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Abstract

There is great interest in the utilization of non-crystalline photoconductors for direct conversion
medical X-ray imaging detectors. Lead Oxide (PbO) is one of the most promising candidates for
application in general radiography and fluoroscopy since it possesses high theoretical X-ray-to-
charge conversion gain and high X-ray stopping power due the high Z of Pb (Z =82). A further
advantage of PbO compared with other photoconductors (like polycrystalline layers of Hglz, Pbl,
CZT) is the absence of heavy absorption edges up to 88 keV, which inherently offers higher spatial
resolution. Therefore, PbO exhibits many of the requirements for an effective detector material.
However, although very promising, poly-PbO layers are known to exhibit a relatively high dark
current, an incomplete charge collection and a residual signal after the end of X-ray exposure,
called signal /ag. The reported lag was the main obstacle of this poly-PbO-based detector prototype,
since this restricts applications to static imaging only and obscures the full potential of PbO in
medical imaging. Another disadvantage is the high porosity of poly-PbO and its structural
instability in air, which makes this material challenging for practical utilization in X-ray detectors.

To combat the above problems (i.e. lag, porosity and structural degradation in air) we have
advanced PbO deposition technology and developed a novel type of amorphous lead oxide (a-
PbO). The obtained a-PbO layers have near single-crystal bulk densities and are stable in air. In

addition, the layers are capable of withstanding higher electric fields, while at the same time



exhibiting lower dark currents than previously achieved. Also, the temporal response and charge
yield were significantly improved and compare favorably with published results on conventional
films of polycrystalline PbO and even a-Se — the only photoconductor currently utilized in direct
conversion detectors. Our measured X-ray response show almost complete elimination of signal
lag to a level sufficient for the high-speed operations. Our advances in PbO technology allow us to

utilize the full potential of PbO for medical X-ray imaging applications.
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Chapter 1: Introduction

1.1. Flat panel detector technology for medical imaging applications

Direct conversion flat panel X-ray detectors (FPDs) are now widely used in various areas of
digital X-ray imaging, including: security, astronomy and industrial imaging. However, their most
important application is probably in medical imaging such as mammography, chest radiology,
angiography, fluoroscopy, computed tomography, etc. Furthermore, FPDs allow for the merging
of X-ray acquisition and magnetic resonance imaging for advanced medical diagnostics and
treatment. Flat panel detectors uniquely offer rapid acquisition of high quality digital images of
large area objects, i.e. the human body, and therefore are more advantageous compared with other
types of X-ray sensors [1-3].

FPDs owe their success to advances in the liquid crystal active matrix displays (LCAMD),
since they are based on the same technology. Indeed, similarly to LCAMD, FPD consists of a two-
dimensional array of cells, called pixels, which contain a storage capacitor and a thin film transistor
(TFT) (Fig. 1.1). However, additionally, each FPD pixel has an X-ray sensor element. Thus, the
electronic signal is accumulated on the pixel capacitor, until the pixel is communicated via TFT.
The TFT gate is connected to a certain address line, while the TFT source is connected to a
particular data line. These address and data lines run through the whole detector, connecting pixels
into an active matrix array. During operation, the gate lines are addressed one by one, setting TFTs
into open position and thus facilitating the charge drainage from the storage capacitors via data

lines.
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Figure 1.1. The scheme of a FPD is shown. Gate line connects the whole row of pixels, while each
data line connects pixels along the same column. FPDs are designed in such a way that X-ray signal
from the sensor element is stored in the pixel capacitor until it is addressed via the TFT.
Active matrices of integrated circuits are mass produced and commercially available in large

sizes, therefore all that is required is a suitable way of converting X-rays into electric signal.

Currently, there are two major approaches to this process, namely indirect and direct conversion,

which will be discussed next.

1.1.1. Indirect conversion scheme

The majority of the state-of-the-art X-ray FPDs are based on multi-step indirect conversion.
During the first conversion step, a phosphor layer, similar to that used in X-ray image intensifiers
(XRII) (usually a Cesium lIodine (Csl) scintillator) converts X-ray quanta into optical photons.
These photons diffuse through the phosphor until they are converted into electric charge by an

array of Si photodiodes, which constitutes the second conversion step [4,5] (see Fig.1.2).
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Figure 1.2: The indirect conversion scheme is shown. The absorbed X-rays generate light that
disperses in a scintillator. An array of photodiodes is required to convert the light photons to electric
signal.

Csl based detectors are compact and they have proven to be very successful for medical
imaging (mammography, radiology and fluoroscopy). However, indirect FPDs possess an inherent
disadvantage — a multi-step conversion process (i.e. X-rays to light and light to electric signal),
which involves signal loss at every conversion step. This makes Csl detectors electronic noise
rather than quantum noise limited, which results in compromised visibility of low contrast objects
at the lowest exposure levels typically used in fluoroscopy (0.1 — 1 pR/frame) [6]. Another
disadvantage of the indirect conversion approach is light dispersion inside of the scintillator, which
reduces the spatial resolution of the detector. Indeed, once the scintillator converts and X-ray into
light, this light starts to spread in all directions and will be co-registered by several neighboring
pixels, instead of being registered by the one pixel above which X-ray was absorbed (Fig. 1.2). The
sensitivity of the indirect conversion system is largely governed by the phosphor thickness: the
thicker the phosphor — the more X-rays will be absorbed thus improving the quantum efficiency of
the detector. However, higher X-ray sensitivity comes at the sacrifice of spatial resolution, as light
spread becomes more pronounced (see Figs. 1.3 a, b). This issue can be addressed with the use of

an alternative scintillator design, where the monolithic (uniform) structure of the scintillator is



replaced with pillar-like structures, shown in Fig. 1.3 ¢. This helps to improve spatial resolution,
since light will be scattered from the pillar walls and therefore will be mostly contained within the
column in which it was created. Utilization of structured scintillators allows one to double the
thickness of phosphor layer (required for higher X-ray absorption), while maintaining the same
spatial resolution as an unstructured scintillator of half the thickness. However, it was shown that
even with pillar-like structures, significant light dispersion still occurs thus providing only partial
improvement [7]. As a result, there is an inevitable tradeoff between X-ray absorption efficiency
and spatial resolution. In addition, the complexity of the conversion process makes fabrication of
indirect conversion detectors extraordinary expensive, and limits utilization to large hospitals. The

above issues can be overcome by using a direct conversion scheme as discussed below.

a) b) ¢)
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Figure 1.3: Light dispersion is shown for different scintillators. Spatial resolution inevitably
degrades with the scintillator thickness.
1.1.2. Direct conversion scheme
In the direct conversion approach, a thick layer of a photoconductor is deposited directly onto
an imaging matrix and acts as X-ray-to-charge transducer. X-rays are absorbed and generate a large
number of electron hole pairs (ehp) within one conversion step. The created charge is then extracted

from the photoconductor by an applied electric field (Fig.1.4). In this case the spatial resolution is



defined by the pixel size only and the thickness of the detector can be safely increased without the
sacrifice of spatial resolution, since created charge is guided by the electric field (see Fig. 1.5).
Moreover, by reducing the number of conversion steps, the sensitivity of the detector is defined by
the amount of ehp generated by the X-ray photon and can be up to ten times more efficient than for
a scintillator [8,9]. This makes the direct conversion scheme more sensitive at the lowest exposure

rates, provided the right photoconductor is used.
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Figure 1.4: Scheme shows the operating principle of a direct conversion detector. When incident
radiation is absorbed in the photoconductor, it generates charge carriers that move along the lines
of an applied electric field.
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Figure 1.5: The spatial resolution for different detector thicknesses is shown. Direct conversion
approach allows an increase in the detector thickness for higher X-ray sensitivity, without a
sacrifice in spatial resolution.
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1.2. Materials for direct conversion X-ray detectors

