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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-tocharge 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 HgI2, PbI2,
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 lag. 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 (aPbO). 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
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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 twodimensional 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.

1

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 Iodine (CsI) 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.
CsI 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 CsI 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 μR/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

3

replaced with pillar-like structures, shown in Fig. 1.3 c. 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.

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
4

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.

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.

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.

5

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,
𝑊± ;
❖ 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 ℃
[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 μm thick layer of a-Se
deposited directly on the active matrix of flat panel detectors with the 85 μm pixel pitch and ~24
cm × 30 cm field of view [11]. Such detectors normally operate under a constant electric field of
10 V/ μm 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
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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, 𝑙 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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CsI
10-2
CdTe
Si
PbI2
HgI2
a-Se 10-1
PbO

100

10
10

Photon energy [keV]

Attenuation ceofficient =1/l [m-1]

10-4

10000

100

Figure 1.6. Attenuation length 𝑙 is plotted as a function of X-ray energy.
As seen in Fig.1.6 𝑙 depends the X-ray energy and in order to absorb most of the incident 20
keV radiation, ~ 50 μm 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 (𝑁𝑎𝑏𝑠 = 𝑁𝑖𝑛𝑐 (1 − 𝑒 −𝑑/𝑙 ), where 𝑁𝑖𝑛𝑐 is the number of incident and 𝑁𝑎𝑏𝑠 is
7

number of absorbed photons in the thickness 𝑑 of material. 200 μm 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 Xray energy 𝜀 (𝑙 ~ 𝜀 𝑛 , where 𝑛 ≈ 3) and inversely correlated with the atomic number (𝑙~𝑍 −𝑚 ,
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 μm of a-Se absorbs only ~60 % of incident
X-rays at fluoroscopic energy ranges (~60-70 kVp), while CsI 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/μm, 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/μm, the 𝑊± ≈ 45 eV/ehp [15], which is
comparable to CsI indirect conversion detectors [16]. As a result, at the lowest fluoroscopic doses
a-Se direct FPDs suffer from the same problem as CsI indirect detectors: they are not quantum
noise limited. Therefore, for high X-ray energy applications (radiography, fluoroscopy) a-Se has
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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 PbI2, HgI2, CdTe, and PbO [1,17]. As shown
in Fig. 1.6 all these materials have a high attenuation coefficient (inverse of attenuation length 𝑙),
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 μm, which was enough for the absorption of optical photons [19].
During operation, the PbO layer was typically biased to 1-2 V/μm [20]. Shortly afterwards, X-ray
Plumbicons were also put into production. They were ~20 cm in diameter and utilized a thicker
150 μm 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 μm of PbO [18].
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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 μm layer polyPbO was thermally evaporated in a molecular oxygen atmosphere onto a “cardio”-sized TFT
substrate with an effective area of 18 × 20 cm2 and a 184 μm 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/ μm), 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/ μm reaches ~250 pA/mm2, whereas for medical imaging applications, the
detector dark current preferably should not exceed ~10-100 pA/mm2 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 𝑊± ≈ 10 eV/ehp) at 𝐹 = 3.5 V/ μm.
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 𝜇, lifetime 𝜏 and electric field 𝐹 i.e. 𝑠 = 𝜇𝜏𝐹. 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 𝜇𝜏
product in poly-PbO to be 4.4×10-7 cm2/V. For such a 𝜇𝜏 value and maximal applied electric field
𝐹 = 3.5 V/μm, the carrier schubweg 𝑠 = 154 μm, which is less than half the detector thickness
𝑑 = 340 μm, resulting in suboptimal and depth dependent charge collection efficiency.
Application of a higher electric field ~10 V/μm 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/μm [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/μm,
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 HgI2, PbI2,
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 HgI2, PbI2 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 HgI2, PbI2 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 (𝜇𝜏) in poly-PbO, which vary significantly. The wide scatter of the reported values is not
surprising since the lifetime 𝜏 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 𝜇 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 polyPbO. 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 polyPbO. 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 timedependent 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 𝜇𝜏: 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 aPbO. 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 CsI 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, PbO2, Pb2O3, Pb3O4,
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 6s2 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)2). 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 CO2 and H2O
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
Name
Crystal structure

Color

Band gap

formula

[eV]

PbO

litherage

tetragonal

red

1.9

PbO

massicot

orthorhombic

yellow

2.7

PbO2

𝛽-plattnerite

tetragonal (rutile)

dark brown

1.5

PbO2

𝛼-scrutinyite,

orthorhombic

dark reddish

1.4

PbO2-II
Pb2O3

Pb sesquioxide

monoclinic

black

1.4

Pb3O4

minium

tetragonal

bright red

2.1

monoclinic

dark

1.28

Pb12O19

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 α- modification and a yellow
orthorhombic 𝛽-form. In the literature, these two forms of PbO are frequently called litherage and
massicot, respectively. 𝛼-PbO is stable at room temperature and 𝛽-PbO is stable above 490 °C [2].
Even though 𝛽-PbO is metastable with respect to 𝛼-PbO at ambient conditions, the phase
transformation from 𝛽- to 𝛼- 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
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and quality of the PbO crystallites. Practically, it was found that oxygen deficit (or lead excess)
during sample fabrication, decreases the 𝛼- to 𝛽-PbO transition temperature to as low as ~350 °C
[11]. On the other hand, large single crystals of high quality 𝛼-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 ℃) in comparison to the substrate temperature
(~ 100 ℃). 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 (𝛼-PbO)
𝛼-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 = b = 0.3974 nm and c = 0.5021
nm with a 129 P4/nmm space group [2] (see Fig. 2.1). The planar symmetry of the 𝛼-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 2𝜃 = 28.82°, corresponding to the hkl line of the (011) plane and three smaller
peaks at 2𝜃 = 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 𝛼-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-1, while the peak at 306.4 cm-1 was not observed in the experimental
spectra [10,18,19].

Figure 2.1. Crystal structure of α-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 PbxOy.
Material
Crystal structure
Theoretically predicted frequency
α-PbO

Tetragonal

80.1// 144.8// 306.4// 338.5

Orthorhombic

57// 71// 89// 91// 147// 167// 216// 217// 255// 288//

[18]
β-PbO
[18]
PbO2

345// 390
Tetragonal (rutile)

222// 331// 390// 510// 648.5// 735.5

Orthorhombic

165// 226// 363// 430// 512.5// 619// 1239

Tetragonal

122// 149// 223// 313// 340// 390// 480// 548

[21]
PbO2
[22]
Pb3O4
[23,24]
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2.2.2. Crystal structure of orthorhombic PbO (𝛽-PbO)
𝛽-PbO also has a layered structure, but unlike 𝛼-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 × 0.2481 nm between the chains. At 300 K, the lattice parameters are a =
0.58931 nm, b = 0.47528 nm and c = 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 𝛼-phase [2].
The XRD spectrum of 𝛽-PbO is dominated by 2𝜃 = 29.03°, corresponding to hkl line of the
(111) planes, and three smaller peaks at 2𝜃 = 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 𝛼-PbO, however they
are separated enough to be distinguishable during spectrum processing [25].

