4.7%, respectively. The obtained values are also
comparable with those measured on a-Se direct conversion and Csl indirect conversion detectors,
which normally exhibit first frame lag values less than 10% and 5%, respectively
[2,24,27,102,103]. It should be noted that lag in these detectors was measured in the pulsed
fluoroscopy mode, i.e., with sequence of short exposures 1-8 ms every 33 ms so that detector
material has time to “rest” and recover between exposures. Nevertheless, as this is seen from
Figure 21, with the subsequent frames the lag quickly drops even for long exposures; it is no longer
detected after the fourth frame for 100-ms pulse duration and after the eighth frame for 1-s pulse.
For the longest pulse of 4 s, the lag is still at ~2% after eight frames, although this long pulse of

X-rays represents extreme operation conditions with extra load on the detector.
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Figure 21. The signal lag in a-PbO was measured at a 30-fps read-out rate and 10 V/um for

different exposure durations [30].

Temporal performance is one of the most important characteristics of the photoconductor while
considering its application in real-time fluoroscopic imaging. During fluoroscopy-guided

operations, which is one the most challenging and demanding radiation medical procedures, the
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detector is exposed to very short (1-10 ms) X-ray pulses, while the read-out rate is very fast, up to
30 fps [5,25,27]. Such a fast image acquisition rate is necessary to capture the motion of human
biological functions (for example, a heart beating) without a blur, thus requiring a detector capable
of low lag operation. Otherwise, the residual signal from the previous frame would roll over to the
subsequent frame, causing signal build-up and misrepresentation of the image. Therefore, a quasi-
rectangular shape of the X-ray response of the detector, and the absence of lag are important
Figures of merit to evaluate the readiness of a photoconductor for direct conversion X-ray medical
imaging detectors. a-PbO demonstrates significant signal lag suppression in comparison with its
polycrystalline counterpart (see Figures 19 and 21). For a pulse duration of 4 ms, most relevant to
fluoroscopic procedures, the lag after the first frame was as small as 0.4%, and even for the
extended exposures, the observed lag was below 5%, thus making the temporal performance of a-
PbO comparable with Csl-based detectors, which are currently used in commercial fluoroscopic

systems.

Lag in a-PbO depends on the exposure duration, but it is scalable with the applied electric field
(see Figures 19 (b) and 21). Similar behaviour was observed in a-Se photoconductor and was
linked to electronic processes at the electrode/photoconductor interface that facilitate injection
[24]. The analogy with a-Se suggests charge injection from the bias electrode as the primary cause
for a lag in the a-PbO. The injection current builds-up during exposure [87,88] interferes with X-
ray sensitivity measurements, and misleadingly reduces W, values for longer X-ray pulse
durations [29]. However, W, measurements performed in a-PbO remain within ~3% of the
measured values for an increase in pulse duration by a factor of 10 (see Figure 20), indicating an
insignificant contribution of X-ray—triggered injection on W, measurements in a-PbO. The
obtained W, values compare very favourably with those reported for a-Se: at F = 10 V/pm, W, of

a-PbO is ~22 eV/ehp, which is about a half the a-Se value, measured at the same electric field [86].

Overall, these findings suggest an interesting and non-obvious approach to the improvement of X-
ray response: to replace the spatial disorder of grain boundaries in polycrystalline films with a
uniform disorder in amorphous layers. Such a structural transformation facilitates significant lag
improvement in PbO, while preserving its high X-ray sensitivity (i.e., low W,). In addition, the
deposition process behind this structural transformation, also results in a void-free, homogeneous,

stoichiometric layer.
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Finally, it should be noted that the proposed low-cost optimization of the deposition process which

was applied to PbO can potentially be applied (with certain customization, of course) to other

materials, like Pbl>, Hgl» and CdZnTe. Since these materials possess a similar layer structure and

suffer from similar artifacts, the advancement of the deposition process with ion bombardment and

amorphization of the layer structure might also pave the way for many other photoconductors with

practical application in commercial devices.
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Chapter 3
Bilayer a-PbO/poly-PbO detector

This topic has been elaborated in the following publication:

Oleksandr Grynko, Tristen Thibault, Emma Pineau, Gytis Juska, Alla Reznik. Bilayer lead oxide

X-ray photoconductor for lag-free operation. Scientific Reports, Volume 10, Article number 20117
(2020). DOI: 10.1038/s41598-020-77050-w

The full text of the publication is listed below.
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Abstract

Polycrystalline Lead Oxide (poly-PbO) was considered one of the most promising
photoconductors for the direct conversion X-ray medical imaging detectors due to its previous
success in optical imaging, i.e., as an optical target in so-called Plumbicon video pick-up tubes.
However, a signal lag, which accompanies X-ray excitation, makes poly-PbO inapplicable as an
X-ray—to—charge transducer in real-time X-ray imaging. In contrast, the recently synthesized
Amorphous Lead Oxide (a-PbO) photoconductor is essentially lag-free. Here, we report on our
approach to a PbO detector where a thin layer of a-PbO is combined with a thick layer of poly-
PbO for lag-free operation. In the presented a-PbO/poly-PbO bilayer structure, the poly-PbO layer
serves as an X-ray—to—charge transducer while the a-PbO acts as a lag prevention layer. The hole
mobility in the a-PbO/poly-PbO bilayer structure was measured by photo-Charge Extraction by
Linearly Increasing Voltage technique at different temperatures and electric fields to investigate

charge transport properties. It was found that the hole mobility is similar to that in a-Se — currently
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the only commercially viable photoconductor for the direct conversion X-ray detectors. Evaluation
of the X-ray temporal performance demonstrated complete suppression of signal lag, allowing

operation of the a-PbO/poly-PbO detector in real-time imaging.

Introduction

Direct conversion detectors opened a new era in X-ray medical imaging because of the number of
advantages intrinsic to the direct conversion scheme, such as spatial resolution that is limited only

by the pixel dimensions and high dose efficiency even at low radiation exposure.

In the direct conversion method, incident X-rays are absorbed in a layer of photoconductor that
directly generates electron-hole pairs, which are afterwards separated by an electric field to
produce an electrical signal. The photogenerated electrons and holes drift towards the opposite
electrodes, making it possible to create an image with a thick detector layer while maintaining high
spatial resolution. The first commercial mammographic direct conversion detectors based on
amorphous selenium (a-Se) photoconductor to directly convert incident X-rays to charge, which
is subsequently electronically read out by a two-dimensional array of a-Si:H thin film transistors
(TFTs), made a breakthrough in the breast imaging field due to the excellent detectability of small

breast lesions [1].

Currently, the only commercially feasible photoconductor for X-ray imaging is a-Se, which limits
the extensive use of the direct conversion scheme. Indeed, a-Se has a low atomic number Z, and
thus, is efficient only when low-energy X-rays are used, e.g., in mammography. To expand the
benefits of direct conversion detectors over the diagnostic energy range, i.e., in radiography and
fluoroscopy, a-Se must be substituted by a high-Z material, which can efficiently absorb higher
energy X-rays.

Since X-ray imaging detectors should normally have a large active area (one cannot converge X-
rays), single crystalline photoconductors are ruled out from the application in direct conversion
detectors in conjunction with large area a-Si:H flat panel technology (i.e., active matrix flat panel
imagers or AMFPIs). Thus, it is imperative to focus on amorphous and polycrystalline phases of
high-Z photoconductors, that can be directly deposited on an imaging array of a large area.

Potential X-ray photoconductors such as polycrystalline layers of Bils [2], Pblz [3,4], Hgl [5-7],
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Zn0O [8], CdTe [9], CdixZnxTe [10], and PbO [11] have been investigated and have shown
potential for use in direct conversion detectors. The X-ray—to—charge conversion rate of these
materials is 3-8 times larger than that of a-Se and thus, they are capable of X-ray quantum noise
limited operation at low exposures, since the X-ray quantum noise can prevail over the electronic
noise. The performance of these polycrystalline photoconductors is far from ideal due to either a
large dark current, incomplete charge collection, or inadequate temporal response to X-ray
irradiation, appearing as a residual current after X-ray exposure is terminated, i.e., signal lag (or
from a combination of these problems). In addition, the deposition of poly-CdTe and poly-Cd;.-
xZnyTe layers requires a high substrate temperature (400 — 600 °C), which is incompatible with
most of the readout electronics, or requires a hybrid deposition method, where the film is firstly
deposited on the glass or alumina substrate and then coupled to the readout circuitry. The latter
involves very precise alignment of the photoconductor relative to the matrix array to achieve
proper pixel-to-pixel bonding that is technologically challenging, especially for high-resolution

detectors.

Another promising class of materials to be used in radiation detection are perovskite
semiconductors [12]; however, they are at a very early stage of the development (suffering from
material instability, signal lag and, comparatively high dark current, technological difficulties in
manufacturing a thick and uniform layer over a large area) and are not mature enough to be

considered as a practical solution to improve radiation medical imaging.

It should be mentioned that among the potential X-ray—to—charge transducers listed above,
polycrystalline Lead Oxide (poly-PbO) is especially promising because, similarly to a-Se, it has a
long history of commercial utilization in optical imaging. Previously, thin layers of poly-PbO were
used in “Plumbicon” video pick-up tubes that were widely used for broadcast, fluoroscopy and
digital subtraction angiography in conjunction with image intensifiers. However, the first
prototype of poly-PbO based X-ray detector with the radiography-thick photoconductor film was
unsuccessful. The photoconductor exhibited signal lag [13] that did not permit the use of PbO
detectors in real time fluoroscopic imaging, which is the most clinically demanding application

[14].

Recently, we reported on the development of a new polymorphic form of the PbO material, namely

amorphous Lead Oxide (a-PbO), which had not been previously synthesized [15]. In contrast to
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its polycrystalline counterpart, a-PbO is dense, capable of withstanding higher electric fields with
lower dark current and exhibits no signal lag [16]. In this work, we use a-PbO in a bilayer PbO
structure, where a thick layer of poly-PbO serves as a recording and charge transport layer while

a thin layer of a-PbO acts as a lag-preventing layer.

The use of multilayer photoconductive structures is a standard solution in direct conversion
detectors. Indeed, practical a-Se direct conversion detectors utilize a multilayered structure,
consisting of a thick photoconducting layer of stabilized a-Se, sandwiched between one or two

adjacent blocking layers needed to maintain an acceptable level of dark current.

In the majority of those detectors, two blocking layers are identified as n-like (hole blocking) and
p-like (electron blocking). Examples of n-like layers are a-Se alloyed with a small percent of As
and doped with alkali metal (usually Na or LiF) [17-23], cold-deposited a-Se [19,20], Sb2S3 [24]
and CeO» [23,25]. Among p-like layers are As>Ses [17-20,24], a-Se doped with Cl [22], and Sb2S3
[24-26]. Additional layers may be used, such as Arsenic-rich a-Se layers to retard crystallite
formation at the interface [24,26,27]; and protective overcoating layer such as nigrosine [28],
Parylene [29], epoxy resin [26]. As it is seen, the manufacturing of an a-Se based detector requires
multistage doping and alloying with different elements, normally performed in one deposition
cycle without breaking the vacuum. This process is technically challenging and requires precise

control to avoid cross-contamination, leading to high deposition cost [30].

Our approach to combine two allotropic forms of the same material, namely, PbO, in a blocking
structure reduces technical complexity, in comparison with a-Se technology. At the same time, it
will allow to combine excellent (low) ionization energy inherent to PbO, adequate hole mobilities
and low dark current at practical electric fields. This holds a potential to make the direct conversion
system simpler and hence, more economical to manufacture. Although we do not claim that the
developed technology can be immediately used in commercial products, we show that it allows
for lag-free real-time imaging in the diagnostic energy range. We also report on the direct
measurements of hole mobilities and demonstrate, for the first time, the application of the bilayer

PbO structure as a direct conversion X-ray detector.
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Results

Experimental sample

A schematic presentation of a bilayer Lead Oxide structure is shown in Figure la. The bottom
2 um lag-preventing a-PbO layer was deposited on an ITO-coated glass substrate (bottom biased
electrode) by an ion-assisted thermal evaporation technique [31]. Subsequently, the a-PbO layer
was covered by a 12 pum layer of poly-PbO (recording and charge transport layer) using
conventional thermal evaporation [31]. Although this sequential deposition of amorphous and
polycrystalline layers was performed in a single deposition cycle (without breaking the vacuum),
it should be noted that it can be done in separate evaporators, giving essentially identical results.
Finally, a 200 nm thick Au contact was sputtered atop a-PbO/poly-PbO structure by magnetron

sputtering to serve as the top readout electrode.

The SEM image of the cross-section of the sample is shown in Figure 1b. As can be seen, the thin
and dense layer of amorphous material in the lower part of the structure transforms into a less
dense, inhomogeneous disordered layer of polycrystalline material. It should be noted that the
structure of the poly-PbO layer in the presented bilayer structure is slightly different from the
previously reported single poly-PbO layer structure. Indeed, a single poly-PbO film is essentially
a porous network of individual platelets oriented mainly in the growth direction [31], whereas the

layer in the current sample consists of overlapping flakes.