The ideal photoconductor for direct conversion X-ray imaging detectors should satisfy the
requirements of the clinical application, which vary with procedure. However, listed below are the
four most important properties of potential X-ray photoconductors:

¢ High absorption efficiency— to be able to stop X-rays efficiently to avoid unnecessary
patient exposure;

¢ High X-ray-to-charge conversion gain is needed to generate as much signal as possible out
of a single absorbed X-ray photon. X-ray-to-charge conversion efficiency is frequently expressed
in terms of the average energy required to create a single electron-hole pair in the detector material,
Wy,

% Good photoconductive properties to ensure that the created image charge is efficiently
collected on the electrodes and is not lost (via trapping or recombination) during transit through
the layer;

% Compatibility with large area detector technology to allow direct deposition on the a-Si
imaging matrix. Thus, the substrate temperature during deposition should not exceed 200-240 °C
[10].

Currently, the only commercially viable X-ray photoconductor for direct conversion X-ray
detectors is a-Se. a-Se detectors marketed by Analogic Canada utilize a 200 um thick layer of a-Se
deposited directly on the active matrix of flat panel detectors with the 85 um pixel pitch and ~24
cm X 30 cm field of view [11]. Such detectors normally operate under a constant electric field of
10 V/um applied to the a-Se detector to collect the X-ray generated charge. a-Se properties
perfectly fit the requirements of high dose, low energy (~ 20 keV) applications like those used in

mammography [12]. Indeed, a-Se detectors offer high spatial resolution, primarily governed by



the pixel size [8]. In addition, in the mammographic energy range a-Se has adequate X-ray
absorption as shown in Fig. 1.6, where the attenuation lengths, [ of several materials (currently
used or under active research for medical imaging applications) is plotted as a function of X-ray

photon energy. Attenuation length is the thickness of material needed to absorb ~63% of incident

radiation.
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Figure 1.6. Attenuation length [ is plotted as a function of X-ray energy.

As seen in Fig.1.6 | depends the X-ray energy and in order to absorb most of the incident 20
keV radiation, ~ 50 um of a-Se is needed, while normally the thickness of the detector is tuned to
absorb more than 90% of radiation. Since X-ray attenuation has an exponential dependence on

material thickness (Ngps = Nipe(1 — e~ ¥Y), where Nj,,. is the number of incident and N, is



number of absorbed photons in the thickness d of material. 200 pm a-Se layer absorbs ~98 % of
incident X-rays, hence a-Se probably offers unbeatable performance for low energy applications,
and demonstrates the enormous potential of direct conversion detectors for X-ray imaging.

Unfortunately, a-Se is a low atomic number (Z) material which only has adequate attenuation
for low energy X-rays, whereas the attenuation of X-rays in the diagnostic energy range (~60-120
kVp) is suboptimal. This is due to the fact that the attenuation depth is directly correlated to the X-
ray energy € (L ~ &™, where n = 3) and inversely correlated with the atomic number (I~Z~™,
where m = 3 — 4) [8] i.e. attenuation depth increases with increase of X-ray energy and decreases
with increase of atomic number of material. Thus, 200 pm of a-Se absorbs only ~60 % of incident
X-rays at fluoroscopic energy ranges (~60-70 kVp), while Csl based detectors absorb ~90% of the
same energy X-rays. Therefore, for the higher X-ray energies, used in radiology and fluoroscopy,
X-ray absorption of direct conversion detectors should be significantly improved. There are two
ways to overcome this problem: deposit a thicker layer of a-Se or utilize an alternative high-Z
material with better X-ray absorption.

Numerous studies have indicated that 1 mm of a-Se is sufficient for adequate radiographic and
fluoroscopic imaging [12,13]. Indeed, 1 mm of a-Se absorbs ~92% of 70 kVp X-rays, thus
providing efficient utilization of the exposure to the patient. However, since a-Se detectors are
operated at 10 V/um, it requires a very high total applied voltage to the detector, which is risky for
the TFT electronics [14]. In addition, a-Se possesses relatively low X-ray-to-charge conversion
efficiency that depends on applied field. At 10 V/um, the W, =~ 45 eV/ehp [15], which is
comparable to Csl indirect conversion detectors [16]. As a result, at the lowest fluoroscopic doses
a-Se direct FPDs suffer from the same problem as Csl indirect detectors: they are not quantum

noise limited. Therefore, for high X-ray energy applications (radiography, fluoroscopy) a-Se has



to be replaced by a high-Z material, which has higher X-ray sensitivity and can be used in smaller
thicknesses. Since X-ray image detectors need to cover a large area, the use of single crystalline
photoconductors in direct conversion detectors has to be ruled out, since it would be very
expensive. Therefore, one has to concentrate on non-crystalline (amorphous and polycrystalline)
modifications of high-Z materials that can be directly deposited onto the imaging array and produce
large area coatings.

In the last twenty years, several photoconductors have been investigated for applications in
medical imaging, including polycrystalline layers of Pbl,, Hglo, CdTe, and PbO [1,17]. As shown
in Fig. 1.6 all these materials have a high attenuation coefficient (inverse of attenuation length 1),
which indicates their superior X-ray sensitivity in comparison with a-Se. In addition, the theoretical
conversion gain of these materials is 3-8 times higher than that of a-Se [17]. This suggests a
potential for the quantum noise limited imaging performance at low exposures since the X-ray
quantum noise can overcome the electronic noise. Polycrystalline lead oxide (PbO) possesses a
special place in this list due to absence of heavy absorption edges up to 89 keV (see Fig 1.6), which
inherently offers higher spatial resolution (since this limits blurring from K-fluorescence). In
addition, PbO was already successfully used for both optical and X-ray imaging. Indeed, in 1954,
Philips manufactured the first lead oxide based vidicon tube, called the Plumbicon (after the Latin
plumbum for lead) [18]. Plumbicons tubes were 2-3 cm in diameter, 19 cm long and utilized a
relatively thin layer of PbO ~20 pm, which was enough for the absorption of optical photons [19].
During operation, the PbO layer was typically biased to 1-2 V/um [20]. Shortly afterwards, X-ray
Plumbicons were also put into production. They were ~20 cm in diameter and utilized a thicker
150 pm PbO layer, needed for adequate X-ray absorption [21], although it was shown that basic

optical and X-ray images could be obtained with as little as 5 um of PbO [18].



Overall, commercial Plumbicons had rapid response and high-quality images were obtained
even at low light or X-rays levels, due to the high sensitivity and good photoconductive properties
of PbO. High performance Plumbicons defined their extensive (almost exclusive) utilization in
many areas, including broadcasting, radiography, fluoroscopy and digital subtraction angiography
in conjunction with image intensifiers [22-24]. Indeed, although thick PbO layers were feasible, at
the time of this research, an electron beam read-out was used in vacuum tubes, which limited the
coating area. Therefore, for large viewing area, optical Plumbicons were bundled with intensifier

screens [22-24].