Fig. 2.2. Crystal structure of β-PbO. Data has been reproduced from Fig. 2 of Ref. [2].

The Raman spectrum of 𝛽-PbO contains overall 12 peaks (see Table 2.2). 𝛽-PbO has a greater
number of phonon modes than 𝛼-phase due to the lower symmetry of the 𝛽- phase (the higher the
symmetry the lower number of vibrational modes). The most intense Raman peak observed
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experimentally on a powder sample appears at 143 cm-1 while another 5 peaks were observed at
52.5, 71.5, 87.5, 289.5 and 384.5 cm-1. Therefore, the most intense and narrow Raman peak of 𝛽PbO at 143 cm-1 is very close to 𝛼-PbO peak at 145.5 cm-1 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-1 for the orthorhombic and at 338 cm-1 for tetragonal PbO are well separated and can be
I (288)

clearly differentiated from the Raman spectrum. Therefore, their ratio of intensities 𝐼𝛽/𝛼 = Iβ (338)
𝛼

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 𝐼𝛽/𝛼 ≈ 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 𝐼𝛽/𝛼 = 0.1 – 0.5 [10].

2.2.3. Electronic properties of α- and 𝛽-PbO
𝛼-PbO and 𝛽-PbO are indirect band gap semiconductors with band gap energies of 1.9 and 2.7
eV for 𝛼-PbO and 𝛽-PbO, respectively. Several researchers have measured the binding energies of
the Pb 4f7/2 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 4f7/2/O 1s
energies to be 138.6 eV/529.7 eV and 138.2 eV/529.4 eV for 𝛼-PbO and 𝛽-PbO, respectively [2].
Kim et al. reported almost the same energies for the two phases: 137.9eV/527.8 eV for 𝛼-PbO and
137.9eV/527.7 eV for 𝛽-PbO [26]. Dai and Xu reported values of 137.4eV for the Pb 4f7/2 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 α-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 α-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 α-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 Γ 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 ( 𝑚ℎ∗ ) and electron ( 𝑚𝑒∗ ) effective masses in a single αPbO layer to be 38 𝑚0 and 0.46𝑚0 , respectively (where 𝑚0 is free electron rest mass). Stacking
layers together reduces the effective mass of the carriers (especially for holes) and makes their
values anisotropic, i.e. the hole effective mass along the ab plane (see Fig. 2.1) was found to be
∗
∗
∗
𝑚ℎ(𝑎)
= 𝑚ℎ(𝑏)
= 5.91𝑚0 and out-of-plane 𝑚ℎ(𝑐)
= 1.12𝑚0 . The electron effective mass is less
∗
∗
∗
anisotropic: 𝑚𝑒(𝑎)
= 𝑚𝑒(𝑏)
= 0.41𝑚0 and out-of-plane 𝑚𝑒(𝑐)
= 0.47𝑚0 [20].
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Figure 2.3. The band diagram of single layer and the bulk of α-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 EF 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 Γ-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].

30

Figure 2.4. The electron density of states in conduction band (a) and valence band (b) is shown
for α-PbO in bc-plane (see Fig. 2.1). The figure and captions were taken from Ref. [20].
The density of states calculations for stoichiometric α-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 VO ~ 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 VPb, 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 defectfree 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].

Figure 2.6. The formation energies of the defects for VO and VPb 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 VPb 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/

rate

temperature

coating area

[𝛍m/min]

[℃]

Single crystal

33-83

~870

~2 × 2 × 2 cm3

Single crystal

Not indicted

400

1x1x0.1 mm3

Electrochemical

Microcrystalline

~ 10

80

Coating area

method [33,34]

film

techniques

Czochralski
method [12]
Hydrothermal
method [32]

depends on the
anode size

Chemical

Poly-crystalline

vapor deposition

film

0.015

400-800

10 inch in
diameter

(CVD) [1,27]
PbO film *

~0.004

300

2.5 × 7.5 cm2

Laser assisted

Poly-crystalline

5-20

150-300

Not specified

deposition (LAD)

film

PbO film *

0.01-0.1

Not indicated

Not specified

Thermal vacuum

Poly-crystalline

~1

100

18 × 20 cm2

evaporation [4,8]

film

Spray pyrolysis
[35]

[36]
Sputter
deposition
[19,37]
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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 ×

20 cm [8].
3. In order to make the process cost efficient, the deposition rate should be not less

than ~0.5 μm/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 μm 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 μm
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 μm/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 𝑇 ∗ > 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 N2+ and O2+ 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
ionization, 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 = (Ion energy×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:

𝑖𝑖 =

𝑅𝑎 𝑒∈
𝜖𝑖𝑜𝑛

(2.1)

where 𝑒 is the elementary charge in Coulombs, ∈- is the energy dose in eV/atom, 𝜖𝑖𝑜𝑛 - is the gas
ion energy and 𝑅𝑎 -is evaporated atom arrival rate on the substrate in atoms/cm2 s. Atom arrival rate
is related to the deposition rate 𝑅𝑑 in Å/s by:

𝑅𝑎 =

10−8 𝑅𝑑 𝜌𝑁
1.6∗10−24 𝑤

(2.2)

where 𝜌- is the film density in g/cm3, 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 Å/s into equations (3.1), (3.2), the ion current density should be in the range of ~ 0.3–3 mA/cm2,
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.

47

Charge transport mechanism in lead oxide revealed by CELIV
technique
O. Semeniuk1*, G. Juska2, J. -O. Oelerich3, M. Wiemer3, S. D. Baranovskii3 and A. Reznik4
1. Chemistry and Material Science Program, Lakehead University, 955 Oliver Road, Thunder
Bay, ON, P7B 5E1
2. Department of Solid State Electronics, Vilnius University, Saulėtekio 9 III k., 10222
Vilnius, Lithuania
3. Faculty of Physics, Philipps University Marburg, Renthof 6, 35032 Marburg, Germany
4. Department of Physics, Lakehead University, 955 Oliver Road, Thunder Bay, ON, P7B
5E1