(a)

poly-PbO

ITO-coated glass

a—PhOi

Figure 1. Schematic diagram (a) and cross-sectional SEM image (b) of a bilayer a-PbO/poly-
PbO structure.
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Mobility measurements

Hole mobility was measured by the photo-Charge Extraction by Linearly Increasing Voltage
(CELIV) technique in a range of electric fields (0.03—0.22 V/um) and temperatures (260-350 K).
The choice of CELIV was determined by its proven efficacy in the evaluation of field and
temperature dependencies of mobilities in single poly-PbO layers, characterized by dispersive
carrier transport with mobilities which decrease in the course of time. This feature makes a
conventional Time-of-Flight (TOF) technique ineffective for transport characterization. In
contrast, the theory of CELIV was recently extended to dispersive transport regime [32] making it

a technique of choice as an alternative to TOF for disordered materials with dispersive transport.

In photo-CELIV, a light pulse is used to generate charge carriers in the volume of an unbiased
sample. The wavelength of optical excitation (595 nm) was chosen to provide a uniform bulk
absorption so that electron-hole pairs are generated in the volume of the layer. Subsequently, a
linearly increasing voltage is applied to the sample to extract the photo-generated carriers. As the
applied voltage increases, so does the photocurrent since charge carriers are extracted faster. At
the end of the extraction, when most carriers have been collected, the photocurrent decays

(Figure 2).

The carrier mobility is derived from the measured time needed to reach the peak of the
photocurrent. For disordered materials with dispersive transport, the mobility is calculated using

an equation

_ala+1) ad?

2 b
2a+1 thogp A

(1)

where d — detector’s thickness, #,cax — time to the peak of the photocurrent, 4 — slope of the voltage
ramp, a — dispersion parameter derived from the relationship [32]

1

tpeak ~A 1, (2)
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poly-PbO

a-PbO

ITO-coated glass

Laeray |

Figure 2. Schematic diagram of photo-CELIV experimental apparatus.

A typical CELIV response at given experimental conditions is shown in Figure 3, where 7' —
temperature, Rosc — input resistance of the oscilloscope, #puise — duration of a light pulse, and tieray —
time delay between the light and voltage pulses. The dark-response, which is a capacitive
component of the current, was subtracted from the photo-response, and the peak time was

measured from the differential photocurrent transient.

To satisfy the requirements of the CELIV model and to prevent the accumulation of space charge
[33], the magnitude and duration of the light pulse were adjusted to make the amplitude of the
photocurrent (differential signal) smaller than the capacitive (dark) signal; and the input resistance
of the oscilloscope was adjusted to minimize the RC-component of the signal. Also, since it has
been previously shown that holes are much faster carriers in poly-PbO [32,34], the experimental
conditions were tuned (i.e., a voltage pulse of low amplitude and short duration was used
throughout the experiments) to make the photocurrent caused by the drift of holes only, so that

slower electrons do not contribute to the recorded photocurrent.
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Figure 3. A typical photo-CELIV, dark-CELIV current transients, and differential curve. The

peak time is measured from the differential signal, exhibiting an apparent photo-peak.

Figure 4 shows experimentally measured time to peak dependence on the voltage ramp at different

temperatures. A slope of a log-log fit curve yields a value of the dispersion parameter o = 0.42,

from equation (2). The dispersion parameter is temperature independent, similarly to what has

been found in single poly-PbO layers [32]; however, its value is twice larger than that in single

poly-PbO.
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Figure 4. Time to peak dependence on voltage ramp at different temperatures. The dispersion

parameter derived from a slope of a log-log fit line is independent of temperature.

The mobility of holes u(F) was calculated using equation (1) for electric field at the time of
maximum extraction (F = %) at different voltage ramps 4 and temperatures (Figure 5). Hole

mobility is strongly dependent on the electric field and reaches a value of 0.35 cm?/Vs at 0.22
V/um. To compare, the mobility of holes in a-Se is 0.15 cm?/Vs at 1 V/um at room temperature
[35]. The weak dependence of mobility on temperature and the strong dependence on applied field

indicates a dispersive transport regime mainly governed by spatial inhomogeneity [32].
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Figure 5. Hole mobility dependence on electric field at different temperatures. The mobility is

independent of temperature but have a strong dependence on electric field.

Temporal performance evaluation

The temporal performance was examined by the X-ray induced Photocurrent Method (XPM) in a
pulsed mode. The photocurrent in a bilayer PbO structure was measured at an electric field of
10 V/um (negative bias on ITO) under 1 s long X-ray exposure, modulated using a rotating
chopper at various frequencies in the range of 10-60 Hz and 50 % duty cycle (Figure 6). In this

test, image lag would reveal itself as an increase in the signal in each frame [36].
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Figure 6. Schematic diagram of XPM setup in a fluoroscopic mode.

To demonstrate this, Figure 7 compares outputs of a bilayer PbO structure and a single poly-PbO
layer biased at 5 V/um and irradiated with X-rays pulsed at a frequency of 10 frames per second
(fps). The exposure was 2 s long, during which both samples were exposed to 20 X-ray pulses
(100 ms alternating intervals with open and closed chopper). When irradiated with pulsed X-rays,
a rise of the photocurrent level with each subsequent frame is evident in the single poly-PbO layer.
In addition, there is a well-pronounced residual signal, that decays to zero in approximately 2 s
after the termination of X-ray exposure. In contrast, a bilayer a-PbO/poly-PbO structure shows a

stable photocurrent value and no signal lag.
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Figure 7. Comparison of X-ray response to pulsed irradiation of (a) poly-PbO and (b) bilayer a-
PbO/poly-PbO detectors. Poly-PbO exhibits signal build-up and prolonged residual signal after
the termination of X-ray pulse, while bilayer PbO detector shows perfect temporal response. It
should be noted that the poly-PbO sample used in this experiment is thicker than a-PbO/poly-
PbO, thus it yields a higher amplitude of X-ray response.

The temporal performance of the bilayer detector shows a nearly constant amplitude of the signal
in each frame even at a high readout rate (Figure 8). A uniform amplitude during the X-ray
exposure indicates no build-up of the injection current, allowing maintenance of constant dark
current. After the termination of the X-ray pulse, the photocurrent drops rapidly to zero level with

no residual signal, proving lag-free operation.

Frequency of 30 fps used in this experiment corresponds to readout rate conventionally used in a
real-time fluoroscopy imaging. A reduced frame rate can be used to increase the signal-to-noise
ratio (SNR) of the detector and to moderate patient dose. A higher readout rate might be necessary
when one must image a rapidly changing process, such as heart beating (cardiac imaging and

coronary catheterization) [37].
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Figure 8. A bilayer detector’s response to X-ray irradiation pulsed at different frequencies. Each
waveform was normalized and shifted for better visualization. The first and the last frames are
affected by asynchronization between the chopper and X-ray pulse, and nonuniformity of

exposure at the beginning of the pulse.

Discussion

The performance of a-PbO/poly-PbO bilayer structure has been investigated in terms of whether
combining these PbO polymorphs into a multilayer structure allows to consolidate the adequate
hole mobility inherent in poly-PbO with the excellent X-ray temporal response inherent in a-PbO
layers. CELIV measurements confirmed that hole transport in the bilayer structure is dispersive
and qualitatively similar to that in single layers of poly-PbO [32]. Weak temperature dependency
of mobility 4 and dispersion parameter a, and strong field dependence of x indicates that dispersion
is governed by spatial disorder rather than energy disorder. Mobility of holes reaches value of 0.35
cm?/Vs at relatively low field 0.22 V/um (the upper value of the applied electric field was limited
by the bandwidth of the function generator). The fact that mobility increases rapidly with an

increase in electric field is very desirable since it provides a tool to improve the carrier schubweg
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1.e. the average distance drifted before a carrier is lost to traps (schubweg is a product of the carrier
drift mobility y, the lifetime 7 and field F, i.e. uzF) and to avoid depth dependent charge collection.
Both the dispersion parameter and hole mobility obtained for a bilayer a-PbO/poly-PbO structure
are somewhat higher than those for poly-PbO. This can be attributed to the differences in structural
heterogeneity between a single poly-PbO and that grown on a-PbO: depositing a poly-PbO layer

on a-PbO sublayer makes hole transport less dispersive and increases hole mobility.

Evaluation of the temporal response of the bilayer structure with the pulsed X-ray radiation did
not reveal signal lag — a major obstacle for application of poly-PbO layers in the direct conversion
X-ray detectors. Indeed, the presence of signal lag and subsequently, image lag, does not permit
to use poly-PbO detectors in the most demanding clinical application that is real time fluoroscopic
imaging. Dynamic readout, as that used in real time applications, requires very little to no lag at
the end of each frame, otherwise previous images will be superimposed with the subsequent ones,
thus resulting in a misleading view. The elimination of signal lag can be explained by decreasing
charge trapping at a-PbO/poly-PbO interface and suppressing X-ray triggered injection caused by
local enhancement of the electric field at the interface between the electrode and photoconductor
[13]. In a bilayer configuration, a lag-preventing layer of a-PbO separates poly-PbO from the

electrode, preventing charge injection and eliminating image lag.

Despite this, the dark current of a bilayer structure is still higher than the recommended value for
digital flat panel detectors (~ 10 pA/mm?) [38]. Further decrease in the dark current may be
achieved by using a thin blocking layer between the electrodes and PbO bilayer. One of the most
suitable candidates is polyimide (PI). It is a well-developed material that was already successfully
used with a-Se photoconductors [36]. Careful optimization of the film’s thickness allows the
tuning of its resistivity to prevent significant voltage drop across the blocking layer as well as
redistribution of the electric field inside the structure [39]. It should be noted that polyimide film
can be easily applied by a conventional spin coating technique, in contrast to complicated process
of growing of the doped layers mentioned earlier. The development of the PI blocking layer to be
used in a-PbO/poly-PbO-based X-ray detectors is left for future work.

Overall, our results demonstrate that combining an a-PbO lag-preventing layer with a poly-PbO

X-ray-receiving layer in a bilayer structure allows to obtain lag-free operation while preserving
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adequate hole mobilities (relative to other disordered photoconductors) needed for adequate

schubweg and high efficiency in collecting X-ray generated charge.

Methods

Sample preparation

The bilayer PbO sample was thermally evaporated on Indium Tin Oxide (ITO) coated glass
substrate. To form a-PbO layer, a high purity (5N) yellow PbO powder was evaporated at the
temperature ~1000 °C in atmosphere of ionized oxygen at the pressure ~0.1 Pa. The growing layer
was continuously bombarded by Oxygen ions with energy ~70 eV. The poly-PbO layer was
formed from the same powder and at the similar temperatures, but in contrast to a-PbO,
evaporation took place in atmosphere of molecular oxygen at the pressure ~0.3 Pa. The substrate
temperature was kept below 150 °C in both processes. A top gold contact was sputtered ex situ in
a dedicated chamber. Since poly-PbO is known to degrade under ambient conditions by forming a
hydro-cerussite compound [14], all measurements were performed in the protective atmosphere of

dry Nitrogen.

CELIV apparatus

A sample was placed in a heating-cooling stage Linkam LTS350 that enables a precise temperature
control in a wide range of temperatures. A 2-channel function generator Tektronix AFG 3022C
was used to apply a linearly increasing voltage pulse on ITO and trigger a light pulse from the ITO
side. The current transients were readout from Au electrode on the oscilloscope Tektronix TDS
2024C with adjustable input resistance. For an excitation LED light pulse with a radiant power ~
100 uW and a wavelength of 595 nm, the attenuation depts in Lead Oxide is 90 um [40], which is
much larger than the detector’s thickness of 14 um. This provides a homogeneous generation of
charge carriers through the bulk of the film. The range of electric fields used in these measurements

was limited by the bandwidth of the function generator.
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XPM apparatus

The sample was placed in the shielded Aluminum box with a 2-mm thick lead collimator. A

negative DC bias was applied to the ITO from a high voltage power supply (Stanford Research

Systems PS350), and the photocurrent was readout from the Au electrode on oscilloscope

Tektronix TDS 2024C with input resistance of 1 MQ. The X-ray tube (Dunlee PX1412CS, insert

DU-304) with a Tungsten target and a 2-mm Al filter was used to generate 60 kVp X-ray pulse

(tube current was 200 mA). A chopper controller (Stanford Research Systems SR540) drives a 2-

mm thick Copper chopper to modulate an X-ray pulse at different frequencies and 50/50 duty cycle

that was used to simulate a pulsed irradiation mode.
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Chapter 4
Pl/a-PbO detector with blocking layer

structure

This topic has been elaborated in the following publication:

Oleksandr Grynko, Tristen Thibault, Emma Pineau, Alla Reznik. Engineering of a Blocking Layer

Structure for Low-Lag Operation of the a-PbO-Based X-Ray Detector. /[EEE Transactions on
Electron Devices, Volume 68, Issue 5, pp. 2335-2341 (2021). DOI: 10.1109/TED.2021.3067616.