1.3. Previous utilization and challenges of lead oxide in modern medical imaging

Recent advances with LCAMD gave a new spin on PbO technology and in 2004 researchers
from Phillips, motivated by the success of PbO in Plumbicons, developed the first prototype of a
PbO-based large area direct conversion flat panel detector [25,26]. For this, a 340 um layer poly-
PbO was thermally evaporated in a molecular oxygen atmosphere onto a “cardio”-sized TFT
substrate with an effective area of 18 X 20 cm? and a 184 um pixel pitch. Evaluation of the imaging
performance of the PbO detector showed very encouraging results: charge yield was high enough
for low dose imaging (W, ~ 10 eV/ehp was achieved at F = 3.5 V/um), while the modulation
transfer function (MTF) was limited only by the pixel size indicating very high spatial resolution
[25,26]. The combination of high spatial resolution with comparatively low electron-hole pair
creation energy (4 times lower than that of a-Se at lower electric field), and compatibility with large
area detector technology makes PbO the most promising material for direct conversion detectors

for a variety of both static (radiographic) and real time (fluoroscopic) applications.
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Although poly-PbO has many of the requirements for an effective X-ray detector material,
Philipps research group revealed the following issues with it:

1. Conventional poly-PbO layers, have a very peculiar structure: they consist of small platelets
and possess a high porosity [25,26]. Thus, the density of as-grown poly-PbO layers is much lower
than that of a crystalline material (up to 50 % of single crystal density). This significantly decreases
the X-ray attenuation of the grown film — one of the major factors for PbO to be used in X-ray
imaging.

2. Poly-PbO films are unstable in air and degrade in the ambient environment, making this
material challenging for practical utilization in X-ray detectors.

3. The grown layers may be non-stoichiometric with depth-dependent oxygen deficiency
[27]. The sites of oxygen voids might act as trapping and/or recombination centers for the X-ray
generated charge, thus hindering performance of the detector [28].

4. PbO detectors exhibit a relatively high dark current that grows with applied electric field
and at F = 3.5 V/um reaches ~250 pA/mm?, whereas for medical imaging applications, the
detector dark current preferably should not exceed ~10-100 pA/mm? at operating bias [8]. The dark
current was found to depend on the bias electrode material, which suggests that the dark current in
poly-PbO is largely governed by a Schottky barrier formed at the PbO/metal contact interface,
which sets an upper limit on the applied electric field [25,26,28].

5. In addition, while the X-ray to charge conversion gain of PbO, is theoretically higher than
that of a-Se, it did not achieve theoretical predicted value (W, ~ 6 eV/ehp). It should be noted that
the charge yield was found to increase with applied electric field reaching value of ~100 electrons
per 1 keV of deposited X-ray energy (corresponds to Wy = 10 eV/ehp) at F = 3.5 V/pum.

Suboptimal values of charge yield and its dependence on applied field were linked to insufficient
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carrier schubweg s — the mean carrier range, before it is trapped by deep traps or recombines.
Schubweg is a product of carrier mobility u, lifetime 7 and electric field F i.e. s = utF. For
efficient charge collection, the carrier schubweg should be larger than the detector thickness,
otherwise created carriers will be lost during their transit through the sample. However, it was
shown that carrier schubweg in PbO is less than the photoconductor layer thickness in practical
detectors. Indeed, from the dependence of charge yield on applied field, Simon et al. derived the ut
product in poly-PbO to be 4.4x107 cm?/V. For such a ut value and maximal applied electric field
F = 3.5 V/um, the carrier schubweg s = 154 um, which is less than half the detector thickness
d = 340 pm, resulting in suboptimal and depth dependent charge collection efficiency.
Application of a higher electric field ~10 V/um could help to improve the charge yield, since the
schubweg would be larger than the sample thickness however the range of F was limited to 3.5
V/um [26], due to the dramatic increase of the dark current.

6. Finally, the poly-PbO detector exhibited signal lag — a residual current that continues to
flow after X-ray exposure. The lag was found to depend a great deal on the material of the positively
biased electrode: signal lag (and the shape of the X-ray response of PbO) was smaller when the
positive electrode was made of aluminum (Al) rather than gold (Au). The material of the negatively
biased electrode had a minimal effect on lag. In addition, lag was found to depend on applied
electric field, decaying from 9 % to 4% in 1 s after termination of exposure for 0.5 and 3.5 V/pm,
respectively. Such peculiar behavior was explained by the accumulation of X-ray generated
electrons near Au electrode that triggers injection of holes from Au electrode into the PbO. After
exposure, the accumulation layer dissolves and injection decreases as lag [26].

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 next one. The resulting image can be
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inaccurate and misleading and, as such, might 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 [12, 29-32]. Reported signal lag is probably the major
constraint for the application of PbO in real time imaging and restricts its application to static
imaging only (radiology). Thus, the full potential of PbO remains unexploited.

It should be noted that significant signal lag (~ 70% in 33 ms) and incomplete charge collection
are common problems for other candidate materials for direct conversion detectors, like Hgl», Pbla,
CZT or CdTe [33,34]. Similar to PbO these materials also have a polycrystalline layered structure,
although different mechanisms were reported to be responsible for lag. In particular, charge
trapping to deep traps on the grain boundaries of these materials, instead of injection as suggested
for poly-PbO, was reported to be the dominant mechanism behind the signal lag [33,34]. Indeed,
once X-ray generated charge carriers are trapped in defects or structural imperfections, they will
not contribute to the signal and lead to incomplete charge collection. Eventually, these trapped
carriers can be released later after the radiation is terminated resulting the transient decaying
current, known as signal lag.

Another example is a-Se, for which small schubweg, incomplete charge collection and signal
lag were also intrinsic at the early stages of its development [35]. In the case of a-Se, charge
trapping was also reported to be the root cause of these problems. However, in contrast to the
polycrystalline layers of Hglo, Pbl> and CdTe mentioned earlier, a-Se has a uniform layer structure
without grain boundaries, and charge trapping originates from the significant energy disorder in its
electronic structure rather than from spatial disorder due to material inhomogeneity [36,37]. The
signal lag in a-Se arises not as much from the release of the previously trapped charge itself (as in
the case of Hglb, Pbl> and CdTe), but rather from injection, triggered by this trapped charge. Indeed,

multiple studies have indicated that X-ray generated charge carriers trapped at the a-Se/bias
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electrode interface create an enhancement of the local electric field, which causes injection of
charge carriers from the bias electrodes into the a-Se layer [38-41]. Overall, charge trapping can
govern signal lag via several mechanisms including both the release of previously trapped charge
or injection.

Initial approaches to improve PbO temporal performance focused on improvement of the layer
stoichiometry (by means of layer deposition in various gas atmospheres) since it was suggested
that oxygen vacancies in non-stoichiometric layers may act as deep trapping centers and cause
signal lag (the problem of oxygen deficiency is well-known in oxides). However, efficacy of this
approach was not confirmed [26,28,42,43]. This indicates that combating signal lag is a complex
task which requires a comprehensive approach, including:

(1) revealing the fundamental cause of the residual current;

(2) development of the necessary deposition conditions, which will provide optimal material
composition, free of the physical parameters causing lag.

Since presence of traps affects both signal duration and carrier transport (i.e. carrier mobility),
the methodology used here is to study the lag mechanism through investigation of temperature and
field dependencies of charge carrier mobility. This allows us to (1) characterize the effect of traps
on carrier transport; (2) use the obtained knowledge on carrier transport to find a root cause for the
lag and; (3) determine the fabrication-property relationship and apply established materials science
concepts to obtain a lag-free material.