*e-mail: osemeniu@lakeheadu.ca

48

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 m) 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, 𝜇𝑒 ,
and mobility-lifetime product, 𝜇𝑒 𝜏𝑒 , (where 𝜏𝑒 is the electron lifetime) of single crystals produced
by the hydrothermal technique. The corresponding values were reported to be: 𝜇𝑒 = 100 cm2/Vs,
𝜇𝑒 𝜏𝑒 = 10 cm2/V for tetragonal and 𝜇𝑒 = 50 cm2/Vs, 𝜇𝑒 𝜏𝑒 = 4×10-4 cm2/V for orthorhombic single
crystal PbO [20]. At the same time, Broek reported μ𝜏 = 2×10-9 cm2/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 𝜇𝜏 to be ~ 10-7 cm2/V and ~ 10-9
cm2/V for tetragonal and orthorhombic phases of poly-PbO, respectively (the type of charge carrier
was not specified) [22]. Simon et al. reported 𝜇𝜏 = 4.4×10-7 cm2/V for evaporated layers containing
fractions of both phases [18]. Although the type of charge carrier in Ref [18] was not specified, the
experimental results presented there were later treated by Kabir, allowing him to derive the
mobility-lifetime products for electrons and holes, 𝜇𝑒 𝜏𝑒 = 3.5×10-7 cm2/V and 𝜇ℎ 𝜏ℎ ≈ 10-8 cm2/V,
respectively [23]. The wide scatter of the reported values is not surprising since the lifetime 𝜏
depends on the carrier concentration, which makes evaluation of this parameter very sensitive to
the measurement technique used. In contrast to the mobility-lifetime product, the carrier drift
mobility 𝜇 is an objective parameter to evaluate transport in any semiconductor. However, no direct
measurements of carrier mobility in polycrystalline PbO have been reported yet.
In the current manuscript, we provide a comprehensive analysis of the temperature and field
dependencies of the mobility of the most mobile charge carriers (holes) in polycrystalline PbO
using the conventional time-of-flight (TOF) [24] and photo- charge extraction by linear increasing
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voltage (photo-CELIV) [25] techniques. It appears that holes in poly-PbO conduct electrical
current in a dispersive regime, in which the carrier mobility is time-dependent and therefore it does
not have a universal value that could be treated as a characteristic one for the material. In order to
apply the CELIV technique in the case of the dispersive regime, it was necessary to extend the
CELIV theory to account for the dispersive nature of charge transport.
Results
Experimental data on charge transport by TOF
The typical TOF current transient for holes in the polycrystalline PbO is shown in Fig. 1a. A
featureless drop in the photocurrent indicates that transport occurs in the so-called dispersive mode,
for which the carrier mobility decreases in the course of time. Generally, the time dependencies of
the photocurrent (∆𝑖) for the dispersive transport mode are given by the following expression [26]:
∆𝑖(𝑡)~𝑡 −(1−𝛼) , 𝑡 < 𝑡𝑡𝑟
{
∆𝑖(𝑡)~𝑡 −(1+𝛼) , 𝑡 > 𝑡𝑡𝑟

,

(1)

where 𝑡𝑡𝑟 is the transit time of the carriers through the sample and 𝛼 – is the so-called dispersion
parameter. The values of 𝛼 usually vary for different materials between zero (the extreme case of
dispersion) and unity (non-dispersive transport). In order to determine 𝛼, we plot in the inset to
Fig. 1a the current transient in the double logarithmic scale: 𝛼 = 0.2 is found from the initial slope
of the signal indicating a very high degree of dispersion for transport of holes in PbO. It is, however,
not possible to check the 𝛼 value from the current decay at 𝑡 > 𝑡𝑡𝑟 since the exact inflection point
and the transit time 𝑡𝑡𝑟 is hard to determine even in the double logarithmic plot. Therefore, we have
chosen the photo-CELIV technique as an alternative to the TOF in order to check the value of 𝛼.
The theoretical support of the photo-CELIV technique has been developed so far only for the case
of a non-dispersive charge transport [25]. In the next section, we present our experimental results
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obtained by the photo-CELIV technique and in the subsequent section we develop a theory for the
photo-CELIV in the case of dispersive transport.

Figure 1. (a) TOF current transient measured at F=1 V/µm is plotted in linear scale. The inset
shows the current transient in double logarithmic scale. The TOF measurements were performed
with excitation wavelength of 355 nm. (b) CELIV current transients with and without
illumination for different polarities of applied voltage. Note: for both TOF and CELIV
measurements an excitation wavelength of 355 nm was used for near-surface photogeneration.

Experimental data on charge transport by photo-CELIV
The typical photo-CELIV signal measured with a strongly absorbed 355 nm light pulse is shown
in Fig. 1b. When positive polarity is applied to the illuminated electrode, a clear photo-peak is seen
on the CELIV trace and a photocurrent is attributed to the drift of photogenerated holes. The
photocurrent rises rapidly until the majority of mobile carriers have been extracted at 𝑡𝑝𝑒𝑎𝑘 , and
then drops precipitously. Please, note that the splash of a signal of reverse polarity after the carrier
extraction is due to the shape of the applied voltage pulse, which consists of a positive voltage ramp
(needed for carrier extraction) followed by symmetrical negative ramp that drives the signal below
the initial value.
When negative polarity is applied to the same illuminated electrode, only minor deviation from the
capacitive signal with no pronounced photo-peak is observed, suggesting that the duration of the
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experiment was insufficient to observe extraction of slow electrons at the applied electric fields.
Previously, it was shown that photo-CELIV with uniform volume absorption provides the most
accurate measurements of the mobility [27]. Therefore, strongly absorbed light (355 nm) was used
to determine the type of carriers, while a wavelength of 532 nm was used for mobility
measurements.
Analysis of photo-CELIV for dispersive transport
If charge carriers are generated in the entire volume of a sample, the total current is given by [25]:
𝑖(𝑡) = 𝑖0 + ∆𝑖 =

𝜀𝜀0 𝐴
𝑑

+ 𝑒𝑝𝑣𝑑𝑟 (𝑡)(1 −

𝑙(𝑡)
𝑑

)

(2)

where 𝑖0 is the capacitive component of the total current (equation (2) is applicable when ∆𝑖 < 𝑖0 ),
𝜀𝜀0 is the dielectric permittivity of the material, 𝑒 is the elementary charge, 𝑝 is the concentration
of carriers, 𝑣𝑑𝑟 is the drift velocity, 𝐴 = 𝑑𝑈/𝑑𝑡 is the slope of the voltage ramp and 𝑙(𝑡) is the
extraction depth that equals to:
𝑡

𝑙(𝑡) = ∫0 𝑣𝑑𝑟 (𝑡)𝑑𝑡

(3)

In the case of dispersive transport, the motion of the drifting packet of the photo-generated charge
slows down with time, resulting in the time dependent drift mobility:
𝜇(𝑡) = 𝐶𝑡 −(1−𝛼) ,
where 𝐶 is the time-independent coefficient. For a voltage that is linearly increasing with time, drift
velocity is given by:
𝑣𝑑𝑟 (𝑡) = 𝐶

𝐴𝑡 𝛼
𝑑

(4)
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According to equations (3) and (4), the extraction depth becomes dependent on 𝛼 as:

𝑙(𝑡) =

𝐶𝐴 𝑡 𝛼+1

.