The full text of the publication is listed below.
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Abstract—Direct conversion flat panel detectors are of great significance to the field of radiation
medical imaging since they offer imaging performance and diagnostic capabilities not achievable
with other methods. Currently, mammographic direct conversion detectors employ a layer of
amorphous Selenium (a-Se) photoconductor. Although its properties ideally fit the requirements
of mammography, where “soft” X-rays are used, a-Se cannot be used in high-energy X-ray
procedures. To extend the diagnostic capabilities of the direct conversion detectors, Amorphous
Lead Oxide (a-PbO) is proposed as an alternative photoconductor. It is a high effective atomic
number material and thus has higher X-ray stopping power over the wide X-ray energy range. a-
PbO is, therefore, a suitable candidate for applications in radiography, fluoroscopy, and digital
tomosynthesis. Here we report on the development of a blocking structure with a polyimide (PI)
layer needed to maintain low dark current at high electric fields. We demonstrate that a 1 um thick
PI blocking layer allows the operation of the detector at strong electric fields (=10 V/um) while
suppressing the dark current to an innocuous level (<1 pA/mm?). It also improves temporal
performance by reducing signal lag. No ghosting effect was observed at exposure rates up to 1 R/s,
however, at high radiation levels, the detector’s sensitivity degrades. This degradation is not
permanent as the detector restores its original sensitivity after several hours of rest in the dark

without bias applied.
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1. Introduction

The most common and important application of fluoroscopic X-ray imaging today is in image-
guided diagnostic and therapeutic procedures where real-time (30 frames per second) image
sequences are used to guide the interventional radiologist’s mind and hand. Current state-of-the-
art X-ray imaging technology for diagnostic X-ray energies is based on an indirect conversion
method where a scintillator (e.g., Csl or Gd20»S) first converts X-ray quanta into optical photons,
which in turn diffuse through a phosphor and then are converted to electrons by an array of
photodiodes [1]. This two-step conversion process reduces the X-ray—to—charge conversion gain
and as a result, these detectors are quantum limited, so the signal-to-noise ratio (SNR) for a given
pixel is proportional to the square root of the number of detected X-rays. Subsequently at the
lowest exposure levels common in fluoroscopy (0.1-1 pR/frame) electronic noise dominates over
the quantum noise and therefore, visibility of low contrast objects is compromised. In addition, the
omnidirectional propagation of optical photons in the scintillator reduces the spatial resolution of

the indirect conversion detectors [2], [3].

These issues can be overcome by the use of the direct conversion approach. “Direct conversion”
means that X-rays are absorbed in a photoconductor that directly creates electron-hole pairs, which
are subsequently separated by an applied electric field to generate a recordable signal [4], [5]. The
charges are moved by a field making it possible to create an image with a thick detector layer
without significant loss of resolution. Commercial direct conversion Flat Panel X-ray Imagers
(FPXIs) are used in breast imaging, i.e., in mammography energy range, where they demonstrate

superior image quality in comparison with the indirect conversion scheme [5], [6].

Two major components of FPXIs are a large area thin-film transistor (TFT) or complementary
metal-oxide-semiconductor (CMOS) active-matrix array [7] (as used in flat panel displays, for
example) and a photoconductive layer which is deposited directly onto the imaging array and acts
as an X-ray—to—charge transducer. Currently, commercial FPXIs employ a layer of stabilized
amorphous selenium (a-Se) photoconductor. Due to the low atomic number (Z = 34) of Selenium,

a-Se—based detectors are efficient only for low-energy X-rays used in mammography. To extend
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the diagnostic capabilities of the direct conversion detectors over radiographic, fluoroscopic, and
digital breast tomosynthesis (DBT) energy range, a-Se has to be replaced with high-Z, wide-
bandgap X-ray photoconductive material. In addition, for real-time applications, an X-ray
photoconductor has to demonstrate an adequate temporal performance in terms of signal lag (i.e.,
a post-signal after X-ray irradiation): the lag should not exceed that of the scintillators. This is a
strict requirement, since in state-of-the-art indirect conversion detectors lag is imperceptible.
Indeed, the Csl-based detector with an a-Si TFT imager designed for cardiac imaging
demonstrated the first frame lag of 2% (30 fps readout) [8]. An indirect detector with a Gd20>S
scintillator and a-Si:H TFT array showed a 2% lag after the lowest frame time of 0.2 s [9]. A more
prominent example of the indirect conversion detector utilizes an advanced imaging array based

on the CMOS technology and demonstrates the first frame lag below 0.1% at 30 fps [10].

Several photoconductors have been intensively investigated for this role during the last two
decades, but large signal lag deemed them unapplicable for further consideration as X-ray—to—
charge transducers in dynamic X-ray imaging: poly-Pblz (first frame lag ~30-50% [11], [12]),
poly-Hgl, (first frame lag ~10-20% [11]-[13]), poly-CdTe (lag at the first frame ~6-20% [14],
[15] and ~30% after 0.5 s for the detector with CMOS imager [16]), poly-CdZnTe (first frame lag
~6-70% [17], [18]), and poly-PbO (1.5-7% lag after 1 s [19], [20]). Another candidate for the X-
ray—to—charge transducer in direct conversion detectors are perovskites, a new family of emerging
materials. Although promising, at least at the very early stage of their development, perovskites
also demonstrate large signal lag [21]. If this problem will not be solved, all the efforts in the

development of perovskite technology will come to naught.

So far, the only direct conversion detectors that could be considered for dynamic imaging are based
on a-Se photoconductor. Indeed, although the main application of a-Se—based detectors was in
static mammographic imaging, its performance was also evaluated for real-time applications in
dynamic imaging, such as fluoroscopy and digital subtraction angiography (DSA). It typically
exhibited a first frame lag at 30 fps of 2—6% [14], [22], [23], but faster response (lag <1%) was
also reported [24]-[26].

One of the possible alternatives to a-Se with nearly lag-free operation is amorphous Lead Oxide
(a-PbO) [27], [28]. It is a photoconductive material with a fast response, a potentially higher charge
yield, high effective atomic number (Z. = 79), and higher X-ray stopping power over a wide
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energy range [27], [28]. Indeed, for energies relevant to radiation medical imaging, the attenuation
coefficient for a-PbO ranges from 704 cm™ at 20 keV to 20 cm™! at 140 keV, in comparison to 210
cm™ and 1.3 cm™ for a-Se for the same energies, respectively [29]. Since a-PbO is proposed as a
substitute for a-Se in X-ray digital detectors with high dynamic range, an urgent problem arises to
minimize the dark current and to develop an a-PbO blocking layer structure, similar to how it was

achieved in a-Se.

The need for blocking structures arises from the strong electric field applied to the X-ray—to—
charge transducer during detector operation. Typically, a field of 10 V/um or higher must be
applied to a photoconductor to achieve an acceptable charge collection efficiency. If preventive
measures are not taken, the application of such a high electric field leads to the excessive injection
of the charge carriers from the contacts into the photoconductor, causing a high dark current,
subsequent deterioration of the SNR, and degradation of the visibility of low contrast objects at
low exposures. In addition, the dark carriers may be trapped in the bulk of the photoconductor,
thus modifying the internal electric field and affecting the photogeneration efficiency across the
layer. An acceptable dark current density for X-ray detectors should preferably not exceed 1-10
pA/mm?, depending on the clinical application [5].

Since the thermal generation of carriers in wide bandgap photoconductors used in imaging
detectors is typically very small, the main source of dark current is attributed to an injection of
carriers from the electrodes [30]. A practical approach to minimize the injection and to reduce the
dark current to an acceptable level, is to introduce thin blocking layers between the photoconductor

and the electrodes [31], [32].

In a-Se-based detectors, these blocking layers (with thicknesses much smaller than the
photoconductor thickness) are made from specially alloyed and doped a-Se. The doping is
designed to cause deep trapping of carriers injected from the adjacent electrodes but at the same
time to allow the opposite sign carrier to be transported. By analogy with semiconductors, hole
and electron blocking layers are called n-like and p-like layers, respectively. The dark current in
such multilayer a-Se photoconductors is about 3 orders of magnitude smaller than that in a single

a-Se layer with the same thickness and applied field [32].

An alternative approach to prevent injection is to use blocking layers made of a semi-insulating

polymer, like cellulose acetate (CA) [33] or Polyimide (PI) [24]. It was previously shown that both
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CA and PI polymers are compatible with a-Se technology and can serve as blocking layers in a-Se
avalanche structures: CA layer improves stability against dielectric breakdown while the carrier
mobilities are not compromised. As for PI, it bonds well to a-Se, it is compatible with a-Se
deposition technology, and it enables stable operation at low dark currents without sudden
breakdown and associated structural transformations. In addition, PI acts as a soft buffer layer
reducing shear strain at the photoconductor-substrate interface and improves adhesion [34].
Similar to n-like and p-like layers in a-Se blocking structure, these polymers would need to prevent
the injection of one type of carriers from the electrode while allowing the collection of the
photogenerated carriers of the opposite sign. If the last condition is not met, the carriers will be
trapped at the interface causing screening of the electric field and reduction of the detector’s charge
collection efficiency. Additionally, it can result in the degradation of temporal performance
through increased lag and ghosting effect (i.e., change in X-ray sensitivity due to previous

irradiation).

Here we report on our approach to a-PbO blocking structures with a thin layer of P1. This polymer
layer can be easily and cost-efficiently applied even to large-area substrates using a standard spin-

coating technique. Its charge blocking properties can be tuned by varying the thickness of the layer.

Although the use of a PI blocking layer in a-Se avalanche detectors is very encouraging for an
application of PI in conjunction with the a-PbO photoconductor, concern remains regarding the
possible degradation of temporal performance of a PI/a-PbO detector as often happens if a
“foreign” layer is introduced into the structure. However, through investigation of the kinetics of
the dark current, signal lag, and ghosting we demonstrate that no deterioration of temporal
performance is observed while the dark current is reduced to an innocuous level. The above
features make PI a practical approach for the development of a-PbO based X-ray digital detectors

with a low dark current for a variety of applications.

I1. Methods

A. Sample preparation

PI/a-PbO blocking layer structure is schematically shown in Fig. 1. In this configuration, a thin

layer of PI was applied (under controlled parameters like spin speed and duration, curing

96



temperature and time) to the ITO-coated glass prior to the deposition of the a-PbO layer.

o Au

Polyimide

Fig. 1. Schematic of PI/a-PbO blocking structure.

The sample was prepared in a cleanroom environment as follows. Commercially supplied ITO-
coated glass was sequentially cleaned with Acetone, Methanol, Isopropanol, and dry Nitrogen, and
then placed for 10 minutes on the hot plate heated to 90 °C to remove any remaining solvents. A
polyamic acid precursor dissolved in an n-methyl-2-pyrrolidone (NMP) based solvent was
dispensed in the center of the stationary substrate. To obtain a 1 pm thick layer of PI, a spin-coating
was done in three steps with parameters shown in Table I. At the first step, the substrate is spun at
a low speed to allow the precursor to spread across the entire surface of the substrate. After that, a
substrate is accelerated to a final speed, which is the main factor in the determination of the
resulting PI layer thickness. After spinning, it is decelerated to a static state. The spin duration at
the first step and the acceleration at the second step were adjusted to obtain a uniform thickness
across the surface. After spin-coating, the substrate was placed on a hot plate, ramped to a high
temperature (sufficient for complete dissociation of the NMP solvent carrier and full imidization
of the polyimide film) and cured under constant dry Nitrogen flow with parameters shown in

Table 1.
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TABLEI

POLYIMIDE LAYER COATING AND CURING PARAMETERS

Spin-coating

Step 1 | Step 2 | Step 3
Duration, s 5 30 7
Speed, rpm 500 | 6000 0
Acceleration, rpm pers | 550 990 | -1100

Curing
Curing temperature, °C 350
Curing duration, min 30

Heating-cooling rate, °C/min | 4

Nitrogen flow, sL/min 2

In order to be able to make an electrical connection to the ITO-side of the substrate, which is
essential for electrical and X-ray characterization of the detector described further in the text, the
edges of the substrate were masked with a Kapton polyimide tape prior to the spin-coating. The

tape was peeled off after the coating.

A 19 pm thick layer of a-PbO was deposited afterwards by the ion-assisted thermal evaporation
technique with the following parameters: base pressure ~5-107 Pa, process pressure ~6-107 Pa,
furnace temperature ~1000 °C, substrate temperature ~100 °C, deposition rate ~0.2 wm/min, ion
energy ~50 eV, ion flux ~0.2 mA/cm?. A detailed description of the deposition process can be
found in [35]. Finally, a gold contact, 20 nm in thickness and 1 mm in diameter, was sputtered

atop of the a-PbO in a dedicated chamber.

B. Dark current kinetics measurement

Dark current was measured as a function of time for different bias voltages relevant to the direct
conversion detector operation (Fig. 2(a)). The sample was placed in a light-tight shielded box to
prevent photogeneration. A positive voltage (Stanford Research Systems PS350 power supply)
was applied to the ITO electrode, and the dark current was read out from the Au electrode with

Keithley 35617EBS electrometer. A power supply and an electrometer were connected through a
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GPIB interface (Tektronix ADO007) to a host computer which provided control and data
acquisition. A 100 MQ resistor was connected in parallel to the sample to allow the recovery

current to flow in a circuit in between the measurements.

Prior to measurement, the sample was short-circuited in the dark for at least 10 hours to allow
complete detrapping of charge carriers. The voltage was ramped at a rate of 5 V/s, and the dark
current was read out every second during a 2 h period. After the decay is recorded, the voltage was

ramped to zero at the same rate and the detector is left unbiased for 10 h.