Interestingly, despite continuous interest in polycrystalline PbO since 1960’s, the transport
mechanisms in this material remain unknown. The only available data are on the mobility-lifetime
product (ut) in poly-PbO, which vary significantly. The wide scatter of the reported values is not
surprising since the lifetime T depends on the carrier concentration, which makes evaluation of this

parameter very sensitive to the measurement technique used. In contrast to the mobility-lifetime
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product, the carrier drift mobility u is an objective parameter to evaluate transport in any
semiconductor [44]. However, no direct measurements of carrier mobility in polycrystalline PbO
have been reported. This is not surprising, since the time-of-flight (TOF) technique, which is the
major tool for direct measurements of carrier mobility in low-mobility photoconductors [45] was
determined to be inefficient [46] to study the transport properties in poly-PbO. The dispersive
nature of charge transport [46,47] blurs a packet of photo-generated carriers so much that the transit
time (the basis for the mobility measurement in the TOF technique) cannot be measured. Therefore,
we have found an alternative experimental method for the investigation of charge transport in poly-
PbO. This technique is Charge Extraction by Linearly Increasing Voltage (CELIV) [48]. CELIV
is insensitive to the limitations of TOF and allows accurate investigation of the field and
temperature dependence of charge carrier mobility in disordered materials. However, CELIV was
never applied to measure the properties of materials with dispersive charge transport, like poly-
PbO. To date, the theoretical support of the CELIV technique has been developed only for the case
of a non-dispersive charge transport. Therefore, we have extended CELIV theory to account for
dispersive charge transport, thus providing a theoretically substantiated technique for charge
transport characterization in PbO and many other materials, for which standard techniques are not
informative due to the peculiarities of charge transport.

The CELIV technique allowed us to measure electron and hole mobility in poly-PbO for the
first time ever. This subject is described in detail in Chapter 3. As indicated in Chapter 3, electrons
conduct electrical current in poly-PbO in a dispersive regime, in which the carrier mobility is time-
dependent and therefore does not have a universal value that can be treated as a characteristic for
the material. In addition, electron mobility was found to depend on both electric field and
temperature with a relatively high activation energy (~0.5 eV), thus pointing to a multiple-trapping

(MT) mechanism as responsible for transport of electrons in poly-PbO.
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The established MT transport mechanism for electrons in poly-PbO is drastically different from
the transport mechanism for holes in the same material as revealed in Chapter 3. While transport
of holes also has a dispersive nature, the characteristic features of hole transport in poly-PbO are
essentially temperature-independent. This means that the mobility dispersion for holes is not
related to energy disorder, and rather is caused by spatial disorder in the material. Indeed,
polycrystalline PbO layer is a porous network of separate single-crystal PbO platelets. It was
suggested that the very unusual structural configuration of poly-PbO provides the spatial
inhomogeneity responsible for the unusual hole transport. This finding suggests a new direction
towards the optimization of PbO technology that had previously focused on the improvement of
the layer stoichiometry to increase mobility and ut: the PbO layer structure must be modified to
eliminate spatial inhomogeneities by amorphization of the PbO structure. This objective was
successfully achieved by advancing conventional PbO fabrication technology with ion assisted
deposition — a well-established technique for addressing issues related to the layer structure. Our
advancement of the deposition process, described in Chapter 4, resulted in a new polymorphic form
of the grown material, namely, amorphous Lead Oxide (a-PbO), which was not synthesized before
[49]. In contrast to poly-PbO, a-PbO is uniform, free of voids and possesses a significantly higher
packing density, compared with poly-PbO. In addition, a-PbO layers possess perfect structural
stoichiometry without oxygen vacancies, which are prone to its polycrystalline counterpart.

Moreover, the ion assisted deposition process also resulted in dramatic lag suppression in a-
PbO. Investigation of the X-ray performance of poly-and a-PbO layers, elaborated in Chapter 5,
revealed the superior temporal performance of the a-PbO layers over poly-PbO. The obtained
values of residual signal were found to compare favorably to those obtained on a-Se direct
conversion, and even to Csl indirect conversion detectors, which are currently used for fluoroscopic

imaging. Chapter 5 also contains an investigation of the charge creation energy W, in a-PbO which
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was found to be less than half that in a-Se photoconductors, thus offering superior X-ray sensitivity

for a-PbO-based detectors. Such X-ray performance in combination with recent advances in

structural properties, make amorphous PbO a serious candidate for practical radiographic and

fluoroscopic detectors.

Before proceeding to experimental sections (Chapters 3-5), a literature overview of the data

available on the crystal and electronic structure of PbO will be elaborated in Chapter 2, in order to

provide a reader with the solid background knowledge, required to undertake this study.
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Chapter 2: Lead Oxide as material of choice for direct

conversion detectors

This chapter is devoted to the crystal structure and polymorphism of PbO. We will start from a
literature review on the properties of different oxides of lead, followed by the scope of the
experimental techniques that are used to study different crystal configurations of PbO. This
information will provide a baseline for our research and will be used as a reference for

characterization of our own samples.

2.1. Introduction

There exist a large number of possible oxides of lead (for instance PbO, PbO, Pb2O3, Pb304,
etc.) which can exist in more than 15 different crystal forms [ [1] and Ref. 13 within]. Such variety
of lead oxides is possible due to the peculiarity of lead to have two valence states: a higher valence
state of +4 (as expected for a group 14 element of the periodic table) and a lower valence state of
+2 (due to stability of so called inert lone pair of 6s? electrons) [2,3]. Each oxide has its own rich
color, which resulted in their wide utilization as paint pigments in ancient times. Table 2.1
represents the physical properties of selected configurations of lead oxides, which are most
frequently encountered in nature.

It is worth mentioning one lead compound that is not listed in Table 2.1, called Hydro Cerussite
(2PbCO3-Pb(OH),). This material is frequently referred as a 'white lead’, because it was used to
obtain the white color in paints. In nature, it forms from PbO in the presence of CO; and H>O
molecules. This transformation occurs naturally even at ambient conditions. If this transformation
occurs in a PbO layer employed in a practical direct conversion X-ray detector, the detector

performance will degrade, as a result of an increased dark current and deteriorated X-ray response.
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Storage of poly-PbO samples in vacuum or under a protective atmosphere of inert gas, such as
nitrogen or argon prevents PbO from degradation. To avoid degradation, it is clear that a sealing
technology still needs to be developed for practical material utilization [4,5].

Table 2.1. Structure and properties of different lead oxides [6].
Chemical Crystal structure

formula

litherage tetragonal red

massicot orthorhombic yellow 2.7
[-plattnerite tetragonal (rutile) dark brown 1.5
a-scrutinyite, orthorhombic dark reddish 1.4

PbO»-11

Pb sesquioxide monoclinic black 1.4

minium tetragonal bright red 2.1

Pb12019 monoclinic dark 1.28
brown/black

Out of the great number of possible oxides, only the monoxide of lead (PbO) was previously

utilized in detector applications [4,7-10] and therefore will be discussed in details next.

2.2. Crystal structure and electronic properties of PbO

Lead monoxide exists in two polymorphic forms: a red tetragonal a- modification and a yellow
orthorhombic B-form. In the literature, these two forms of PbO are frequently called litherage and
massicot, respectively. a-PbO is stable at room temperature and £-PbO is stable above 490 °C [2].
Even though f-PbO is metastable with respect to a-PbO at ambient conditions, the phase
transformation from - to a- PbO is very slow and it can take tens of years at room temperature,
however small stress can facilitate a prompt transformation. At the same time, transformation of

tetragonal material into orthorhombic also has a very peculiar behavior and depends on the size

23



and quality of the PbO crystallites. Practically, it was found that oxygen deficit (or lead excess)
during sample fabrication, decreases the a- to §-PbO transition temperature to as low as ~350 °C
[11]. On the other hand, large single crystals of high quality a-PbO were reported to persist well
above the nominal transition temperature and even up to 600-700°C[11,12].