(5)

𝑑 (𝛼+1)

Concomitantly, the time needed to reach the peak of the photocurrent, 𝑡𝑝𝑒𝑎𝑘 , also becomes
dependent on 𝛼. In order to find out this dependence, we substitute equations (4) and (5) into
equation (2) and determine 𝑡𝑝𝑒𝑎𝑘 by differentiating equation (2) over time and equating the result
to zero:

𝑒𝑝

𝛼−1
𝛼𝐶𝐴𝑡𝑝𝑒𝑎𝑘

− 𝑒𝑝

𝑑

2𝛼
(2𝛼+1)𝐶 2 𝐴2 𝑡𝑝𝑒𝑎𝑘

𝑑3

(𝛼+1)

(6)

=0

or:
1

𝑡𝑝𝑒𝑎𝑘 ~𝐴−1+𝛼 .

(7)

The carrier mobility is related to the peak position as:

𝜇(𝐹) = 𝜇 (

𝐴𝑡𝑝𝑒𝑎𝑘
𝑑

)=

𝛼(𝛼+1)

𝑑2

(8)

2
2𝛼+1 𝑡𝑝𝑒𝑎𝑘
𝐴

2

In the case of a non-dispersive transport equation (8) is transformed into 𝜇(𝐹) = 3 𝑡 2

𝑑2

𝑝𝑒𝑎𝑘 𝐴

in full

agreement with the previously suggested expression [25]. Equation (8) allowed us to calculate
𝜇ℎ (𝐹) using the measured dependence in the technically achievable range of electric fields (limited
by the system noise and the bandwidth of the signal generator).
In Fig. 2, 𝑡𝑝𝑒𝑎𝑘 is plotted as a function of 𝐴 for different temperatures between 233 K and 333 K.
In accordance with equation (7), the slope of 𝑙𝑜𝑔 (𝑡𝑝𝑒𝑎𝑘 ) vs 𝑙𝑜𝑔 (𝐴) curve yields the dispersion
parameter 𝛼 which is found to be 0.22. This is in perfect agreement with the value 𝛼 = 0.2
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determined above from the slope of the TOF signal. Remarkably, the slope in the 𝑡𝑝𝑒𝑎𝑘 (𝐴)
dependence shown in Fig. 2 is almost insensitive to the change in temperature, which evidently
shows that 𝛼 is temperature-independent. As shown in Fig. 3, mobility also does not demonstrate
any significant temperature dependence.
Numerous recent studies suggested that photo-CELIV and CELIV mobility calculations using
equations are not necessarily reliable unless combined with numerical simulations [28-31]. In our
work we do not implement numerical simulations so the question might arise on whether our
theoretical analysis is sufficiently accurate. It should be noted that numerical simulations have been
proven unavoidable when specific experimental conditions are not accounted for when using
traditional CELIV equations. Such conditions are: (i) charge carriers are generated close to the
surface by strongly absorbed light. This results in non-uniform charge carrier distribution through
the sample; (ii) the photocurrent (∆𝑖) exceeds the 𝑖0 , which is a capacitive component of the total
current 𝑖, thus redistributing the internal electric fields; (iii) the linearly increasing voltage is
comparable to the built-in barrier voltage on the electrode/semiconductor interface. In this case, a
fraction of applied voltage is used to overcome the built-in potential. An offset voltage must be
then used to compensate for this phenomenon, otherwise incorrect mobility values would be
obtained.
In our study, the charge carriers were generated by the uniform volume absorption, which was
shown to provide the most accurate measurements of the mobility [27]. At the same time, the light
intensity was carefully adjusted in such a way that the magnitude of the photocurrent ∆𝑖 did not
exceed the magnitude of the capacitive signal 𝑖0 (Fig. 1b), thus excluding the internal field
modulation [25]. Fig. 1b also shows that only capacitive signal is observed when sample is not
irradiated with light, indicating that the equilibrium carriers do not affect the photo peak
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measurements [25]. The total applied voltage to the sample was about 20 V, which is significantly
larger than the built-in barrier potential that is usually of the order of a volt. Therefore, only a
minimal effect (if any) of the barrier is expected on the measured results.
By comparison with the results of numerical simulations, Lorrmann et al. [28] have developed a
criterion for the validity of the simplified approach based on equations, as derived in the pioneering
papers for the CELIV technique. According to this criterion, equations without numerical
simulations are reliable if the dimensionless voltage slope 𝐴′ is larger than unity:
2𝜀 2 𝜀 2

𝐴′ = 𝑒 2 𝑑2 𝑝02 𝜇 𝐴 > 1.

(9)

Although criterion (9) has been suggested only for the case of equilibrium carriers [28], one might
try to use it for the case of photo-CELIV just for estimations. In order to make the estimates, one
should take into account that different mobility values shown in Fig. 3 were measured at different
A values shown in Fig. 2. For all our experiments, the maximum voltage bias has been kept constant
U = 10 V, while voltage pulse time was varied, providing different voltage ramps A. Therefore, for
each mobility measurement its own A has been set. For instance, μ = 6 × 10-2 cm2/Vs was measured
at A = 107 V/s, while μ = 2 × 10-2 cm2/Vs corresponds to A = 106 V/s, etc. Inserting these (A, )
values along with d = 5 μm, p = 5 × 1019 m-3, ε = 13 into criterion (9) one can claim, that the
criterion is fulfilled for A values between 104 and 107 V/s. For two lowest A values of 102 V/s and
103 V/s, the criterion (9) would be valid for μ smaller than 1.65 × 10-5 cm2/Vs and 1.65 × 10-4
cm2/Vs, respectively. As it is seen from Fig. 3, the corresponding measured mobilities are slightly
larger than these values, and one can only claim the fulfilling of criterion (9) by order of magnitude.
More theoretical study is necessary to develop a similar criterion for the case of non-equilibrium
carriers relevant to the photo-CELIV technique.
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Overall, the experiments were performed under conditions, which were shown to provide most
accurate values of mobility [25, 27]. Thus, uniformly absorbed light was used to generate carriers
and the illumination level was adjusted to provide the magnitude of the photocurrent lower than
the capacitive one. The measurements were repeated multiple times on different spots of the
samples, providing essentially the same result. Therefore, the only major source of uncertainties in
the mobility measurement is believed to come from how accurately the photo-peak position can be
determined. The latter is limited by the width of the CELIV signal at the photo peak. As seen from
Fig. 1b and Fig. 4, the peak position can be reasonably well defined within less than ±5% of the
𝑡𝑝𝑒𝑎𝑘 value. This results in relative uncertainty to be smaller than the symbol size in Figs. 2, 3.

Figure 2. Dependence of 𝑡𝑝𝑒𝑎𝑘 on voltage ramp 𝐴 for different temperatures. When plotted on
a log-log scale, 𝑡𝑝𝑒𝑎𝑘 shows linear dependence on 𝐴, with a slope, corresponding to 𝛼 = 0.22.
Note: uniformly absorbed light of 532 nm was used for 𝑡𝑝𝑒𝑎𝑘 measurements.
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Figure 3. Dependence of hole mobility on electric field for different temperatures. Hole mobility
tends to reach ~ 0.1 cm2/Vs at 𝐹 ~ 1 V/µm, while remaining almost temperature independent.