C. Temporal performance characterization

The main goal of this work is to investigate the impact of the PI blocking layer on the temporal
performance of a-PbO based X-ray detector and to evaluate signal lag and ghosting effects. Signal
lag is a residual current after the termination of X-ray irradiation and ghosting is the degradation
of the detector’s sensitivity as a result of previous irradiation. In order to evaluate the detector’s
temporal performance in near clinical conditions, it is necessary to irradiate it with a sequence of
short X-ray pulses (with a rate up to 30 frames per second (fps)) and to measure the current during

the irradiation and with X-rays off.

The characterization was performed using the X-ray induced Photocurrent Method (XPM) in a
pulsed mode, where a rotating chopper was used to modulate an X-ray pulse at a variable
frequency. The experimental setup is shown in Fig. 2(b). A sample is placed in the shielded
Aluminum box. Prior to measurement, the sample was short-circuited in the dark for at least 2
hours to allow complete detrapping of charge carriers. A positive dc bias was applied to the ITO
from a high voltage power supply (Stanford Research Systems PS350), and the photocurrent was
readout from the Au electrode on an oscilloscope (Tektronix TDS 2024C) with 1 MQ native input
resistance. A bias was applied to the sample for 10 minutes prior to irradiation to allow the dark
current to stabilize and to drop to a level below 5 pA/mm?. The X-ray tube (Dunlee PX1412CS,
insert DU-304) with a Tungsten target was used to generate 1-s long 60 kVp X-ray pulses. At this
energy and thickness of the sample, the detector has an absorption efficiency of 25%. A 1.3-mm
Al filter was used to attenuate low-energy photons and minimize Compton backscattering noise,
and a 2-mm Lead collimator was used to prevent stray scattering. The exposure was monitored by
the Keithley 96035 ionization chamber; attenuation by a glass substrate and a chopper was

considered when calculating total incident on the detector exposure. A chopper controller
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(Stanford Research Systems SR540) drives a 2-mm thick Copper chopper with an adjustable
frequency and a 50% duty cycle.

Tl
Au

e a-PbO
&) [
Au Polyimide
=100 MQ ITO-coated glass =
a-PbO
I
Polyimide | | L
ITO-coated glass =
1
60 kVp

(@) (b)

Fig. 2. Schematic experimental setup for (a) dark current kinetics measurement and (b) temporal

performance characterization.

D. Lag and ghosting measurements

To evaluate lag and ghosting, the sample was irradiated with a train of 1-s long X-ray pulses
modulated at a frequency of 5-30 Hz. 20 pulses were fired with an interval of 60 s, as shown in

Fig. 3(a) (interval time was limited by the risk of overheating the X-ray tube).

A typical response to a continuous and modulated X-ray pulse is shown in Fig. 3(b). The
photocurrents with X-rays on (PC,,) and off (PC,p) for every frame as well as the dark current
prior to irradiation (DC) were recorded for each pulse. The first and the last frames were omitted
due to asynchronization of the X-ray pulse and the chopper, and the initial overshoot in the X-ray

pulse.
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Fig. 3. (a) A sequence of modulated X-ray pulses used for temporal performance
characterization. (b) Typical X-ray response to a continuous and modulated irradiation, and

measured values within each pulse. Note: Fig. 3(a) was not included in the original publication.
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Detector’s sensitivity (S) is defined as the amplitude of the photocurrent during the irradiation
(PCon), corrected for the dark current (DC). The average values of the photo- and dark currents
were used for each pulse. Signal lag (Lag) is quantified as a ratio of the photocurrent after the
irradiation (when a chopper blade blocks X-rays, PC,p) to the detector’s sensitivity. The ghosting
effect can be quantified as a relative sensitivity — a ratio of the sensitivity at given pulse to the
initial sensitivity of a well-rested detector. Sensitivity and lag values were calculated for each pulse

n as:
Sp = (PCon)n - DG, , (1)

_ (Pcoff>n_DCn

Lagy 5

)

II1. Results and Discussion

A. Dark current kinetics measurement

Fig. 4 shows the decay of the dark current over time at different electric fields (5-20 V/pum). After
a bias is applied, the current rapidly decays with time, reducing by nearly 2 orders of magnitude.
At 10 V/pum, it drops from 30 pA/mm? to 0.2 pA/mm? within two hours. However, the dark current
increases with the electric field: 0.1 pA/mm? at 5 V/um and 0.7 pA/mm? at 20 V/um after biasing

for 2 hours.

This behaviour is similar to what has been observed in a-Se—based n-i, i-p, n-i-p blocking structures
(where i-layer is stabilized a-Se), and in Pl/a-Se: the dark current rapidly decreases with time by
1-3 orders of magnitude (depending on the layer configuration) over several hours. The lowest
attainable steady-state dark current was achieved in n-i-p and P1/a-Se detectors: 0.01-0.05 pA/mm?
at 10 V/um [36], [37]. This minimal dark current was attributed to the bulk thermal generation in
the PI/a-Se detector, but in the n-i-p detector, it was assigned to the electron injection [38] or
balancing of the carrier trapping and detrapping rates due to Schottky emission over the barrier in
n-layer [39]. Either way, the steady-state dark current in a-Se blocking structures is well below the

tolerable level for detector applications of 1 pA/mm?.
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Fig. 4. Kinetics of dark current density at different electric fields.

Although further investigation of the dark current kinetics in PI/a-PbO is needed, it can be
qualitatively explained in the following model. There are two main sources of the dark current:
thermal generation in the bulk of the photoconductor and carrier injection from the electrodes. As
PbO has a wide bandgap (~1.9 eV [5]), the bulk thermal generation is relatively small, thus carrier
injection is dominant. After the positive bias is applied to the ITO, holes (major carriers in PbO
[40]) are injected from the ITO into the PI layer and are accumulated at the ITO/PI interface. This
causes screening of the electric field, suppressing further injection, and hence the dark current.
After the hole injection is reduced, the electron injection from the negative Au electrode and the

thermal generation in the bulk of a-PbO take dominant effect.

In a PI/a-PbO detector, the dark current has not reached a steady state after two hours, meaning
that it is not completely suppressed yet. This gives a potential for further dark current reduction.
Depending on the mechanism responsible for the final decaying portion of the dark current, it can
be achieved by waiting for a longer time (a warm-up period of the detector), or by introducing a
second blocking layer into the structure that would prevent injection of electrons. However, even

in the current configuration, an acceptable dark current level of 1 pA/mm? can be easily achieved.
g 1Y p y
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B. Temporal performance

When the detector is exposed to a continuous irradiation (Fig. 3(b)), it exhibits a quasi-rectangular
response with a constant amplitude and low (<1%) lag. A small overshoot at the beginning of the
pulse is a characteristic feature of the X-ray tube, not the detector, since a similar response was
observed in the silicon photodiode used to trigger the oscilloscope. A uniform amplitude indicates
that the dark current is constant and the photocurrent neither builds-up due to X-ray triggered
injection (as observed, for example, in poly-PbO and early Pl/a-Se detectors [20], [24]), nor
decreases due to degradation of the internal electric field caused by the accumulation of X-ray—
generated charge at the PI/a-PbO interface. Moreover, when the detector is exposed to a modulated
irradiation, both the photocurrent during each frame and the amplitude in successive frames remain
constant. This indicates the unhindered flow of photogenerated electrons from the photoconductor
through the PI layer to the ITO electrode. Indeed, if an accumulation of photogenerated electrons
at the interface would occur, a decrease in photocurrent at the end of each frame would be observed
[37]. In [37], a small decrease in the photocurrent during each frame was attributed to a temporary
change in the internal electric field, which is restored by hole injection from the anode, keeping
the same amplitude of consecutive pulses. Therefore, our analysis of the X-ray response of the
PI/a-PbO detector to a continuous and modulated irradiation suggests that the presence of the PI
layer does not affect charge collection efficiency. This conclusion, together with a suggested
mechanism responsible for the dark current kinetics (accumulation of the injected holes from the
ITO and screening of the electric field) demonstrates that the PI layer indeed acts as a blocking

layer, rather than an insulator.

Fig. 5 shows signal lag values for the PI/a-PbO detector calculated using (2) for various electric
fields (5-20 V/um), modulation frequencies (5-30 Hz), and incident exposures (14 R). Signal lag
was found to be nearly constant at each pulse (at fixed field, frequency, and exposure), therefore,

the values shown have been averaged over 20 pulses.
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Fig. 5. Signal lag measured as a function of the electric field, modulation frequency and incident
exposures in a PI/a-PbO detector. A dataset was connected with lines as a guide for the eyes.

For an a-Se—based detector, lag values were extracted from the literature.

The application of a stronger electric field improves temporal performance and reduces signal lag.
Its value decreases with field: 5.6% at 5 V/um down to 0.9% at 20 V/um (with a frequency fixed
at 30 Hz). In contrast, lag increases at higher modulation frequencies and reaches 1.9% at 30 Hz
and 10 V/um. Incident exposure has little effect on the lag in the range investigated, which
demonstrates the stability of the X-ray response at different exposure levels. It should be noted
that the detector investigated here absorbs only 25% of the incident X-rays under given beam

conditions, thus the absorbed dose by the photoconductor is the only Y4 of the incident dose.

To compare the temporal performance of a PI/a-PbO detector with an a-Se based detector, lag
values were extracted from [24] and [25] (at the most advantageous bias polarity) and plotted on
the same graph. In these works, lag in a-Se was measured with the same technique and under

similar conditions (electric field, modulation frequency, exposure, interval between pulses),
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however, the X-ray tube voltage was 28-32 kVp (in contrast to 60 kVp in this work). A blocking
layer structure was also used in both a-Se detectors: a PI layer between the photoconductor and
the substrate in [24] and two undisclosed blocking layers in [25]. Although a-Se detector mostly
demonstrates a slightly faster response than PI/a-PbO (1.3% and 1.9% lag, respectively, at 10
V/um, 30 Hz, and 1 R), at the higher field they have similar performance.

PI/a-PbO detector exhibits a remarkable improvement of temporal performance over other
photoconductors considered for use in the direct conversion digital detectors (such as
polycrystalline layers of PbO, Pbl,, Hgl>, CdTe, CdZeTe, and perovskites) [11-21] and marginal
signal lag with a-Se [24]- [26], [37] and Csl [8], [10]. So far, a-PbO and a-Se are the only
photoconductors where the lag problem was resolved. Combine with the high absorption efficiency
of PbO in the diagnostic X-ray energy range and the low dark current of the blocking structure,
the PI/a-PbO detector becomes the most favorable candidate for application in the real-time

diagnostic imaging.

Degradation of sensitivity for different incident exposure levels is shown in Fig. 6. At the lower
exposure rate, sensitivity remains nearly constant showing no ghosting effect. However, at the
elevated radiation level, the detector’s sensitivity drops with each subsequent pulse. For 4 R/s
exposure, sensitivity decreases by 9% after 20 pulses (an accumulated exposure of 80 R). Note
that it is not a permanent degradation of the detector; it restores its initial sensitivity after resting
unbiased in a dark for a few hours. To compare, the a-Se detector had a 10% degradation of
sensitivity after 20 R of a cumulative exposure [24] and 15% after 60 R of a cumulative exposure

[25].

It should be noted that X-ray doses used here are much larger than those used in the clinical practice
[41], [42], and thus represent operation under extreme load. Indeed, typical exposures to the patient
in the dynamic imaging are 0.1-1 R for DBT (accumulated from multiple, usually 9-25,
projections over less than 10 s period). For fluoroscopic imaging in surgery, exposure of some
Roentgens can be accumulated over a period of up to a few hours. These values of exposure in the
patient plane are equivalent to the incident on the detector exposure outside the patient (typically

at the periphery of the detector); behind the patient, the exposure would be 10—100 times smaller.
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Fig. 6. Degradation of the detector’s sensitivity (ghosting) with consecutive pulses at different

incident exposure rates.

IV. Conclusion

A direct conversion X-ray detector based on the amorphous Lead Oxide photoconductor with a
single blocking layer of polyimide was developed and evaluated. The application process of the
PI blocking layer is simple, cost-efficient, and compatible with large-area fabrication. A PI/a-PbO
detector satisfies requirements for low dark current (<1 pA/mm?) at electric fields as high as 20
V/um. The detector demonstrates temporal performance suitable for real-time imaging with lag
values down to 0.9% at 30 Hz. The detector’s response remains constant at a low exposure rate (<
1 R/s), but at a high radiation level, the sensitivity degrades. Overall, our approach to use a PI
blocking layer in a-PbO-based detector permits the application of a higher electric field for
enhanced charge collection and sensitivity while maintaining suitable temporal and dynamic

properties in various clinical and industrial X-ray imaging applications.
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Chapter 5
The X-ray Sensitivity of an Amorphous Lead

Oxide Photoconductor
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Abstract: The photoconductor layer is an important component of direct conversion flat panel X-
ray imagers (FPXI); thus, it should be carefully selected to meet the requirements for the X-ray
imaging detector, and its properties should be clearly understood to develop the most optimal
detector design. Currently, amorphous selenium (a-Se) is the only photoconductor utilized in
commercial direct conversion FPXIs for low-energy mammographic imaging, but it is not
practically feasible for higher-energy diagnostic imaging. Amorphous lead oxide (a-PbO)
photoconductor is considered as a replacement to a-Se in radiography, fluoroscopy, and
tomosynthesis applications. In this work, we investigated the X-ray sensitivity of a-PbO, one of
the most important parameters for X-ray photoconductors, and examined the underlying
mechanisms responsible for charge generation and recombination. The X-ray sensitivity in terms
of electron—hole pair creation energy, W-., was measured in a range of electric fields, X-ray
energies, and exposure levels. W decreases with the electric field and X-ray energy, saturating at
18-31 eV/ehp, depending on the energy of X-rays, but increases with the exposure rate. The
peculiar dependencies of . on these parameters lead to a conclusion that, at electric fields relevant
to detector operation (~10 V/um), the columnar recombination and the bulk recombination

mechanisms interplay in the a-PbO photoconductor.