Thermally evaporated poly-PbO layers are composed of both phases: the layer growth starts
with a seeding layer of yellow orthorhombic PbO, while the bulk of the layer is dominated by red
tetragonal lead oxide [10]. The thickness of the orthorhombic seeding layer depends on the
deposition parameters, such as deposition rate and substrate temperature. Higher deposition rates
and lower substrate temperature facilitate the growth of the orthorhombic phase [4,8,10]. Such
interesting dependence of material composition and the abundance of the high temperature phase
at the beginning of the layer was linked to peculiarities of the deposition process and in particular
to the supercooling effect of evaporated PbO particles [10,13]. Indeed, during the deposition
process, the source temperature is very hot (~ 1000 °C) in comparison to the substrate temperature
(~ 100 °C). Upon arrival at the substrate, condensing PbO particles will tend to transition from the
high temperature orthorhombic to the low temperature tetragonal phase. However, the first
deposited layers will experience rapid cooling. They will not have enough time to reach a state of
thermodynamic equilibrium, i.e. tetragonal (defined by the substrate temperature) and will be
frozen into the high temperature orthorhombic phase. However, once the seeding layer is formed,
it decreases the temperature exchange between the hot condensing atoms and the cold substrate.
This decreases the cooling rate and the arriving atoms have more time to reach the equilibrium low
temperature tetragonal phase. Similar structural variations with thickness were observed on other
materials, for instance Zirconia. Very thin zirconia layers have a high-temperature cubic structure,

but after ~ 600 nm, a low-temperature monoclinic crystal structure starts dominating the layer. In
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both cases (PbO and Zirconia) this behavior can be explained by a reduced thermal conductivity in
the thicker films. This results in a lower cooling rate, thus providing more time to reach the thermal
equilibrium structure, appropriate to the substrate temperature [10,14].

At the beginning of research on Plumbicons, the orthorhombic phase of PbO was more
desirable over the tetragonal one [15,16], while in relatively recent studies, Simon and colleagues
suggested that the presence of an orthorhombic phase is undesirable since it might diminish
detector performance [7,10]. Since optimal detector composition has not been unambiguously
established yet, in the next section we will briefly review the crystal structure and electronic

properties of both phases.

2.2.1. Crystal structure of tetragonal PbO (a-PbO)

a-PbO has a layered structure, with the layers parallel to ab plane (Fig. 2.1). The distance
between lead atoms in adjacent planes is 0.386 nm, which is 10 % larger than the Pb-Pb distance
of 0.35 nm in elemental lead. The atomic arrangement in the lattice looks like a square pyramid
with oxygen atoms forming the base and a Pb atom at the apex, with Pb-O distances of 0.237 nm.
At the same time, oxygen is bound to four equivalent Pb atoms, thus forming a tetrahedron, with
O in the center. At room temperature, the axes of the unit cell are a =5 =0.3974 nm and ¢ = 0.5021
nm with a 129 P4/nmm space group [2] (see Fig. 2.1). The planar symmetry of the a-PbO layers
has been well characterized by X-ray diffraction (XRD). A XRD histogram of poly-PbO contains
more than 20 peaks, out of which there are only 4 peaks with intensities of more than 20%. The
strongest peak is at 260 = 28.82°, corresponding to the Akl line of the (011) plane and three smaller
peaks at 26 = 32.04°, 48.93°, 55.15°, corresponding to the (110), (112) and (121) planes

respectively. The relative intensity of most of the other peaks is not higher than 10% [17]. The
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phonon frequencies of a-PbO are evident in Raman spectroscopy by four peaks, listed in Table
2.2, which shows the Raman modes for the most frequently encountered oxides. The most intense

at peak is located at 145 cm™!, while the peak at 306.4 cm™ was not observed in the experimental

spectra [10,18,19].

Figure 2.1. Crystal structure of a-PbO. Data has been reproduced from Fig. 1 of Ref. [2] (right)
and Ref. [20] (left).

Table 2.2. Theoretically predicted Raman phonon frequencies in PbyOy.
Material Crystal structure Theoretically predicted frequency

a-PbO Tetragonal 80.1// 144.8// 306.4// 338.5
[18]
p-PbO Orthorhombic 57//71// 89// 91// 147// 167// 216// 217// 255// 288//
[18] 345// 390
14110)) Tetragonal (rutile) 222// 331// 390// 510// 648.5// 735.5
[21]
PbO: Orthorhombic 165//226// 363// 430// 512.5// 619// 1239
[22]
Pb304 Tetragonal 122// 149// 223// 313// 340// 390// 480// 548
[23,24]
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2.2.2. Crystal structure of orthorhombic PbO ([-PbO)

B-PbO also has a layered structure, but unlike a-PbO (see Fig. 2.2): the layers are parallel to
cb plane and the Pb-O bonds look like zigzag chains with distances of 0.2221 nm and 0.2249 nm
within the chain and 2 X 0.2481 nm between the chains. At 300 K, the lattice parameters are a =
0.58931 nm, b = 0.47528 nm and ¢ = 0.54904nm with the 57 Pbcm space group. The distance
between lead atoms in adjacent layers is 0.3977 nm, which is larger than in a-phase [2].

The XRD spectrum of $-PbO is dominated by 26 = 29.03°, corresponding to Akl line of the
(111) planes, and three smaller peaks at 26 = 30.32°, 32.6°, 53.073°, corresponding to (200), (020)
and (311) planes, respectively. The relative intensity of most of the other peaks is not higher than
10%. The location of the peaks and their relative intensities are very close to a-PbO, however they

are separated enough to be distinguishable during spectrum processing [25].
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Fig. 2.2. Crystal structure of B-PbO. Data has been reproduced from Fig. 2 of Ref. [2].

The Raman spectrum of S-PbO contains overall 12 peaks (see Table 2.2). B-PbO has a greater
number of phonon modes than a-phase due to the lower symmetry of the - phase (the higher the

symmetry the lower number of vibrational modes). The most intense Raman peak observed

27



experimentally on a powder sample appears at 143 cm™ while another 5 peaks were observed at
52.5,71.5,87.5, 289.5 and 384.5 cm™'. Therefore, the most intense and narrow Raman peak of f3-
PbO at 143 cm! is very close to @-PbO peak at 145.5 cm™ and usually these two peaks merge into
a single one, making it difficult to recognize the phase [10]. On the other hand, Raman peaks at

288 cm’! for the orthorhombic and at 338 cm! for tetragonal PbO are well separated and can be

clearly differentiated from the Raman spectrum. Therefore, their ratio of intensities lg/, = 1652223

is used to perform the qualitative analysis of the grown films. This ratio is not constant and changes
with the depth profile: the initial, seeding layer, is reported to be composed mostly of the
orthorhombic phase with an intensity ratio Ig,, = 0.8-2. After the seed layer is formed, the
concentration of orthorhombic phase decreases towards the free surface of the sample, where

tetragonal phase becomes dominant with Ig,, = 0.1 0.5 [10].

2.2.3. Electronic properties of a- and [-PbO

a-PbO and S-PbO are indirect band gap semiconductors with band gap energies of 1.9 and 2.7
eV for a-PbO and B-PbO, respectively. Several researchers have measured the binding energies of
the Pb 4f72 and O 1s electrons with X-ray photoelectron spectroscopy. The obtained values were
found to differ slightly, depending on the supplier of the PbO. Terpstra et al. reported Pb 4£7,2/0 1s
energies to be 138.6 eV/529.7 eV and 138.2 eV/529.4 eV for a-PbO and -PbO, respectively [2].
Kim et al. reported almost the same energies for the two phases: 137.9eV/527.8 eV for a-PbO and
137.9eV/527.7 eV for f-PbO [26]. Dai and Xu reported values of 137.4eV for the Pb 417 peak and
530.3 eV for the O 1s, although the phase of PbO was not specified [27].