Experimental data on recombination of charge carriers
In order to investigate the recombination in PbO, measurements by the CELIV technique were
performed at different light intensities and delay times 𝑡𝑑𝑒𝑙 . Fig. 4 shows the magnitude of the
photocurrent ∆𝑖 as a function of the delay time at light intensity which allows ∆𝑖 to significantly
exceed the magnitude of the capacitive signal 𝑖0 .
The relatively low mobility value of carriers (𝜇ℎ ~ 0.1 cm2/Vs at 𝐹 = 1 V/µm) in poly-PbO suggests
that recombination of carriers occurs in the so-called Langevin mode [32, 33]. In the Langevin
mode, the recombination rate is limited by the time, which carriers need to meet in space, i.e.,
recombination is limited by the transport process. Juska et al. performed a detailed analysis of the
effect of recombination on the CELIV tracers, and showed that a photocurrent ∆𝑖 exceeding the
magnitude of the capacitive signal 𝑖0 (like the one demonstrated in Fig. 4) unambiguously indicates
that recombination is reduced in comparison to the conventional three-dimensional Langevin
recombination [29].
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Figure 4. Dependence of the total current 𝑖 and the photocurrent ∆𝑖 on the delay time tdel for the
excitation with the uniformly absorbed light of 532 nm. The photocurrent ∆𝑖 decreases with time
as carriers recombine.

Fig. 4 also allows to estimate hole lifetime 𝜏ℎ and mobility-lifetime product 𝜇ℎ 𝜏ℎ for our
experimental conditions. For this we calculated the density of the photogenerated holes p by
integrating the area under the photocurrents shown in Fig. 4 and subtracting the contribution of the
capacitive signal. The results are plotted in Fig. 5 as function of the delay time 𝑡𝑑𝑒𝑙 . As it is seen
from Fig. 5, the carrier density remains constant for ~ 30 µs. After this, p starts to decrease
gradually, indicating the beginning of the recombination process. Taking into account the reduced
Langevin recombination, we can assume that hole concentration depends on time as:
𝑝(𝑡) = 𝑝0 exp(− 𝜏

𝑡
)
ℎ (𝑝)

(10)

with the hole lifetime 𝜏ℎ (𝑝) that depends on the carriers’ concentration p. The concentrationdependent carrier lifetime is inherent to any bimolecular recombination including the reduced
Langevin one. Fitting our experimental results with the equation (10) in the vicinity of initial hole
concentration yields 𝜏ℎ ≈ 200 μs.
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Taking 𝜇ℎ ≈ 0.1 cm2/Vs at 𝐹 = 1 V/μm, one can deduce that 𝜇ℎ 𝜏ℎ = 2×10-5 cm2/V at the carrier
concentration ~ 5 × 1013 cm-3. It should be noted, that in the disordered materials with bimolecular
type of recombination, lifetime depends on carrier concentration and mobility. In such, carrier
lifetime should not be considered as a material parameter [34]. In contrast, 𝜏 is a characteristic of
a device or experimental conditions [34] and hence it is reported here in conjunction with the hole
concentration 𝑝.
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Figure 5. Photogenerated carrier density is plotted as a function of delay time 𝑡𝑑𝑒𝑙 .