Keywords: lead oxide; X-ray detector; direct conversion; X-ray sensitivity; columnar

recombination; Langevin recombination; Monte Carlo simulation
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1. Introduction

The ever-growing demand for advanced radiation medical imaging techniques sustains continued
research interest in novel materials and technologies for imaging detectors, based on the direct
conversion of diagnostic X-rays. In direct conversion flat panel X-ray imagers (FPXIs), a uniform
layer of the photoconductor is deposited over large area readout electronics based on either thin-
film transistor (TFT) arrays or complementary metal-oxide-semiconductor (CMOS) active-matrix
arrays. The photoconductor acts as a direct X-ray-to-charge transducer; i.e., it absorbs X-rays and
directly creates electron—hole pairs (ehps), which are subsequently separated by a bias field to

generate a signal.

Stabilized amorphous selenium (a-Se) is the most successful, commercially viable, large-area-
compatible X-ray photoconductor used in direct conversion FPXIs for medical imaging due to its
several distinct advantages over other potentially competing photoconductors [1,2]. Both X-ray-
generated electrons and holes can drift in a-Se under appropriate conditions [3,4]. The dark current
can be appropriately controlled by the use of blocking structures [5,6]. The X-ray attenuation
coefficient, while not outstanding, is acceptable for the relatively soft X-rays in mammographic
energy range (~20 keV) [1,3]. The fabrication technology of the practical photoconductive layers
is mature enough, and thus cost-effective. Therefore, the most successful application of stabilized
a-Se technology is in mammography where a-Se-based FPXIs became a dominant technology
[1,7]. However, for higher energy applications such as radiography, fluoroscopy, and
tomosynthesis, a-Se does not have sufficient X-ray stopping power, and thus, alternative materials
are needed to expand the success of the direct conversion concept over the diagnostic energy range.
In this regard, one should focus on the development of high-Z (atomic number), wide-bandgap
photoconductors that can efficiently attenuate high-energy X-ray photons and are compatible with
the FPXI technology. The latter requires the feasibility to be deposited over the imaging array
under deposition conditions suitable for imaging electronics, such as a deposition temperature that
imaging electronics can withstand (practically below 250 °C), a high deposition rate, and high

uniformity across a large area [1].

The requirement for a relatively low deposition temperature makes single-crystalline
photoconductors unsuitable for use in direct conversion imaging detectors. As for the disordered

(polycrystalline and amorphous), high-Z semiconductors that can produce large-area detectors,
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polycrystalline layers of Pbl, [8—10], Hgl> [10-12], CdTe [13], CdixZnsTe [14], Bil3 [15], ZnO
[16], PbO [17,18], perovskites [19], and amorphous PbO (a-PbO) [20,21] are considered
promising. However, at the current stage of their technology, the majority of the materials in this
list exhibit signal lag—a residual current that continues to flow after X-ray exposure [17,18,22].
The presence of this residual signal has a detrimental effect on procedures with fast sequential
image acquisition, such as real-time imaging (fluoroscopy) and 3D imaging (tomosynthesis), since
part of the signal from a previous exposure combines with the next one. The resulting image can
be inaccurate, misleading, and as such, can compromise the whole visualization advantage of real-
time (fluoroscopic) imaging. For practical fluoroscopic applications, the residual signal should
promptly decay to <10% in less than 33 ms, i.e., within the first frame, appertaining to a 30 frames
per second (fps) read-out [23-27]. To the best of our knowledge, today, the only photoconductors
exempted from the issue of signal lag are a-Se [5,28] and amorphous lead oxide—a new non-
crystalline polymorph of PbO [29], in which signal lag was suppressed to a level <5% [20] that
fits the requirements of fluoroscopic applications. In the continuous advancement of a-PbO
technology, we recently reported on the development of a blocking structure for a-PbO detectors,
in which a thin layer of polyimide (PI) is introduced between the electrode and a-PbO layer,
thereby preventing their interaction. This blocking structure is needed to maintain low dark current
(<1 pA/mm?) in a strong operational electric field (>10 V/um), while preserving the temporal

performance suitable for real-time imaging with lag values down to 0.9% at 30 fps read-out [21].

One of the most important parameters for X-ray photoconductors is its X-ray sensitivity,
characterized in terms of the ehp creation energy W, which is the average energy required to
generate a single detectable electron and hole pair. The lower the W,, the higher the X-ray
sensitivity of a photoconductor. This parameter accounts solely for the freed carriers, reflecting
the fact that only a fraction of the X-ray-generated charges are collected. Indeed, a theoretical (or,
intrinsic) ehp creation energy, Wi‘_) , can be estimated from the bandgap of the semiconductor, E,,
by an empirical formula, the so-called Klein rule: Wf ~ 3E,4 [30]. However, in practice, in many
photoconductors, including a-Se [31], poly-PbO [17,18,22], and a-PbO [20] ones, experimentally
measured (or, effective) W, is not a material parameter, but a characteristic of the system which

depends on the applied electric field F, X-ray energy E, photon flux (or exposure X), and
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temperature 7. Understanding of W, (F, E, X, T") dependencies in a-PbO photoconductors is crucial

for the development and optimization of an a-PbO-based direct conversion X-ray imaging detector.

In this work, we investigated the X-ray sensitivity of an a-PbO photoconductor in terms of W, and
examined the underlying mechanisms responsible for charge generation and recombination in this
material through experimental measurements of W,. and Monte Carlo simulations of photoelectron
transport. W, was measured in a range of electric fields, X-ray energies, and exposures. The
peculiar dependency of X-ray sensitivity on these parameters leads to a conclusion that the
interplay of the columnar and bulk recombination mechanisms dominates in the a-PbO
photoconductor at electric fields relevant to detector operation (i.e., 10 V/um). Finally, we suggest
a qualitative model for the charge generation and recombination processes in the a-PbO

photoconductor that is supported by a Monte Carlo simulation.

2. Background

It was suggested that the intrinsic ehp creation energy, W7, of a semiconductor depends on its
bandgap E; according to the relationship WJ_? ~ 2.8E; + &5, (Klein rule for crystalline
semiconductors [30]) or Wio ~ 2.2E; + £pp (Que-Rowlands rule for amorphous solids [32]),
where the term &,, ~ 0.5 — 1 eV is responsible for losses due to optical phonons. In practice,
many low-mobility amorphous and polycrystalline semiconductors demonstrate effective W, that
is higher than the intrinsic value. For example, W, is ~45 eV/ehp for a-Se [3], ~17 eV/ehp for
poly-PbO [18], and ~22 eV/ehp for a-PbO [20] at a practical electric field of /=10 V/um, whereas
theoretical values are within 5-7 eV/ehp. The fact that experimental W, exceeds the theoretical
value indicates that a certain portion of the initially X-ray-generated charge undergoes deep
trapping or recombination and thus does not contribute to the photo-signal, reducing the detector’s

sensitivity, and ultimately degrading the SNR of the image.

Generally speaking, the carriers can be trapped at localized states within the mobility gap of a-
PbO, in either shallow or deep traps. However, a previous investigation of the ghosting effect [21]
suggested that no deep trapping occurs in PI/a-PbO photoconductive structures, at least at the
relatively low exposures used in this study. Ghosting is caused by deep bulk trapping of

photogenerated carriers, which subsequently recombine with the drifting carriers of the opposite
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sign, resulting in sensitivity degradation. Since no detectable ghosting effect was observed at
relevant exposure rates, deep trapping can be ruled out as a primary cause for W, degradation.
Additionally, the quasi-rectangular shape of the X-ray response indicates the unrestricted flow of
the photogenerated carriers from the a-PbO photoconductive layer through the PI blocking layer
into the ITO electrode [21], meaning that no accumulation of carriers in shallow states at the Pl/a-
PbO interface are expected as well. Therefore, a trapping mechanism can be excluded from the

reasons for the carrier loss in a-PbO and will not be discussed further.

As for the recombination, there are three main theories that could explain the loss of the X-ray-
generated carriers in the photoconductors: the bulk (Langevin), geminate (Onsager), and columnar
(track) models [32—41]. Bulk Langevin recombination is a bimolecular process in which electrons
and holes drift through the bulk of the photoconductor, due to the internal electric field within the
layer, meet each other in space and time, and recombine. The two other intra-track mechanisms,
i.e., geminate and columnar recombination, occur within the ionization column formed along the
track of the energetic primary photoelectron. In the geminate model described by Onsager theory
[42], the twin generated electron and hole pair recombine with each other while diffusing and
drifting in the presence of their mutual Coulomb attraction and the applied electric field. Columnar
recombination, first proposed by Jaffe [43] and expanded by Hirsch and Jahankhani [44], assumes
that the photogenerated charge density inside the column is high enough so that the concept of
independent geminate ehps is inapplicable. In this case, bimolecular recombination occurs between
two non-geminate charges (i.e., electron and hole from two different twin pairs), just like in the

bulk Langevin model, but within the ionization column.

The applicability of the recombination models depends on the properties of the material under
consideration, and also on the source of excitation. For example, it was shown that the
recombination of drifting holes with either drifting or trapped electrons in a-Se follows the bulk
Langevin recombination mechanism [45,46]; initial recombination of optically excited carriers is
controlled by the geminate mechanism [47], but columnar recombination prevails in the case of
X-ray photogeneration [2,33,34,36]. On the other hand, geminate recombination controls the
effective W, in X-ray irradiated anthracene, PVK, and in electron-bombarded SiO ([32,39,40]
and references therein). Although these materials have some common properties (i.e., low

mobility), they have different recombination mechanisms. Therefore, one cannot rule out any of
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these theories a priori, but must first assess their fitness based on the experimental results.
Conveniently, the recombination rate of each mechanism depends uniquely on experimental
parameters such as electric field, exposure, X-ray photon energy, and temperature, which can be

used to identify the dominant process.

2.1. Exposure Dependency

Bulk bimolecular recombination in amorphous solids is usually described using the Langevin
formalism, which states that the recombination rate is proportional to the concentration of both
types of carriers. Therefore, if bulk recombination is a dominant process, the collected charge QO

should change with exposure X according to Q~X*/2 [40].

The situation is different for the intra-track mechanisms. With increasing radiation intensity, the
number of primary photoelectron tracks proportionally increases, but the recombination within
each track remains unaffected. This means that for geminate and columnar mechanisms, the
collected charge increases linearly with the exposure, following Q~X [39]. Additionally, geminate
recombination is a monomolecular process; therefore, the recombination probability does not
depend on the concentration of the surrounding charges (since the separation between the geminate
electron and hole is the smallest distance between any two oppositely charged carriers), and thus

the relationship Q~X is adhered to again [41].

2.2. Field Dependency

The X-ray sensitivity in many X-ray photoconductors (i.e., a-Se, poly-PbO, a-PbO, perovskites)
shows a very pronounced electric field dependency [3,18,20,48]. It is usually described as
W, (F) = W2 + B/F, where W is the intrinsic ehp creation energy at an “infinite” field and B is
a material-specific constant that depends on the energy of X-ray photons ([1,33] and references

therein).

Regardless of the mechanism, the recombination rate is determined by the probability of carriers
meeting in space. It ultimately depends on the interplay between three main driving forces: charge
carrier thermal diffusion, charge carrier drift in the applied electric field, and mutual attraction
between the oppositely charged carriers. The applied electric field acts to overcome mutual
Coulombic attraction between photogenerated electrons and holes, increasing the recombination

escape probability. This results in a higher number of freed ehps and lower W,. [36].
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Such field-dependent sensitivity is typical for both columnar and geminate recombination ([33,34]
and references therein), although each of them has its own peculiarities. In the columnar model, at
the very low electric fields (S1 V/um, when diffusion dominates over drift), W, is field-
independent [41]. In the geminate model, the low-field portion of the photogeneration efficiency
n(F) = W2 /W, (F) is a straight line with a slope-to-intercept ratio Rg; = e3/(8me,e0k*T?),
where e—elementary charge, e,—relative permittivity of the photoconductor, &,—vacuum

permittivity, and k—Boltzmann’s constant ([33] and references therein).

The fraction of carriers lost to bulk recombination is proportional to F~2, and thus the collected

charge is given by Q~ 1/(1 + F~2) [41,49].

2.3. X-ray Energy Dependency

To the best of our knowledge, the only photoconductor whose X-ray energy dependency on W,
has been examined (both experimentally [31,41,50-52] and theoretically [34,35,37,53-55]) is a-
Se. As was discussed in [34] (and references therein), within the framework of the geminate
recombination model, the initial separation between an electron and a hole controls the probability
of their escape from recombination. Therefore, if the initial separation is independent of the

incident photon energy, W should be too, if the geminate recombination is the dominant process.