In both materials, the bands are formed in very similar way: the valence bands are mainly

formed as a result of hybridization of the O:2p and Pb:6p states, while its bottom is formed by
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mixing of O:2p and Pb:6s electrons [2]. Within the same a-PbO layer, the atoms are bonded by
strong covalent bonds, while the interlayer interaction formed by the overlap of the Pb:6s electrons
[2] is very weak: 0.013eV/atom, which is lower than the graphite interlayer interaction of 0.052
eV/atom [28]. Although a-PbO layers are held together by relatively weak forces, they do
significantly affect the band diagram of the bulk material and are responsible for the distinct
anisotropy of the electronic properties of electrons and holes (see Fig. 2.3) [20]. Indeed, as shown
in Fig. 2.3 the interaction between separate PbO layers converts a-PbO from a direct band gap
semiconductor with the band gap of ~2.44 eV into an indirect band gap semiconductor with band
gap of ~1.8 eV. Furthermore, it helps disperse the top of the valence band, while the bottom of the
conduction band is well dispersed in both cases. Since band dispersion is related to carrier effective
mass, the relatively flat valence band at the I' point suggests the presence of the heavy holes, while
the dispersed conduction band suggests a low effective mass for electrons.

Thus, Berashevich et al. reported hole ( m},) and electron ( m;) effective masses in a single a-
PbO layer to be 38 m, and 0.46m,, respectively (where my is free electron rest mass). Stacking
layers together reduces the effective mass of the carriers (especially for holes) and makes their
values anisotropic, 1.e. the hole effective mass along the ab plane (see Fig. 2.1) was found to be

Mpq) = My = 5.91mg and out-of-plane my .y = 1.12m,. The electron effective mass is less

anisotropic: Mgy = Mgy = 0.41m, and out-of-plane mg ) = 0.47m, [20].
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Figure 2.3. The band diagram of single layer and the bulk of a-PbO is shown. The solid lines are
used for the bands significantly affected by the interlayer interactions. The shaded areas are
applied to highlight the band splitting. The Fermi energy Er is referred to the top of the valence
band. Arrows indicate the lowest-energy inter-band transitions for which “*” in the symmetry
point notation denotes the conduction band. The figure and captions were taken from Ref. [20].
The heavy holes were shown to be a reflection of the strong localization of the electron density
on the oxygen atoms. Such electron localization was linked to the domination of lone pair O:2p
electrons at the I'-point, as strong localization is a feature of the lone pair electrons. In contrast, the
electron density in the conduction band was found to be delocalized, forming a continuous

“channel” between the atoms (see Fig. 2.4). Since the carrier mobility is inversely correlated to the

effective mass, electrons are expected to have a larger microscopic mobility than that of holes [20].
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Figure 2.4. The electron density of states in conduction band (a) and valence band (b) is shown
for a-PbO in be-plane (see Fig. 2.1). The figure and captions were taken from Ref. [20].

The density of states calculations for stoichiometric a-PbO show sharp band edges with an
empty forbidden gap of poly-PbO. However, conventional vapor deposited PbO layers are known
to suffer from oxygen deficiency [15,29,30] and this changes the situation dramatically. Oxygen
vacancies create a deep energy level near the middle of the bang gap (1.03 eV above the top of the
valence band) while lead vacancies create a shallow energy level in close proximity to the valence
band maximum (0.1 eV above the top of the valence band) [31] (see Fig. 2.5). Moreover, it was
reported that that oxygen vacancies have significantly lower formation energy than lead vacancies,
which suggests a higher concentration of oxygen vacancies. In addition, the formation energy of
oxygen vacancies depends on their charge state. Thus, an oxygen vacancy in its neutral state
appears occupied with two electrons and has a formation energy V© ~ 0.85eV. If the oxygen
vacancy donates one electron, its formation energy is cut in half. In contrast, lead vacancies are
initially neutral, but can accept an electron to lower their formation energy V', although not

significantly: the formation energy drops from ~ 6.6 eV to ~ 6.4 eV (see Fig. 2.6).
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Figure 2.5. Density of states (DOS) is shown for several systems: dashed line represents a defect-
free PbO, solid black line represents the same system with O vacancies, while the red line
represents the system with Pb vacancies. The top of valence band was used as a reference point
with 0 energy. The figure and captions were taken from Ref. [31].
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Figure 2.6. The formation energies of the defects for VO and V™ in the Pb-rich/O-poor limit. The
charge states, for which the added electron or hole remains localized on the vacancy site, are
shown (1+/2+ states for the VO vacancy and 2—/1— states for the V® vacancy). The figure and
captions were taken from Ref. [31].
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The low formation energy of oxygen vacancies and their deep localization in the forbidden gap
suggests that oxygen vacancies may significantly influence the charge transport and thus the whole
performance of PbO. Indeed, deep traps reduce carrier mobility more significantly than shallow
traps and exhibit longer release times. Therefore, the concentration of oxygen vacancies must be
minimized in any practical PbO detector. The suggested modifications to the deposition process
including ion bombardment of the growing layers (see Chapter 3) are aimed at improving layer
stoichiometry and reducting oxygen vacancies. However, first, the basic deposition process of PbO

layers will be reviewed in the next section.

2.3. Deposition process of PbO layers

2.3.1. Selection of the PbO deposition technique

There is a wide variety of methods and techniques for growing PbO as well as any other
material. Based on the structure of the grown layer, they can be split in two groups, namely
crystalline and non-crystalline deposition techniques. Table 2.3 below summarizes the major

features of these techniques.
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Table 2.3. Overview of known PbO deposition techniques.

Deposition Crystal structure  Deposition Substrate Crystal size/

techniques rate temperature coating area

[mwm/min] °C]

Czochralski Single crystal 33-83 ~870 ~2 X2 x2cm’
method [12]

Hydrothermal Single crystal Not indicted 400 1x1x0.1 mm?
method [32]

|01 [Z9i 9 eI Microcrystalline ~ 10 80 Coating area
method [33,34] film depends on the
anode size
Chemical Poly-crystalline 0.015 400-800 10 inch in
vapor deposition film diameter
(CVD) [1,27]
Spray pyrolysis PbO film * ~0.004 300 2.5 x 7.5 cm?
[35]
Laser assisted Poly-crystalline 5-20 150-300 Not specified
deposition (LAD) flm
[36]
Sputter PbO film * 0.01-0.1 Not indicated Not specified
deposition
[19,37]
BRSNS Poly-crystalline ~1 100 18 x 20 cm?

evaporation [4,8] film
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* the grown PbO sample is a not a single crystal, however further details of the sample structure
were not specified.

Out of the extensive pool of available techniques, one is chosen to fit the requirements of the

detector fabrication technology. The major criteria are:

1. The deposition process should allow direct deposition onto the a-Si electronics of
the TFT imager and thus should not require substrate temperatures higher than ~200-240
°C [38].

2. The deposition process should provide uniform coating over a large area ~ 18 cm X
20 cm [8].

3. In order to make the process cost efficient, the deposition rate should be not less

than ~0.5 um/min.