Discussion
The hole mobility obtained from CELIV measurements depends strongly on the electric field and
tend to reach ~ 0.1 cm2/Vs at comparatively low 𝐹 = 1 V/µm; electrons were found to be much
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slower carriers and did not contribute to the signal within the time scale of the performed
measurements (see Fig. 1b). Remarkably, the hole mobility in PbO is similar to that in a-Se at room
temperature, the only photoconductor, which is currently used commercially in direct conversion
mammographic X-ray detectors. However, even though the carrier mobility values in these two
materials are comparable, the transport mechanisms in a-Se and in PbO are of a fundamentally
different nature. In a-Se, the hole mobility depends strongly on both the electric field 𝐹 and the
temperature 𝑇. Conduction in a-Se occurs in the frame of the so-called multiple trapping (MT)
model, in which carriers move via extended states above the mobility edge, being trapped into and
released from the localized states in the band tail of the valence band. Hole transport is dispersive
at low temperatures only, and turns non-dispersive at room temperature [26]. The dispersion
observed at low temperatures is due to the multiple trapping into energetically distributed trapping
states [35].
The most comprehensive and prominent mathematical description of the dispersive transport is
based on the model of a continuous random walk of a charge carrier in a disordered material [36].
According to this picture, a carrier will be confronted with successively more and more difficult
transitions in the course of its random motion, which would slow down the motion continuously,
as described phenomenologically by equation (1). A microscopic transport mechanism behind this
phenomenological treatment is to be clarified in each particular case depending on the
experimentally observed features [32]. As has been shown by Pollak [37], the broad dispersion of
transit times requires traps, which catch charge carriers within times much shorter than those
needed to release carriers out of these traps. This can be reached in a system with a sufficiently
broad energy distribution of traps since carriers can be trapped rapidly from the transport states
into energetically deep traps where they spend a long time before they are released back into
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transport states. Energy disorder has been identified in numerous organic (polymers) and inorganic
(a-Si:H and a-Se) disordered materials as being responsible for the dispersive nature of charge
transport. The energy distribution of traps in these materials leads to the broad distribution of the
release times due to the exponential dependence of the release time on the trap energy [37]. As a
result, mobility becomes temperature dependent.
In contrast, in the case of PbO, the hole mobility does not change significantly with 𝑇, while still
depends strongly on 𝐹 (see Fig. 2, 3). This temperature-independent behavior of the hole mobility
rules out the MT as a possible transport mechanism in PbO. Indeed, if energy disorder would be
responsible for charge transport providing, for instance, traps with energies below those
corresponding to the transport path, rising 𝑇 would enhance the release of carriers from the traps
to the transport states and, concomitantly, it would increase the carrier mobility.
The same conclusion on the irrelevance of energy disorder for transport of holes in PbO can be
reached by taking into account the observed independence of the dispersion parameter 𝛼 on
temperature 𝑇. If energy disorder is responsible for the dispersive nature of charge transport, the
dispersion parameter α should be dependent on temperature [35, 37]. Therefore, the evidenced
independence of the dispersion parameter 𝛼 on temperature in PbO in our study rules out energy
disorder as a possible cause for the dispersive behavior of the hole mobility in this material.
In order to account for this temperature-independent dispersion parameter 𝛼, one should then
search for mechanisms based on spatial disorder. In contrast to the assumption by Scher and
Montroll [36], hopping of carriers via randomly distributed isoenergetic sites would not lead to the
broad dispersion of transient times at low electric fields, since carriers can always leave the traps
as fast as they are captured [37]. At high electric fields, the situation is changed because the high
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electric field prevents the release of carriers backwards with respect to the field direction and
herewith restricts the random walk. If charge carriers cannot leave the areas, in which they are
trapped by material inhomogenieties at the time scale of capture processes, the charge transport
can become dispersive, with the dispersion parameter independent of 𝑇.
Highly dispersive hole transport can be linked to the peculiarities of the polycrystalline structure
of PbO layers. As it is seen in Fig. 6, the layer is a porous network of separate PbO platelets. Similar
structure was previously repeatedly observed [17, 18, 21, 22, 38] indicating a highly reproducible
PbO thermal deposition process. It is believed that, at the mesoscopic level, each platelet consists
of weakly coupled Pb-O layers characterized by highly anisotropic hole transport [39 and
references therein]. At this point, we can only speculate that a very unusual structural configuration
of poly-PbO provides spatial inhomogeneity, responsible for highly dispersive hole transport. The
inhomogeneous structure of the material could also be responsible for the observed reduced carrier
recombination, compared with that in spatially homogeneous systems.
We would like to mention, that due to the requirements of large area deposition all photoconductors
that have been investigated for use in direct conversion medical imaging detectors, have disordered
structures. In addition to a-Se and PbO, selected examples are: polycrystalline layers of PbI2 [40],
HgI2 [14] and CdZnTe [41]. All of them exhibit dispersive transport that is typical for disordered
materials. Regardless of its nature (whether this is energy or spatial disorder that causes dispersion),
dispersive transport is trap-limited and is characterized by low drift mobilities. As a result, the drift
mobility × lifetime product, 𝜇𝜏, can be insufficient, causing the distance drifted by the carrier
before it is trapped or recombined (the so-called carrier schubweg 𝑠 = 𝜇𝜏𝐹) to be shorter than the
thickness of the photoconductive layer at practical electric fields. This results in incomplete charge
collection, loss of detector sensitivity [42-45], degradation of signal-to-noise ratio and image blur
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[19, 23]. Trapped charge will be eventually collected, though this contributes to the undesired
image lag and deteriorates temporal performance. The above problems, however, do not mean that
low mobility materials with dispersive transport cannot be used in imaging. A plausible approach
to achieve “detector grade” polycrystalline photoconductor is to improve a carrier schubweg, by
increasing the applied electric field while reducing dark current. This, in turn, requires development
of special blocking contacts similar to how this was done for a-Se [1]. In such an approach, the
fundamental problem of low mobility dispersive transport can be bypassed. Once schubweg
exceeds the layer thickness, the X-ray generated charge is successfully collected, thus making a
material suitable for applications in X-ray imaging. As for the particular case of the polycrystalline
PbO, the strong dependence of hole drift mobility on the applied field facilitates the task of
improving schubweg since it increases with 𝐹 rapidly.
Our findings suggest a new direction towards optimization of the PbO technology, which has
previously been focused on the improvement of the layer stoichiometry to increase mobility and
𝜇𝜏. The latter approach may not be worth the effort since transport seems to be governed by spatial
inhomogeneity of the PbO network, which is inherent to this material, rather than by a structure
within a platelet.
Methods
PbO layers were prepared from a high grade (5N) PbO powder using a thermal vacuum evaporation
technique as reported elsewhere [17, 18]. The deposition takes place in the atmosphere of molecular
oxygen at the partial pressure of ~4×10-3 mbar. The PbO vapor condenses on ITO covered glasses
in a form of platelets, which are several microns in diameter and about a hundred nanometers thick.
The scanning electron micrograph of the grown layer is shown in Fig. 6. For mobility
measurements, a metal contact (Au) 2 mm in diameter is deposited ex-situ on the PbO surface in a
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different vacuum chamber. All experiments were performed on PbO layers with the thickness 𝑑 =
5 μm.
The hole drift mobility, transport mechanism and recombination were characterized by
conventional time-of-flight (TOF) and photo-CELIV measurements. TOF is known to be one of
the major tools for direct determination of the charge transport mechanism [24]. In this technique
charge carriers are generated by strongly absorbed light and their drift through the sample is caused
by the external constant electric field. Since carriers are generated close to a sample surface,
polarity of the applied bias governs the type of moving carriers. Carrier transit time, 𝑡𝑡𝑟 , is
determined from the characteristic kink of the quasi-rectangular current transients. However, in
non-crystalline materials with dispersive carrier transport, the shape of the current transient often
deviates significantly from the ideal rectangular shape, making it difficult to measure carrier transit
times.

Figure 6. The SEM picture of the grown PbO layer.

Charge extraction by linear increasing voltage (photo-CELIV) has been proposed to overcome the
problems associated with TOF measurements [25]. In photo-CELIV, charge carriers are photogenerated in unbiased sample. After a preset delay time, a linearly increasing voltage ramp is
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applied to the sample in order to extract the photo-generated charge. As voltage increases, more
carriers are extracted and the photocurrent rises. Once most of the carriers have been collected, the
photocurrent decays. Mobility is derived from the time (𝑡𝑝𝑒𝑎𝑘 ) needed to reach the peak of the
photocurrent. The typical TOF and photo-CELIV experimental apparatuses are shown in Fig. 7a
and Fig. 7b, respectively. For the TOF measurements, the charge carriers were generated by 35 ps
laser pulses with the wavelength of 355 nm, while a constant bias was applied to the sample. The
sample was irradiated from the ITO side, to which positive polarity was applied. For the photoCELIV measurements, excitation wavelengths of 355 nm and 532 nm were used. For 355 nm, the
attenuation depth in PbO is ~ 0.2 μm (i.e., light is absorbed close to the sample surface), while for
532 nm, the attenuation depth is ~17 μm [38], which provides uniform absorption for the sample
thickness 𝑑 = 5 μm. In order to investigate the temperature dependencies of the carrier mobility,
the sample was placed in a cooling-heating stage, which allowed precise temperature control over
a wide temperature range.

Figure 7. Schematic representation of the TOF (a) and photo-CELIV (b) apparatuses. The voltage
from the generator was applied to the sample through the ITO contact. The signal was read out
from the top (Au) contact and observed as a voltage drop on the oscilloscope resistance 𝑅.
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3. 2. Electron transport in poly-PbO
This topic has been elaborated in the following publication: O. Semeniuk, G. Juska, J. -O.
Oelerich, S. D. Baranovskii & A. Reznik “Transport of electrons in Lead Oxide studied by CELIV
technique”, published in Journal of Physics D: Applied Physics, Volume 50, Issue 3, 035103
(2016). The full text of the publication is listed below.
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Abstract
Although polycrystalline lead oxide (PbO) has a long history of applications in optoelectronics
and imaging, the transport mechanism for electrons in this material has not yet been clarified. Using
the photo-generated charge extraction by linear increasing voltage (photo-CELIV) technique, we
provide the temperature- and field-dependences of the electron mobility in poly-PbO. It is found
that electrons undergo dispersive transport, i.e. their mobility decreases in the course of time.
Multiple trapping of electrons from the conduction band into the developed band tail is revealed as
dominant transport mechanism. This differs dramatically from the dispersive transport of holes in
the same material, dominated by topological factors and not by energy disorder.