On the other hand, through the example of a-Se, it has been shown that the columnar recombination
rate drops with increasing X-ray photon energy [33,34,53]. This is due to a rise in the mean separation
of the electrons and holes within the ionization column. As the charge density decreases, the
recombination rate between non-geminate electrons and holes within the column also declines. This

increases the number of free electrons and holes which, in turn, leads to a reduction in W,..

3. Materials and Methods

3.1. Detector Preparation

A single-pixel direct conversion digital detector based on an amorphous lead oxide (a-PbO)
photoconductor with a single blocking layer of polyimide (PI) was used in this work. Commercially
supplied pre-washed and vacuum-packed ITO-coated glass (bottom biasing electrode) was rinsed with

acetone, methanol, and isopropanol; dried with dry nitrogen; and placed on a hot plate at 90 °C for 10
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min, to ensure cleanliness. A 1 um thick PI layer was then spin-coated onto the ITO-coated glass. 19
um of a-PbO was deposited on the prepared substrate by ion-assisted thermal evaporation. Finally, a
top Au contact (readout electrode) 1.1 mm in diameter was sputtered atop of the a-PbO, which provided
an effective detector area of 0.95 mm?. Detailed descriptions of the P application and a-PbO deposition

can be found in [21,56].

The density of the a-PbO photoconductor p was calculated from the mass m and volume of the film,
which can be treated as a cylinder with a height d and radius r; thus, p = m/(mr?d). The a-PbO
deposition was performed using a shadow mask with a window of radius » = 6.25 mm. The
photoconductor thickness d = 19 pm was measured with a stylus profilometer (KLA Tenchor Alpha-
Step D-100, Milpitas, CA, USA). The glass substrate with the applied PI layer was weighed on a
microbalance (Sartorius CP2P, Gottingen, Germany) before and after deposition of a-PbO film to
calculate the mass of the photoconductor layer: m = 20.5 mg. The density was found to be p = 8.8
g/cm?®, which was 92% of the crystalline PbO density (9.53 g/cm?), owing to high packing density and
the absence of voids in the a-PbO layer [56].

3.2. Experimental Apparatus

X-ray characterization of the PI/a-PbO detector was performed using the X-ray-induced photocurrent
method (XPM). The experimental setup is shown in Figure 1. A detector was placed in a shielded
aluminum box. Prior to measurement, the detector was short-circuited in the dark to allow for the
complete detrapping of charge carriers. A positive dc bias was applied to the ITO by a high voltage
power supply (Stanford Research Systems PS350, Sunnyvale, CA, USA) to create a strong electric
field in the photoconductor. The photocurrent due to the drifting carriers was read out from the Au
electrode by an oscilloscope (Tektronix TDS 2024C, Beaverton, OR, USA) with a native input
resistance of 1 MC. In this work, the electric field is referred to as an applied field to the detector F =
Vpias/ (dppo + dp;), where V45 is an applied bias, and dpp,o and dp; are the thicknesses of the a-
PbO and PI layers, respectively. After such a bias is applied, the dark current in the PI/a-PbO detector
exponentially decreases with time due to the accumulation of trapped charge within the PI blocking
layer [21]. Therefore, the bias was applied to the detector for 15 min prior to irradiation to allow the
dark current to stabilize and to drop to a level below 5 pA/mm? An X-ray unit (tube Dunlee
PX1412CS, insert DU-304, generator CPI Indico 100, Georgetown, ON, Canada) with a tungsten
target was used to generate X-ray pulses. The tube voltage could be varied in the range of 40—-100 kVp
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and the tube current could be set in between 25 mA and 400 mA. 2-mm Lead collimators were used
to form a narrow-beam geometry and to minimize scattering. An added filtration of Aluminum (type
1100, min 99.0% purity) was placed in the cassette in front of the X-ray tube to harden the X-ray beam.
The exposure was monitored by dosimeter Keithley 35040 (Cleveland, OH, USA) with ionization
chamber Keithley 96035 (Cleveland, OH, USA). The ion chamber was positioned midway between

the detector and the tube to avoid any contribution of backscattered X-rays to the exposure reading.
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Figure 1. Schematics of the XPM setup (not to scale).

W, 1s derived as a ratio of the total energy absorbed in the photoconductor upon X-ray irradiation

E4ps to the number of collected ehps Ny, :

Wy = e ()

- Nehp '
A detailed description of calculation of the absorbed energy, the number of collected charges, and

X-ray sensitivity is provided in Appendix A.

3.3. Monte Carlo Simulations

Monte Carlo simulations of the electron trajectories in PbO were performed using the Stopping
and Range of Electrons in Matter (SREM)-type Monte Carlo software CASINO (monte CArlo
SImulation of electroNs in sOlids) [57]. A PbO sample was irradiated with an electron beam and
transport of electrons was simulated, taking into account the physical interaction with the matter.

The electron beam energies were selected to represent the kinetic energy of the ejected primary
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photoelectrons KE = hv — BE, where hv is the mean energy of the incident X-ray photons in the
beam and BE is the binding energy of that photoelectron. Since the mean energies of the X-ray
beams used in this work (see Figure Ala) were lower than the K-edge energy of PbO (BEyx =
88 keV), the photoelectrons were considered to be ejected from the Lz-subshell with binding
energy BE;, = 13 keV [58].

The Monte Carlo simulation method and the physical models used were described in [59,60]. For
each beam energy, the trajectory information (such as collision event coordinates and energy) from
the 500 primary electrons, which included ~10°~10° events (depending on the beam energy), was
recorded and further analyzed. The energy difference between two consecutive events was
calculated and used as the dissipated energy per collision event, and the coordinates were used to
calculate a distance between these consecutive collision sites and the average total path length.
Finally, the average ratio of the dissipated energy to the distance between collision sites was
calculated for each electron beam energy, which can be treated as the rate of energy deposited in

the photoconductor.

4. Results

Figure 2 shows a typical X-ray response of the PI/a-PbO detector to irradiation by a 100-ms X-ray
pulse at different applied electric fields and a tube voltage of 60 kVp. Without irradiation, the
detector produces only dark current in the order of several picoamps. Upon X-ray irradiation, the
detector exhibits a quasi-rectangular response with a uniform amplitude. The photocurrent
increases with the electric field and begins to saturate after 10 V/um. After the irradiation is
terminated, the photocurrent rapidly drops to a dark current level, demonstrating almost negligible
signal lag. A detailed analysis of the temporal performance (evaluated in terms of signal lag and

ghosting) of the a-PbO-based detectors can be found in [20,21].

124



Photocurrent (nA)

0 50 100 150

Time (ms)

Figure 2. A typical X-ray response to 60 kVp irradiation at different electric fields.

W, values were calculated using Equation (1) and plotted as a function of the applied electric field
or the reciprocal electric field for different tube voltages in Figure 3a,b, respectively. For the
reasons discussed later in the text, the tube current and source-to-detector distance (SDD) were
adjusted for each tube voltage to keep a constant exposure level in the photoconductor’s plane of
100 mR. As is evident from Figure 3a,b, the sensitivity improves (W, decreases) as the field
increases, rapidly saturating after 10 V/um. The saturated values of W, depend on the tube voltage:
31,22,20,and 18 eV/ehp for 40, 60, 80, and 100 kVp, respectively. As it can be seen, W, decreases
with increasing tube voltage, and thus with the mean energy of X-ray photons in the beam (see

inset in Figure Ala).
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Figure 3. (a) W- as a function of the electric field at different X-ray tube voltages. W- decreases
with the field and the energy of X-rays. (b) The same values replotted as a function of the
reciprocal field 1/F.

The effect of exposure (X-ray flux) is examined in Figure 4. It was found that W, changes with
the exposure rate, but not with the exposure itself (i.e., W is identical for two X-ray pulses with
the same amplitude but different duration). Therefore, the exposure X dependency of W, was
measured at a fixed pulse duration t,,;5c = 0.1 s and plotted as a function of exposure rate X; =
X /tpuise- Figure 4 shows these results in different electric fields and at different tube voltages: W
increases with the exposure rate. At lower fields, W, changes more drastically: almost 200%
growth when the exposure changes by a factor of 50. The rate of change is similar for different
tube voltages. It should be noted that the exposure rates used were much larger than typical
radiation levels used in the clinical practices (~10~* R/s for fluoroscopy and ~10"! R/s for 3D
mammography [61,62]). However, it was not feasible to use exposures in the micro-roentgens

range due to the limited sensitivity of the oscilloscope.
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Figure 4. W. as a function of the exposure rate in different electric fields and at different tube

voltages. Wz increases with the exposure rate.

Since the exposure rate significantly affects the detector’s sensitivity, all experiments were
performed with the exposure fixed at the lower end of the available range (100 mR per 0.1 s),

unless otherwise is specified. This was achieved by adjusting the tube current and SDD.

To investigate the effect of the X-ray photon energy on the W, one has to use a measure of energy
that would take the complex shape of a polyenergetic X-ray spectrum into account. The most
common parameters are the tube voltage kVp (or, equivalently, the maximum energy of X-ray
photons in a beam) and the mean energy E,,.,n (calculated as the energy-weighted average).
However, it should be noted that neither of these parameters characterizes a polyenergetic
spectrum unambiguously and thus they should be treated as an approximate measure of the beam

energy only [63].

W, for different X-ray tube voltages and corresponding mean X-ray energies are shown in Figure

5. The detector’s sensitivity improves (W, decreases) as the energy of X-rays increases.
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Figure 5. V. as a function of tube voltage at different electric fields. W= decreases as the energy

of X-rays increases.

An alternative way to vary photon energy is by hardening the X-ray beam with added Al filtration.
At a fixed tube voltage, a thicker Al filter attenuates the low-energy end of the spectrum and
effectively shifts the mean energy towards a higher value. Figure 6 shows W, values as a function
of mean X-ray energy for different electric fields and tube voltages. Within each tube voltage
group, W, decreases as the mean energy increases. A discrepancy between W, values at the same
F and E,,,..n, but different tube voltage, is not surprising, since, as it was mentioned earlier, E,;,0qn
alone is not a sufficient parameter to characterize the incident polyenergetic X-ray beam.

Nevertheless, the trends of the dependencies in Figures 5 and 6 closely resemble each other.
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Figure 6. - as a function of the mean energy of X-ray photons at different tube voltages and

electric field strengths. W+ decreases as the energy of X-rays increases.

The electron transport was simulated using the Monte Carlo software CASINO [57]. Table 1
summarizes the results of the simulations and Figure 7 shows an example of typical electron
trajectories for 37.7-keV incident electrons in the PbO sample. The electron beam energy of 37.7
keV represents the kinetic energy of a primary photoelectron ejected from the L;-subshell with the
binding energy of 13 keV by the 100 kVp X-ray beam with a mean energy of 50.7 keV. The sample
was irradiated by an electron beam from the top side; the electron trajectories are coloured
according to their kinetic energy. As the primary electron traveled through the photoconductor, it
collided with the atoms and gradually lost its energy. The average energy dissipated in a collision
event did not appreciably vary with the initial energy of the primary photoelectron (Table 1).
However, the average distance between the collisions (i.e., mean free path) and total path length
(i.e., electron range) increased with the primary photoelectron energy, resulting in a declining

energy deposition rate (Table 1).
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Table 1. Results of the CASINO simulations.

Tube Voltage (kVp) / Electron Dissipated Energy Mean Free Range Energy Deposition
Mean X-ray Energy (keV) Energy (keV) per Collision (¢V)  Path (nm) (pm) Rate (eV/nm)
40/28.8 15.8 353 39 1.6 11.8
60/37.1 24.1 33.9 5.0 33 9.0
80/44.5 31.5 334 59 5.1 7.7
100/ 50.7 37.7 33.6 6.5 6.8 7.0

- 37.7 keV

1 - ( \ '3 30.0 keV
\
% ?
Z (um) 1 " 20.0 keV
%
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— .
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Figure 7. Typical electron trajectories in PbO for a 37.7-keV electron beam.
5. Discussion

The obtained experimental results show well-pronounced dependencies of W.. on the electric field,

X-ray energy, and exposure rate. Now we will try to take into account the presented dependencies

in the recombination models, as was previously done for a-Se [33,34,36].
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Firstly, let us consider a field dependency in a-PbO demonstrated in Figure 3. W, (F) firstly rapidly
decreased according to 1/F (in the range of fields 1-10 V/um), but started to saturate at higher
fields with no further improvement observed, as is seen in Figure 3b. Replotting results from
Figure 3 as n(F) yields Rg; = 0.6 — 2 um/V, depending on the X-ray energy; however, for a-PbO
with &, = 26, Onsager theory requires a value of Rg; = 0.041 um/V, which plays against the
geminate recombination model as a plausible mechanism for photogenerated charge carrier loss in

a-Pb0O.