These requirements significantly limit the choice of the deposition method. Particularly, they
rule out crystalline deposition methods, which in general require high substrate temperatures and
therefore do not allow direct deposition on an imaging matrix. In addition, the grown crystals are
small in size (only ~ 2 cm in diameter) and therefore special crystal slicing with consequent bump
bonding procedures are required to cover large detector areas [39,40]. This makes the detector

fabrication very expensive and therefore less practical.

On the other hand, most of non-crystalline deposition techniques allow direct deposition on
large substrates, however there are several limitations. CVD, spray pyrolysis and sputtering
techniques suffer from small deposition rates (CVD and spray pyrolysis also require high substrate
temperatures), with LAD it is difficult to obtain a uniform coating over large areas. Fabrication of
a PbO detector with the electrochemical method would require submerging a TFT substrate into an

aqueous solution which is not feasible. Alternatively, Cho et al. investigated the structure and X-
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ray performance of PbO prepared with a particle-in-binder method [41]. For this purpose, PbO
particles are first synthesized using a solution combustion method and mixed with a special binder
that keeps the particles together. This PbO gel paste is then deposited onto the substrate. Such a
deposition process might also not be practical, since it is hard to control the layer thickness and
quality over the large area of the imager. Thus, all the deposition techniques discussed above had
one or the more limitations and were not suitable for practical fabrication of the detector material.
That said, there is still one technique which is known to satisfy all the deposition criteria. This
technique is thermal vacuum evaporation. Thermal deposition of PbO layers was pioneered by the
Philips research group in the early sixties [9,16]. At that time, they had started development of
deposition technology for relatively thin ~10-20 um PbO films, which were used as the light
sensitive target of “Plumbicon”- vacuum video tubes. More recently in 2004, this technique was
scaled up for the fabrication of the first large area PbO flat panel detector prototype with 340 pm

of PbO, required for the efficient absorption of diagnostic X-rays [8,42].

Thermal vacuum evaporation was shown to uniquely allow deposition at a high rate over a
large detector area, compatible with a-Si imaging temperatures and therefore became the method
of choice for the production of electronics-grade photosensitive PbO layers [4,7-9,15,43]. The

details of the thermal deposition of PbO layers will be discussed in the next section.
2.3.2. Background of PbO deposition

In the deposition process developed by Philips, high purity PbO powder is evaporated from a
crucible at ~1000 °C (melting point of PbO is 890 °C) onto the substrate held at ~ 100 °C, which
yields a relatively high deposition rate of 2 um/min. The deposition takes place in a background
atmosphere of molecular oxygen at ~3 mTorr, which is required for desired layer stoichiometry.

PbO layers deposited under these conditions are very porous and composed of randomly oriented
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platelets several microns in diameter and a few hundred nanometers thick. High porosity
significantly reduces the packing density of the grown layers (up to 50 % of single crystal density),
while the platelet structure that runs throughout the sample results in a rough surface morphology.
The deposited films are unstable at ambient conditions and tend to degrade in several hours (the
details of the PbO degradation will be elaborated in the next chapter) [4]. In addition, it was shown,
that although samples are grown in a molecular oxygen atmosphere, the poly-PbO films suffer
from suboptimal stoichiometry, exhibiting oxygen deficiency. The effect of oxygen deficiency in
poly-PbO films is not completely understood, although it has been suggested that oxygen vacancies

can act as trapping/recombination centers, and deteriorate charge transport in the material.

The features listed above for poly-PbO films make it challenging for practical utilization and
need to be appropriately addressed. Fortunately, low packing density, poor sample stability and
suboptimal stoichiometry of the grown film are common features of many materials (especially
those prepared using the thermal evaporation method) and were shown to be a reflection of the
same root cause, namely dramatic temperature mismatch between the substrate and the melting
point of the material. Indeed, Thornton [44,45] and Anders [46] have shown that in order to achieve
a highly packed structure during evaporative deposition, the temperature ratio between the
substrate and the melting point of the material T* should higher than 0.5 — 0.6 (the closer this ratio
is to unity, the more a refined structure is obtained). A good example is a-Se which has a melting
temperature of 220 °C and it is conventionally evaporated onto a substrate at temperatures close to
room temperature (e.g. ~ 60 °C). Such a substrate temperature provides a ratio of T* = 0.67, which
is well above 0.5. As a result, a-Se layers have a dense and uniform structure. However, if the ratio
T* is less than ~ 0.6 the more porous structure will be developed due to the limited mobility of the

material on the surface of the growing film. Condensing atoms will attempt to diffuse over the
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surface of the film, searching for an energetically preferred location, until they thermalize and
buried by arriving material. During this process, the diffusion of material in the bulk of the film is
insignificant which results in the development of a porous structure [47-49]. Thus, lower substrate
temperatures and higher deposition rates lead to a more pronounced pillar-like structures, running
along the whole layer with reduced density. This is exactly what is observed with conventional
PbO deposition: the film is composed of platelets and it is very porous (about 50% porosity). The
melting temperature of PbO is 890 °C, and even if the substrate temperature is increased to 100 °C,
the ratio T is only slightly higher than 0.3, which is therefore not sufficiently high to create a

densely packed structure.

Thus, it is the nature of the conventional deposition process, particularly the great thermal
mismatch between the PbO vapor and the substrate that determines the crystalline order and causes
the formation of the porous microstructure. In order to obtain a dense and more homogeneous film,
the thermal mismatch between the PbO vapor and the substrate must be reduced. One way of doing
this is by increasing the substrate temperature. In order to achieve temperature ratio 7* > 0.6, a
substrate temperature must be around 600 °C. This constraint produces a significant dilemma,
because such a high substrate temperature is not compatible with the a-Si electronics that are
commonly employed in TFT detector substrates. Therefore, this approach is not practical for the

fabrication of PbO flat panel X-ray imaging detectors.

Alternatively, T* might be significantly improved by supplying additional energy to the
growing film by means of ion assisted bombardment with gas ions [46-49]. Indeed, multiple studies
have shown that when energetic ions arrive at the surface of the growing layer they transfer their
energy to the atoms on the surface via collisions. This compresses the atoms within the film into a

more dense structure, whereby the deposited energy facilitates surface atom mobility. Such a
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process virtually increases the T ratio, and a packing density close to or equal to unity is normally
obtained, without significantly overheating the substrate, and makes ion assisted deposition
compatible with the imaging electronics. In addition, ion assisted deposition was shown to improve

layer stoichiometry and make device performance insensitive to ambient conditions.

Therefore, inspired by the vast range of benefits of ion assisted deposition, we applied it to
PbO. In general, the ion assisted deposition process is very close to the conventional deposition
process of PbO: high purity PbO powder is the evaporated at ~1000 °C on the substrate at ~20-100
°C. The major difference is that oxygen is not supplied directly to the chamber, but rather through
an ion source. The results of an ion assisted deposition will be discussed in the next chapter, but

first the principle of operation and merits of the ion source will be discussed in the next section.
2.3.3. Principle of operation of the ion source

Fig. 3.1 illustrates the basic principle of operation of the end-Hall ion source, that was used for
sample preparation. 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. The hot filament cathode is located
above the ion source and serves as a source of electrons. As voltage is applied between anode and
cathode, electrons from the hot filament bombard the gas and ionization occurs. Most ion sources
provide singly charged ions, for instance N>" and O>" for nitrogen and oxygen, respectively [50].
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 on average, the ion
energy is ~60-70% of the anode voltage. The fraction of electrons that do not participate in gas

1onization, serves as the neutralization for the ion beam [51,52].
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Figure 2.1 shows the cross section of the End-Hall ion source.