1. Introduction
Polycrystalline Lead Oxides (PbO) is of high interest for numerous applications including large
area photovoltaic [1] and photodetecting devices [2-7]. Several reports are available, which
describe the crystalline structure, bonding and the photoconducting behavior of different lead
oxides [5,8-17]. However, the transport properties of electrons in poly-PbO are not yet clarified,
although these properties are decisive for practical utilization of the material. Only recently the
features of hole transport in poly-PbO has been revealed [18]. The hole mobility was reported to
be ~ 0.1 cm2/Vs, which is comparable to that of a-Se – the only commercial competitor to PbO for
use in direct conversion X-ray medical imaging detectors. It was shown that hole transport is highly
dispersive, which is attributed to spatial inhomogeneity of the PbO layers [18]. As for the electron
transport, to the best of our knowledge, the only available data are on the mobility-lifetime (𝜇𝑒 𝜏𝑒 )
product, derived from the X-ray-generated current [3] or from the photoconductivity measurements
[5,8]. It should be noted that the published results on 𝜇𝑒 𝜏𝑒 scatter significantly. This is not
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surprising since the photocarrier lifetime 𝜏 in disordered structures is not a material parameter but
rather a characteristic of a device and it can vary significantly depending on the experimental
conditions and the experimental technique used [19]. It is well established now that objective
characterization of transport properties requires direct measurements of the carrier drift mobility
𝜇. However, in disordered structures the precise mobility evaluation is very challenging [19].
Indeed, the time-of-flight (TOF) technique, known as the major tool for direct measurements of
the carrier mobility in wide band-gap photoconductors [20] was proven inefficient [18] to study
the transport properties of holes in poly-PbO. This is due to the dispersive nature of hole transport
[18], that blurs a packet of photo-generated carriers so that transit time (the basis for the mobility
measurement in TOF technique) cannot be measured. Therefore, other experimental methods than
the TOF technique should be searched for in order to investigate charge transport in disordered
materials.
In the early 2000’s, an alternative to TOF technique called charge extraction by linearly
increasing voltage (CELIV) has been proposed [21]. We have recently extended CELIV theory to
account for the dispersive transport and showed on the example of holes in PbO, that photo-CELIV
provides a reliable tool for measuring mobilities in highly dispersive media [18]. In the current
manuscript, we apply this method to study electron transport in PbO in a wide range of temperatures
and electric fields.

2. Methods
2.1.

Sample preparation

The poly-PbO layers were prepared by conventional thermal evaporation technique as
described elsewhere [2,3,9]. The pure (5N) PbO powder was evaporated from the Pt crucible at
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~1000-1100 °C in the atmosphere of molecular oxygen. The evaporated particles of PbO condense
on the ITO covered glass substrate kept at ~ 100 °C. This provides the growth rate of ~ 1 μm/min.
PbO layers with thickness 𝑑 = 5 μm were used in our experiments. A top Au contact ~200 nm thick
was deposited ex situ in the dedicated chamber.
The poly-PbO films grow in a form of platelets, which are about a micron in diameter and about
fifty nanometers thick [3]. The platelets are oriented mainly parallel to the growth direction and
are randomly arranged within a plane. As a result, the structure has high porosity of ~50 %. The
scanning electron micrograph of the grown layer is shown in figure 1. Raman spectroscopy
indicates that the platelets are composed of the highly crystalline material with predominance of
tetragonal phase in the bulk [17].

Figure 1. The scanning electron micrograph of the of the poly-PbO layer.

2.2.

Experimental techniques
78

The electron drift mobility and the transport mechanism were characterized by a photo-CELIV
technique. In photo-CELIV, a light pulse is used to generate charge carriers in an unbiased sample.
Subsequently, in order to extract the photo-generated carriers, a linearly increasing voltage is
applied to the sample. As applied voltage increases, the photocurrent rises as more carriers are
extracted. At the end of the extraction, when most carriers have been collected, the photocurrent
decays. The carrier mobility is derived from the time of the peak photocurrent 𝑡𝑝𝑒𝑎𝑘 . The typical
photo-CELIV experimental apparatus is shown in figure 2. For the photo-CELIV measurements
the charge carriers were generated by 35 ps laser pulses with the excitation wavelength of 532 nm
that provided uniform absorption. Indeed, for wavelength of 532 nm the attenuation depth in polyPbO is ~ 17 𝜇m [7]. Thus, when the sample was irradiated form the ITO side, the charge carriers
were uniformly photo-generated throughout the sample, as required for accurate CELIV results
[22]. The linearly increasing voltage ramp 𝐴 = 𝑑𝑈/𝑑𝑡 was applied to ITO contact via the generator
Tektronix AFG3022C and amplifier Tegam 2340. The range of voltage ramp 𝐴 between 5 × 105
to 2 × 108 V/s was selected to observe the extraction of slow electrons. Such range of 𝐴 was
obtained by fixing the applied voltage to 𝑈=200 V and varying the voltage pulse duration between
4 × 10−4 to 1× 10−6 s. The photocurrent transients were observed on the oscilloscope Tektronix
TDS 2024C. All measurements were performed with the positive polarity applied to the ITO.
Reversing polarity, i.e. application of negative polarity on ITO, did not affect the extraction of
photo-generated charge carriers. On the other hand, reverse polarity resulted in strong increase of
the dark current, which diminished the visibility of CELIV photo-peak and thus was not practical
for characterization of transport properties. In order to investigate the temperature dependences of
the carrier mobility, the sample was placed in a LINKAM LTS350 cooling-heating stage, which
allowed a precise temperature stabilization and control in a wide temperature range.
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Figure 2. Schematic representation of the photo-CELIV.

3. Results
The typical photo-CELIV signal is shown in figure 3. When uniformly absorbed light is used,
two CELIV photo peaks are observed. Initially, the photocurrent rises rapidly until most of faster
carriers have been extracted. After this, photocurrent starts to decay. As electric field further
increases, the extraction of slower carrier begins and photocurrent rises again. Once most of the
slower carriers have been extracted, the photocurrent drops, approaching the value of the capacitive
signal.
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Figure 3. Photo-CELIV signal corresponding to extraction of photo-generated charge carriers.