Furthermore, analysis of the energy deposition during ehps generation and the X-ray energy
dependency of the recombination rates rule out the geminate model completely. Indeed, Table 1
shows that the average portion of energy dissipated in a scattering event almost did not change
with X-ray energy. Since photoelectric absorption is the main photon interaction mechanism in
PbO for the diagnostic X-ray energy range [64], the deposited energy primarily causes ionization
and excitation of atoms, i.e., ehps generation. Therefore, the same amount of ehps, on average, is
generated in each collision event, and the separation of the geminate pairs remains the same. If
geminate recombination is a dominant process, W, will be independent of X-ray energy. However,
this is not the case: Figures 5 and 6 clearly illustrate that W, monotonically decreases with the
energy of X-rays. This behaviour disagrees with Onsager formalism but adheres to the columnar
model. The decrease of W, with gradually increasing energy of X-rays is due to the reduction in
the columnar recombination rate caused by the lowering of the photogenerated charge carrier
density along the track of primary photoelectron (since the average distance between ionizing
events increases, as was demonstrated by our Monte Carlo simulations (Table 1)). Therefore,
geminate recombination can be excluded from the reasons for carrier loss in a-PbO, leaving

columnar recombination as the dominant process.

Let us now examine the exposure dependency of the collected charge and W,. For this, the
collected photogenerated charge was measured at a constant exposure rate and plotted in Figure
8a as a function of exposure in a log—log scale. The collected charge increased strictly linearly
with the exposure, as demonstrated by the unity slope values in the inset to Figure 8a. In this case,
both the number of collected ehps and the total energy absorbed were proportional to the exposure,
and therefore, W, remained unchanged (see Equations (1), (A2) and (A4)). However, if the

collected charge is measured at a variable exposure rate and a fixed pulse duration tyyse, its
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dependency on the exposure is different. This is shown in Figure 8b: the slope values deviate from
unity, and thus W, changes, as was demonstrated in Figure 4. At the lower field of 5 V/um, the
collected charge increased as Q~X* with an intermediate exponent @ = 0.785; and at the higher
field of 20 V/um, it changed almost linearly: @ = 0.957 (see slope values in the inset to Figure
8b). In addition, the slope value decreased with increasing X-ray energy (Figure 8c). Since the
exponents take an intermediate value between that for the bulk recombination (¢ = 0.5) and
columnar recombination (a = 1), this analysis suggests the interplay between bimolecular
Langevin recombination in the bulk and the column. Indeed, the carriers first experience the initial
columnar recombination, and afterward, the escaped carriers drift through the bulk of the
photoconductor and recombine with the carriers from the different columns, giving rise to the bulk

Langevin recombination.
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Figure 8. Charge collected versus the exposure for (a) the constant exposure rate and (b) the
constant pulse duration at 60 kVp irradiation. (¢) Slope values for the case of the constant pulse

duration at different kVp and field strengths.

Although the above considerations allow for a qualitative model of X-ray generation and
recombination in a-PbO, the saturation of W, at energy-dependent values well above the intrinsic

WJ_? remains unclear. The lowest experimentally achievable W, ranges from 18 eV/ehp at 100 kVp
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to 31 eV/ehp at 40 kVp (to be compared with energy-independent WJ_? around 5-6 eV/ehp, as
suggested by Klein and Que-Rowlands rules for lead oxide with E; = 1.9 eV [1]).

The saturation of W, has been previously observed in the High-gain Avalanche Rushing
Photoconductor (HARP) detector with a-Se photoconductor at high electric fields [36]. Indeed,
W, in a-Se initially decreases with the field as 1/F. However, in the fields stronger than 80 V/um,
W, saturated at a level of ~9 eV/ehp. This saturated value is larger than that theoretically predicted
by Klein rule, 5-7 eV/ehp. Such behaviour is explained by the modified columnar recombination
model which takes into account that the recombination rate is limited by the smaller of two
parameters: time needed for carriers to meet in space and duration of the recombination event
itself. In a high electric field, the time for an electron and hole to meet in space becomes smaller
than the time needed for the recombination of the electron—hole pair that is on a scale of ~107? s,
As the result, charge drift no longer influences the probability of recombination, which becomes

independent of the electric field, and W, saturates.

Although saturation of W, in a-PbO occurs in an electric field weaker than that for a-Se, it confirms
the findings in [36] that the Langevin recombination mechanism should not be expected at strong
electric fields. As is shown in Table 1, the energy-dependent mean free pass 1y rp between the
ionizing collisions in a-PbO is at a scale of several nanometers. This distance can be approximated
as a maximum separation between the oppositely charged non-geminate carriers 1, (although,
realistically, rygp significantly overestimates a mean separation 7y, taking into account that at this
distance not a single ehp is created, but rather multiple ehps that form a dense electron cloud—a
spur (see Appendix B)). Considering the intrinsic Wio ~ 5 eV/ehp for a-PbO, the number of pairs
generated in each spur could be estimated from the dissipated energy per collision (~35 eV, see
Table 1) as ~7 ehps per spur, providing 1, = 1077 cm. Now, assuming that the mobility of holes
(faster carriers in PbO) u ~ 1 cm?/(V-s) at F = 10 V/um where W, (F) saturation begins (which
seems a reasonable assumption for hole mobility in PbO at 10 V/um [65]), the hole drift velocity
vy = uF =~ 10° cm/s. Therefore, the time T = r,/v, that defines the probability for recombining
carriers to meet in space is in the order of 1072 s—shorter than the characteristic time of the
recombination event for carriers of opposite sign placed at the same spatial point [36]. Similarly
to a-Se, in strong electric fields the recombination in a-PbO becomes limited by the duration of

the recombination event: the recombination rate no longer depends on the electric field. Therefore,
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W, saturates, as was demonstrated in Figure 3. This also explains the saturation of W, at different
values depending on the X-ray energy. As the mean X-ray energy in a beam increases from 28.8
to 50.7 keV, the mean free path of the primary photoelectron ryrp increases by a factor of 1.7
(Table 1). This results in a reduced initial recombination rate and a saturated W, that is lower by

the same factor (Figure 3).

6. Conclusions

The X-ray sensitivity in terms of the electron-hole pair creation energy W, of a single-pixel Pl/a-
PbO direct conversion X-ray detector prototype was characterized in a wide range of electric fields,
X-ray photon energies (in diagnostic energy range), and exposures using polyenergetic irradiation.
W, decreased with electric field strength, and above 10 V/um saturated at 18-31 eV/ehp,
depending on the energy of the X-rays—higher photon energy resulted in a lower W... In addition,
W, increased with radiation exposure rate, especially in weaker electric fields. This demonstrates
that the PI/a-PbO detector performs best in strong, practical electric fields (1020 V/um) in the

diagnostic energy range and under low exposures, offering improved sensitivity as compared to a-

Se.

The analysis of the field, X-ray energy, and exposure dependencies of the W, indicated an
interplay between Langevin recombination within the ionization column (i.e., columnar
recombination) and bulk Langevin recombination, which together are responsible for the carrier
loss and suboptimal W, in a-PbO in electric fields weaker than 10 V/um. In stronger fields, the
columnar Langevin recombination cannot account for the observed field dependency of W, as the
recombination process is no longer determined by the probability of X-ray-generated carriers

meeting in space.

Appendix A. X-ray Sensitivity Calculations

In this work, the detector was irradiated with a polyenergetic X-ray beam. Therefore, to accurately
calculate the absorbed energy, the shape of the X-ray spectrum must be considered. The X-ray

spectrum for the tungsten target at a given tube voltage, tube current, Al filtration, and source-to-
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detector distance (SDD) was simulated using the standard Tucker—Barnes—Chakraborty (TBC)
model [66].

The validity of the model was verified by a half-value layer (HVL) of Al. Inherent filtration (glass,
oil, and Al) can be adjusted in the model until a close match between the experimental and
simulated HVL values is achieved, indicating that the modeled spectrum closely represents the
one generated by the X-ray unit. To derive an experimental HVL of the beam, the exposure was
measured for a naked tube and with added Al filtration of a different thickness up to 3 mm. The
data were then interpolated to determine the Al thickness required to reduce the exposure to half

of its original value.

The simulated spectrum represents the X-ray photon fluence incident on the detector (the number
of photons for each energy E;, per unit area per unit exposure) N(E;). The fraction of photons

absorbed in the photoconductor is given by the energy-dependent Beer—Lambert law [63]:
(Ey)
Nans(E) = N(E) - (1 - exp{~ (¥22) - p - d}), (A1)

where (,u (E; )/ ,0) is the mass attenuation coefficient; p—density; d—thickness of a-PbO layer. The

Ben(Ep) )
(#(E—i)/;))> of the energy

fluence (= N(E;) - E;) over the entire energy range. For the detector with an area 4 and an incident

absorbed energy is then calculated by summing the absorbed fraction <=

exposure X, the total absorbed energy is:

(lien (Ep) /,D

W * Nops (E;) - Ei); (A2)

Eabs:A'X'Zi<

where (ll e”(Ei)/ p) is the mass-energy absorption coefficient. The mass attenuation and mass-

energy absorption coefficients for PbO were derived from the elemental coefficients for Pb and O

(obtained from the NIST database [58]) as averages weighted by atomic mass.

The effective area of a detector is determined by the area of a smaller electrode, which in our case
was a top gold contact. The exposure X' was measured with an ionization chamber located at a
distance d; from the tube’s anode, away from the detector at a distance d,. The exposure in the
detector’s plane was then calculated by the inverse square law. Since the photoconductor was

irradiated through the 0.7 mm thick glass substrate, its attenuation was also considered. The
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transmittance of the substrate T, was separately measured for each spectrum as the ratio of
exposures with and without a "blank" substrate (i.e., the glass substrate without the photoconductor
film deposited) in front of the X-ray tube window with all other parameters fixed. Finally, the

incident exposure on the photoconductor is therefore given as:

X=X (dl”fdz)2 ‘T, . (A3)

The number of collected photogenerated ehps was obtained from the current transients. The dark
current was subtracted from the current transient, and the resulting photocurrent was integrated
over the pulse duration. The amount of charge was divided by an elementary charge e to obtain

the number of carriers collected:

Nehp — flphoto (t) dt e (A4)

The simulated X-ray spectra for the X-ray tube with a tungsten target and 2 mm added Al filtration
at different tube voltages are shown in Figure Ala. The low-energy end (up to ~15 keV) was
attenuated by the inherent filtration (glass housing) and added Al filtration. The peaks at 58—59
keV and 67-69 keV are due to the emissions of the characteristic K, and Kp X-ray photons of
tungsten, respectively. The spectra were normalized to 1 R of incident exposure for better
representation. The inset shows the mean energy, HVL, and exposure at a given tube voltage and
typical parameters (2 mm added Al filtration, tube current 200 mA, pulse duration 0.1 s, SDD 80

cm) for unnormalized X-ray beams.

Figure A1b shows measured exposure as a function of the added Al filtration thickness to the
naked tube for selected tube voltages. The calculated and measured HVL values for the naked tube
are listed in the inset: the difference is <2% for all tube voltages. The error of 2% in HVL value
translates into 1% uncertainty in the calculated value of absorbed energy E,;¢, and therefore, of

W, which is smaller than a symbol size in Figures 3-6.

136



5x108 —————7————71——
Tie lagel Hean evry VL A Exocure Tabe voltge | VLA (o)

e 55— e 3 (kVp) [ Calculated | Measured
50 322 2.00 77 1000 40 0.94 092 |
50 371 241 | 120 60 138 135 | ]

— 4x10°% | 70 408 278 167 181 180

@ 445 318 220 [

& 478 358 | 219 232 237

| 507 309 | 246

g 3x10°8 |

2 —

S \ ﬂEf

=

[} LAY

el AR\ <

~ 2x10° |-

Q

o

C

(]

=

L 1x108

ok . 1 1 . 10 1 L 1 1 1
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Energy (keV) d, (mm)
@) (b)

Figure Al. (a) The simulated X-ray spectra at different tube voltages, normalized to 1 R of
exposure. The inset shows typical (see text) parameters of the beams. (b) Exposure measured as
a function of added Al filtration thickness for different tube voltages. The dashed lines
correspond to 50% of the original exposure and HVL of Al. The inset shows calculated and

measured HVL values for a naked tube.

Appendix B. Model for the Charge Generation and Recombination Processes in a-PbO

A qualitative model of the charge generation and recombination processes in a-PbO is based on
our experimental results, and previous experimental observations and theoretical simulations in a-

Se.

Upon impinging on the photoconductor, the energy of the X-ray photon (minus the binding energy
of the electron) is mostly transferred to the kinetic energy of a primary electron, since the
photoelectric absorption is the main photon interaction mechanism in PbO for the diagnostic X-
ray energy range [64]. The kinetic energy of the primary photoelectron is deposited into the
material during the inelastic collisions with the outer-shell atomic electrons, which leads to the
ionization of these atoms (creation of the ehps) or emission of a phonon (energy loss). A single
ionization event can result in the creation of multiple ehps in the vicinity of the interaction site,
composing a spur core (Figure A2a). This event could be interpreted as the excitation of plasma
waves, which very quickly decay into multiple ehps [53]. After the ehps are created, they diffuse

away from the excitation location in a thermalization process and gradually lose their initial kinetic
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energy. At the end of the thermalization process, ehps are separated by a finite thermalization
distance (which can be estimated by the Knights—Davis equation [67], but usually is interpreted as
a free fitting parameter), constituting an electron cloud—namely, a spur (Figure A2b). As the
primary electron makes its way through the photoconductor, it collides with the atoms and creates
many localized spurs along its track. If the ionization density along the track is large enough,
individual spurs overlap and form a column of X-ray-generated secondary ehps surrounding the

electron’s track [41,53] (Figure A2c).