2.3.4. Calculation of the ion source parameters

According to the Ref. [50], for T* = 0.3, as for PbO, an additional energy of ~3—10 eV per
atom must be delivered to the growing film. If the energy is lower than 3 eV/atom, only partial (if
any) modification of the structure is obtained, while higher than 10 eV/atom should not result in

any further changes, and could rather cause undesirable compressive stress in the film.

In order to deliver the required energy dose to the growing film, three major deposition
parameters must be considered. They are: the ion energy, ion current density (ion flux) and the

deposition rate of the material. They are related as follows:

Energy Dose per Atom = (lon energy X Flux)/Deposition rate.
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For example, if the energy of a single 100 eV ion is delivered to 10 deposited atoms, then each
atom will get the dose of 10 eV/atom. While the same dose could be delivered by 10 ions of 10 eV
each, both will have not the same effect on the growing layer. Indeed, it has been shown, that the
best results during ion assisted deposition are achieved if the required energy dose is delivered by
25-100 eV ions. This is because ions of ~0-25 eV do not have enough momentum to disturb the
bulk lattice atoms. Even if the ion flux is high the process is confined primarily to the surface
cleaning of the physisorbed atoms, rather than modifying the structure of the layer. In order to
affect the crystal lattice, the ion energy should be at least ~25-30 eV. With increasing ion energy,
an enhancement of the surface atom mobility takes place. However, in the high-energy range (=200
eV), ions might cause significant damage to the grown film, by sputtering the film or undesirable
gas implantation. Therefore, ions in energy range 25-100 eV is the golden mean (for Ar, N2, O2)
and thus the most favorable for the ion assisted deposition process. In this case, ions have enough

energy to modify the lattice structure without causing film damage.

Finally, according to the Ref. [53], the required ion current density can be calculated as follows:

__ Rgece

i = @.1)

€ion

where e is the elementary charge in Coulombs, €- is the energy dose in eV/atom, €;,,,- is the gas
ion energy and R,-is evaporated atom arrival rate on the substrate in atoms/cm?s. Atom arrival rate

is related to the deposition rate R, in A/s by:

1078R4pN
Ry =—— "0

T 1.6%10" 24w (2.2)

where p- is the film density in g/cm?® N-number of atoms in the deposited molecule, w- is the

atomic weight of the molecule in a.m.u.
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In the case of lead oxide N=2 (PbO molecule consists of two atoms: one lead and one oxygen)

and w=223. Thus, substituting the required energy dose 1-10 eV/ atom and the deposition rate 20—

150 A/s into equations (3.1), (3.2), the ion current density should be in the range of ~ 0.3-3 mA/cm?,

provided the ion energy is in the range 25-100 eV.
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Chapter 3: Charge transport in poly-PbO

3.1. Hole transport in poly-PbO

This topic has been elaborated in the following publication: O. Semeniuk, G. Juska, J. -O.
Oelerich, M. Wiemer, S. D. Baranovskii & A. Reznik “Charge transport mechanism in lead oxide
revealed by CELIV technique”, published in Scientific Reports, Volume 6, Article number: 33359

(2016). The full text of the publication is listed below.
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Abstract

Although polycrystalline lead oxide (PbO) belongs to the most promising photoconductors for
optoelectronic and large area detectors applications, the charge transport mechanism in this
material still remains unclear. Combining the conventional time-of-flight and the photo-generated
charge extraction by linear increasing voltage (photo-CELIV) techniques, we investigate the
transport of holes which are shown to be the faster carriers in poly-PbO. Experimentally measured
temperature and electric field dependences of the hole mobility suggest a highly dispersive
transport. In order to analyze the transport features quantitatively, the theory of the photo-CELIV
is extended to account for the dispersive nature of charge transport. While in other materials with
dispersive transport the amount of dispersion usually depends on temperature, this is not the case
in poly-PbO, which evidences that dispersive transport is caused by the spatial inhomogeneity of

the material and not by the energy disorder.

Introduction

Non-crystalline materials are of great significance to a variety of applications since they offer a
low cost reliable technology combined with reproducible outcomes. This is, of course, true if these
materials achieve the desirable performance. Therefore, thorough study of material properties as
an input to technology optimizations is crucially needed and frequently opens new technological
horizons. One example is a-Si:H: by revealing a way to passivate dangling bonds in a-Si with
hydrogen, it opened a new era in large area electronics based on a-Si:H. Another example is
amorphous selenium (a-Se): inventing ways to stabilize a-Se against crystallization and improve
charge transport gave rise to a broad range of applications; from the first Xerox photocopiers, to
Vidicon pick-up tubes, and finally to the ultra-sensitive High-gain Avalanche Rushing (HARP) TV

cameras [1]. A natural transition to thick a-Se layers for adequate X-ray absorption resulted in a
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new generation of high-resolution direct conversion mammography detectors with a-Se layer as
the X-ray-to-charge transducer [2]. a-Se based detectors revolutionized X-ray medical imaging,
offering diagnostic capabilities in the mammographic energy range (around 20 keV), which was

not achievable by other commercial mammographic detectors [3].

Besides a-Se, there have been a number of other non-crystalline photoconductors, which have been
investigated for use as X-ray-to-charge convertors in X-ray detectors [4-18], although they are not
yet mature enough for commercial use [19]. Polycrystalline Lead Oxide (PbO) holds a special place
in this list since, similar to a-Se, it has been used previously in optical imaging, in so-called
Plumbicon video pick-up tubes. Due to the good photoconductive properties of PbO, Plumbicons
were used extensively in broadcast, fluoroscopy and digital subtraction angiography in conjunction
with an image intensifier. The wide band gap of PbO in combination with the high X-ray
absorption, low electron-hole pair creation energy [17, 18], and the absence of K absorption edges
up to 88 keV X-rays [19] makes polycrystalline PbO a good candidate to expand the advantages of
the direct conversion X-ray detection scheme over the fluoroscopic (around 70 keV) energy range

due to its much higher atomic number than in a-Se.

In 2005, Simon et al. evaluated the imaging performance of the first prototype of a direct
conversion flat panel imager with a thick (~300 um) layer of poly-PbO [18], which showed high
spatial resolution with an effective fill factor close to unity. However, it did not show the expected
high conversion efficiency and adequate temporal behavior for fluoroscopic applications. Thus,
optimization of PbO technology is required to make “detector grade” thick layers. This, in turn,
needs a comprehensive analysis of the electronic characteristics of the material in order to

understand the interplay between X-ray performance and material properties.
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Despite continuous interest in polycrystalline PbO since 1960’s, the mechanisms of charge carrier
transport and recombination — two major features to be used as a feedback for technology
optimization, have not yet been clarified. The data on charge carrier mobility has mostly been
obtained from single crystal materials. For example, Keezer et al. measured electron mobility, y,,
and mobility-lifetime product, u,.t., (Where 7, is the electron lifetime) of single crystals produced
by the hydrothermal technique. The corresponding values were reported to be: p, = 100 cm?/Vs,
UeTe = 10 cm?/V for tetragonal and p, = 50 cm?/Vs, u,t, = 4x10™* cm?/V for orthorhombic single
crystal PbO [20]. At the same time, Broek reported ut =2x 10 cm?/V for a tetragonal PbO crystal,
though the type of carrier was not specified [21]. For polycrystalline material, the reported data are
on the mobility-lifetime product only. Schottmiller measured ut to be ~ 10”7 cm?*/V and ~ 10~
cm?/V for tetragonal and orthorhombic phases of poly-PbO, respectively (the type of charge carrier