If at the end of the thermalization process, the distance between any oppositely charged carriers is
smaller than the Coulombic capture radius (such that their mutual attraction is stronger than the
thermal diffusion and the drift in the applied electric field), then the carriers will recombine (Figure
A2c). Due to a high density of the X-ray-generated carriers inside the column [32,34,41,53], the
mean separation of the twin ehp is larger than the separation between any adjacent non-geminate
electrons and holes, meaning that non-geminate ehps are more likely to recombine than the
geminate pairs, leading to a columnar recombination mechanism. The carriers with separation
larger than the Coulombic capture radius are likely to escape the recombination (Figure A2d) and
contribute to the X-ray signal, although the probability of escape depends on the combined effects
of the diffusion and extraction fields [34,44,67]. A fraction of the electrons and holes that escaped
recombination will drift in the applied electric field towards the opposing electrodes where they
are collected (Figure A2e). If columns are generated closely in space, the carriers from different
columns and spurs can meet during their drift and recombine in the bulk (Figure A2f), contributing

to the bulk Langevin recombination.

Photogenerated charge density is an important parameter in the columnar recombination model
since it directly affects the recombination rate. It can be described in terms of the energy deposition
rate. The rate of energy deposition by a primary electron (i.e., stopping power) decreases with its
kinetics energy and so does with photon energy (see Table 1 and [68]). Thus, the density of ehps
in the column decreases with increasing photon energy and ehps have a greater probability of
escape [34,35,40,41,54]. Therefore, with increasing energy of the incident X-ray photon, the
columnar recombination rate within the photoconductor decreases, increasing the fraction of

charge collected.
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Figure A2. Schematic illustration of the charge generation and recombination processes. (a) A
primary photoelectron ejected by an incident X-ray photon creates multiple ehps in each
ionization event. (b) Secondary charge carriers thermalize in a drift-diffusion process and form
a spur. (¢) Overlapping spurs produce an ionization column along the track of the primary
photoelectron. Oppositely charged carriers with a separation smaller than the Coulombic capture
radius recombine. (d) The remaining carriers escape columnar recombination and (e) drift
through the bulk of the photoconductor. (f) Drifting carriers from different columns and spurs

recombine in the bulk.
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Chapter 6

Conclusions and future work

1 Conclusions

a-PbO is an amorphous X-ray photoconductor with a high atomic number and hence high X-ray
stopping power. The very fast X-ray response and absence of signal lag make this material a
promising replacement for a-Se in direct conversion X-ray detectors for dynamic X-ray
applications in the diagnostic energy range. While the elimination of signal lag represents a
breakthrough in PbO technology, comprehensive material science research was necessary to
improve the technology and enhance a-PbO properties as an X-ray—to—charge transducer to

achieve a theoretically high conversion efficiency and low dark current level.

This work was an effort to improve PbO science and technology to solve many of the practical
problems in X-ray photoconductor and detector fabrication that limited the X-ray performance of
a-PbO-based detector; it also addressed several theoretical aspects that were previously not fully
understood or simply not known. One of the largest challenges was an efficient suppression of the
dark current to an acceptably low level without compromising the other characteristics of the a-

PbO-based detector.

In the first proposed solution, a PbO-based multilayer detector has been developed and
investigated. This detector utilizes a PbO homostructure consisting of two allotropic forms of Lead
Oxide: a-PbO and poly-PbO. In this configuration, an a-PbO acts as an injection-preventing layer
and a poly-PbO layer serves as the X-ray—to—charge transducer. When combined, these layers
provide adequate hole mobilities, low dark current at practical electric fields, and low-lag real-
time operation under the exposure in the diagnostic energy range. Such bilayer a-PbO/poly-PbO
detector has low complexity of implementation since a sequential deposition of amorphous and
polycrystalline layers could be performed in a single deposition cycle, without breaking the

vacuum, making the direct conversion system simpler and more economical to manufacture.
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Investigation of the charge transport properties of faster carriers in PbO, i.e., holes, revealed that
hole transport in the bilayer structure is qualitatively similar to that in single poly-PbO layers. It
has a dispersive behaviour that is governed by spatial disorder and hole mobility increases rapidly
with the increasing electric field. However, both the dispersion parameter and hole mobility values
obtained for a bilayer a-PbO/poly-PbO detector are higher than those for poly-PbO. This was
achieved by reducing the structural inhomogeneity of the poly-PbO layer: deposition of a poly-
PbO layer on the top of alike a-PbO sublayer makes the structure more homogeneous, hole
transport less dispersive, and increases hole mobility. The fact that mobility increases with the
electric field is very favourable since it allows to significantly improve the carrier schubweg and

to avoid depth-dependent charge collection by application of a stronger electric field.

Evaluation of the temporal response of the bilayer detector under the pulsed X-ray radiation
demonstrated an absence of signal build-up during the exposure and very little residual current,
i.e., a signal lag. The problem of a large lag is considered to be a major obstacle for the application
of many photoconductors in the real-time direct conversion X-ray digital detectors, including poly-
PbO. The elimination of signal lag in bilayer PbO structure was achieved by dealing with the root
cause of the lag problem in poly-PbO, which is the charge trapping at the interface between the
electrode and the photoconductor that causes local enhancement of the electric field and charge
injection triggered by X-rays. In a bilayer a-PbO/poly-PbO structure, a homojunction at the poly-
PbO interface is formed, which prevents accumulation of charge carriers, reduces charge injection,

and therefore, diminishes signal lag and lowers a dark current.

Despite these benefits, the dark current of the bilayer structure is still higher than the recommended
level of ~10 pA/mm?. Additionally, other concerns associated with the practical application of a
poly-PbO photoconductor, such as poor stability (structural and electrical) at the ambient

conditions, high porosity, and low density, were not addressed here.

The second solution implements a different approach, where a semi-insulating polymer layer of
Polyimide is employed in the PI/a-PbO blocking structure. The PI layer prevents the injection of
one type of carrier from the electrode while allowing the collection of the photogenerated carriers
of the opposite sign from the bulk of the a-PbO photoconductor. This detector can be stably
operated under much stronger electric fields (up to 40 V/um) with a sufficiently low dark current

(<10 pA/mm?), which leads to improved charge collection efficiency and higher SNR.
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Additionally, PI acts as a soft buffer layer reducing shear strain at the interface between the

photoconductor and the substrate and improving adhesion.

Investigation of the X-ray response of the PI/a-PbO detector under the continuous and pulsed
irradiation demonstrated the unhindered flow of photogenerated carriers from the photoconductor
through the PI layer to the electrode. This indicates that charge carriers do not accumulate at the
interface and do not cause a screening of the electric field and degradation of temporal
performance, despite a foreign layer of PI being introduced in the PI/a-PbO heterostructure. The
temporal response of the PI/a-PbO blocking layer structure improves with the application of a
stronger electric field, and at the readout rate of 30 frames per second shows a signal lag value
< 1%, which satisfies requirements for the real-time diagnostic imaging and 3D tomosynthesis
applications. The X-ray sensitivity remains stable with no ghosting effect observed at relatively
low exposure rates (< 1 R/s), indicating an absence of deep charge trapping in the a-PbO

photoconductor.

Although the introduction of the PI layer increases the technological complexity of the Pl/a-PbO
detector preparation process in comparison to that of bilayer a-PbO/poly-PbO detector, since it
requires an additional technological step, this is not a significant complication. Indeed, the
polyimide can be applied to large-area substrates by a conventional spin-coating technique, it is
compatible with CMOS surface topography and PbO deposition technology. Moreover, its charge
blocking properties can be tuned by varying the thickness of the layer during the coating.

Development of the blocking layer structure allowed to significantly suppress the dark current and
to overcome the practical challenges of the X-ray response measurement under a low radiation
exposure and a high applied bias. This permitted to carry out a thorough and accurate
characterization of the X-ray sensitivity of a-PbO photoconductor in terms of the electron-hole

pair creation energy Wz and to investigate the fundamental mechanisms governing it.

W. was measured over a wide range of the electric fields, X-ray photon energies (in diagnostic
energy range) and radiation exposures. W. decreases (X-ray sensitivity improves) with the
increasing electric field and X-ray energy and saturates after 10 V/um. The saturated W- values
are 18-31 eV/ehp for the irradiation with a mean energy of 51-29 keV, respectively. Also, W+

increases with increasing radiation exposure rate, especially at lower electric fields. These results
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demonstrate that the PI/a-PbO detector performs best at strong practical electric fields (10—

20 V/um) in diagnostic energy range and under low exposures.

The a-PbO-based detector offers twice higher X-ray sensitivity in comparison to the detector based
on an a-Se photoconductor under similar practical electric fields and X-ray energies. However,
effective W is still higher than the theoretical value, implying that a fraction of X-ray—generated
carriers undergo recombination before they are collected. The analysis of W. dependency on the
field, energy and exposure indicates an interplay between Langevin recombination within the
ionization column (i.e., columnar recombination) and bulk Langevin recombination mechanisms,
which together are responsible for the carrier loss and relatively high /- in a-PbO at electric fields
lower than 10 V/um. At stronger fields, the columnar Langevin recombination cannot be accounted
for the observed field dependency of W- as the recombination process is no longer determined by

the probability of X-ray—generated carriers to meet in space.

2 Significance of the results

The development of the PbO-based detector technology is an important scientific and engineering
accomplishment in the continuing development of digital X-ray imaging systems. Teledyne
DALSA, a Canadian and a global leader in digital imaging products and solutions for medical and
industrial imaging markets, recognizes the high potential of the application of a-PbO as an X-ray—
to—charge transducer in the next generation of DALSA’s direct conversion flat panel X-ray
imaging detectors. The research agreement between Lakehead University and Teledyne DALSA
was signed and outlines joint research opportunities, as well as knowledge and technology transfer

for commercialization of the a-PbO-based detectors.

Teledyne DALSA will benefit from new scientific and engineering knowledge when optimized
PbO manufacturing techniques are transferred to them. This will enable the manufacturing of PbO-
based direct conversion detectors with greater sensitivity at lower X-ray exposures. High-
sensitivity PbO-based detectors have the core benefit of reducing the incident X-ray dose to acquire
a diagnostic image, and thereby improve the overall safety of general radiography and
interventional procedures, such as those required during cardiac interventions. These are often

dose-limited procedures that have the follow-on consequence of limiting cardiac therapy and
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subsequently the well-being of patients suffering from a heart-related illness. The development of
advanced technology for PbO as a photoconductive material will facilitate the widespread clinical

application of fluoroscopy-based cardiac interventions.

3 Future work

The scaling of the a-PbO technology at its current state is limited by the capabilities of the ion-
assisted thermal evaporation vacuum system used for the deposition of a-PbO layers. The growth
of thick layers is extremely challenging due to the substrate overheating during the long
evaporation cycle, and large-area substrate cannot be used due to the limited dimensions of the
vacuum chamber. To overcome these challenges, a new vacuum system must be built that would
resolve these problems, even though it requires substantial financial investments. This process is

currently underway.

Once this technical step is completed, a limited-size detector prototype should be developed and
evaluated to demonstrate the practical feasibility of an a-PbO photoconductor for diagnostic
imaging detectors. To achieve this, a PI blocking layer and a 100-um thick a-PbO photoconductive
layer should be evaporated on a small-size (approx. 5 cm x 5 cm) TFT or CMOS imaging array.
For quantitative evaluation of imaging performance, detector performance parameters such as
modulation transfer function (MTF), noise power spectrum (NPS) and detective quantum
efficiency (DQE) as a function of spatial frequency and different radiation doses should be
investigated [1]. These three parameters are fundamental metrics of system performance, rather
than its individual components (i.e., photoconductor, imaging electronics, etc.) and describe the
performance of the entire detector system. MTF characterizes the spatial resolution of the detector,
NPS describes the magnitude and spatial frequency of image noise, and DQE accounts for multiple
factors (such as attenuation of X-rays, charge generation and collection, etc.) and provides a
comprehensive description of how efficiently a detector produces a radiographic image from an

incident X-ray beam modulated by the imaged object.

In parallel with fabricating the PbO detector prototype and characterizing its imaging performance,
the development of a PbO-based blocking structure should be continued. Cerium oxide (CeO3) [2]

is one of the promising materials with a compatible deposition method. Additionally, recent
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progress in the ion-assisted deposition of germanium oxide (GeO2) [3] thin films opens an
opportunity to develop a deposition process where both a photoconductive structure and a blocking
layer are deposited in one cycle. GeO; or CeO: film, several tens of nm in thickness, may
efficiently prevent the injection of positive charge from the anode by forming a high potential

barrier to holes, while photogenerated electrons can drift freely through the same interface.

After the proof-of-concept of the a-PbO—based detector is demonstrated, a full-size detector with
an 800-um thick a-PbO-based blocking structure on an approximately 30 cm x 30 cm imager
should be fabricated. MTF, NPS and DQE should be measured as described above. For qualitative
image evaluation, images of the various anatomical phantoms should be acquired at clinically

relevant conditions.

This work is expected to be performed in collaboration with our industrial partner, Teledyne
DALSA. This ensures that the developed PbO-based detector technology will be compatible with
DALSA’s X-ray systems currently in use, thereby maximizing the economic value and market

potential of research on PbO science and technology.
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