Previously it was shown that holes are faster carriers in poly-PbO [18]. Thus, the first peak of
the photocurrent is caused by the drift of holes, and the second peak is related to slower electrons.
For the chosen range of 𝐴, the extraction of holes occurs at the begging of the voltage ramp (i.e. at
low applied voltages) and terminates well before the beginning of the electron extraction.
Therefore, extraction of holes is separated from the extraction of slow electrons and these two
processes do not interfere.
According to Ref [18] in the case of dispersive transport when carriers are photo-generated in
the bulk of the sample, the mobility can be derived as:
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𝜇=

𝑎(𝑎+1)

𝑑2

2𝑎+1

2
𝑡𝑝𝑒𝑎𝑘
𝐴

,

(1)

where dispersive parameter 𝛼 is calculated from the dependence of 𝑡𝑝𝑒𝑎𝑘 on voltage ramp 𝐴 [18]:
1

𝑡𝑝𝑒𝑎𝑘 ~𝐴−1+𝑎 ,

(2)

In order to elucidate the transport mechanism for electrons in poly-PbO, the measurements
were performed at different temperatures between 243 K and 363 K. In figure 4, 𝑡𝑝𝑒𝑎𝑘 is plotted as
a function of the voltage ramp 𝐴. In accord with equation (2), if plotted in the double logarithmic
scale, the slope of log (𝑡𝑝𝑒𝑎𝑘 ) vs log (𝐴) curve yields the dispersion parameter 𝛼. The inset in figure
4 shows that 𝛼 changes linearly with temperature from ~ 0.2 at 243 K to ~ 0.9 at 363 K.
The electron mobility is calculated from 𝑡𝑝𝑒𝑎𝑘 according to equation (1) and is plotted in figure
5 as a function of applied field (𝐹) for different temperatures. As seen from figure 5, the electron
mobility strongly depends on both 𝐹 and 𝑇: the lower the temperature, the more pronounced is the
field dependence. At the same time, a stronger temperature dependence is observed at lower applied
electric fields: at comparatively low 𝐹 = 10 V/μm the change in temperature by 100 K alters the
mobility by more than two orders of magnitude.
The electron mobility follows Arrhenius dependence for all electric fields used in our
experiments. For the selected field 𝐹 = 20 V/μm the electron mobility, plotted as a function of
inverse temperature, is shown in figure 6. It follows Arrhenius dependence yielding activation
energy 𝐸𝑎 = 0.45 eV.
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Figure 4. 𝑡𝑝𝑒𝑎𝑘 is plotted for different temperatures 𝑇 as a function of voltage ramp 𝐴.

Figure 5. Electron mobility is plotted for different temperatures as a function of applied electric
field. Since in CELIV technique the electric field changes with time, mobility values were
𝐴∙𝑡
calculated for electric field 𝐹, determined from the voltage ramp 𝐴 and 𝑡𝑝𝑒𝑎𝑘 as: 𝐹 = 𝑝𝑒𝑎𝑘
. The
𝑑
size of the symbols reflects the error bars due to the mobility variation as a result of surface
roughness (the surface roughness is ~400 nm for 5 μm thick poly-PbO sample).
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4. Discussion
The Arrhenius temperature dependence of the electron mobility along with its low values, high
activation energy and the dispersive nature of the charge transport points at the multiple-trapping
(MT) mechanism as responsible for transport of electrons in poly-PbO. The MT model has been
developed to describe charge transport in disordered materials, such as chalcogenide glasses and
amorphous silicon [23-26], which possess a mobility edge, i.e., the energy level that separates
extended states with rather high carrier mobility from the localized states, which can be considered
as traps. The latter states form the so-called band tail in the mobility gap. In the MT model, a charge
carrier moves with a microscopic mobility 𝜇0 only via delocalized states with energies above the
mobility edge. This motion is interrupted by trapping into localized tail states with subsequent
activation of the carriers back into the conducting states above the mobility edge. As a result,
overall carrier transit is characterized by the effective drift mobility µ that in the case of local
trapping level depends on trapping and release times as:
𝜇 = 𝜇0 𝜏

𝜏𝑓𝑟𝑒𝑒
𝑡𝑟𝑎𝑝 +𝜏𝑓𝑟𝑒𝑒

where 𝜏𝑓𝑟𝑒𝑒 is a trapping time, and 𝜏𝑡𝑟𝑎𝑝 is a temperature-dependent release time: 𝜏𝑡𝑟𝑎𝑝 ~𝑒

(3)
𝐸𝑎⁄
𝑘𝑇 ,

that provides Arrhenius behavior for the drift mobility described by equation (3), when 𝜏𝑡𝑟𝑎𝑝 ≫
𝜏𝑓𝑟𝑒𝑒 .
MT model has been described in the literature in all details by semi-phenomenological
approaches [27,28] as well as by exact analytical equations for various shapes of the energy
spectrum in the band tail under equilibrium and non-equilibrium conditions [29-31].
Assuming MT as the dominant mechanism for electron transport, we extrapolated mobility
values shown in figure 5 to zero field, and re-plotted in figure 6 thus obtaining the electron drift
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mobility 𝜇 as a function of inverse temperature. It follows the Arrhenius dependence with larger
activation energy 𝐸𝑎0 = 0.55 eV than that for the drift mobility at 𝐹 = 20 V/μm (𝐸𝑎 = 0.45 eV).

Figure 6. Mobility of electrons as a function of temperature for selected electric fields: 𝐹 = 20
V/μm and estimated for 𝐹 = 0.
For the exponential distribution of traps in the band tail with characteristic energy scale 𝐸0 ,
𝐸

𝑁(𝐸) = 𝑁0 𝑒𝑥𝑝(− 𝐸 ),
0

(4)

the MT model predicts the temperature dependence of the dispersion parameter  in the form
[27,28]:

 = 𝑘𝑇/𝐸0 .

(5)

If such temperature dependence of the dispersion parameter  was observed, this would allow
one to estimate 𝐸0 and subsequently the density of states below the conduction band edge. The
insert to figure 4 evidences a strong temperature dependence of , though not literally in the form
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of equation (5). Such a steep temperature dependence of the dispersion parameter is often observed
in disordered materials, in which charge transport is dominated by multiple trapping of carriers into
the band tail states [26]. According to numerical simulations, this behavior suggests that real
materials often possess some significant structure in the energy distribution of localized states,
rather than containing a featureless tail of traps [26]. We do not want to speculate here about the
diagnostics of the density of states in the band tail and restrict our message to the claim that the
strong temperature dependence of the electron mobility along with the dispersive nature of charge
transport characterized by the temperature-dependent dispersion parameter  point at the
dominating role of the energy disorder for electron transport and concomitantly at the multiple
trapping mechanism as the most probable model to account for the observed transport features.
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 recently by photo-CELIV
technique [18]. While transport of holes has also a dispersive nature with mobility decreasing in
the course of time, the characteristic features of the hole transport in poly-PbO are essentially
temperature-independent [18]. This means that the mobility dispersion for holes is not related to
the energy disorder but rather is caused by topological factors [18]. On the contrary, electron
mobility is conditioned by the energy disorder as evidenced by the strong temperature dependence
of the electron mobility (figure 5) and that of the dispersion parameter (inset to figure 4).

5. Conclusions
Mobility of electrons in poly-PbO has been studied experimentally using the photo-CELIV
technique. Arrhenius temperature dependence of the carrier mobility along with the dispersive
nature of the charge transport characterized by the temperature-dependent dispersion parameter
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evidences the multiple-trapping mechanism as responsible for transport of electrons in poly-PbO.
Electrons move via delocalized state above the mobility edge being trapped into and released from
the traps in the band tail below the mobility edge.
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Chapter 4: Investigation of structural properties of PbO
layers
This topic has been elaborated in the following publication: O. Semeniuk, A. Csik, S.
Kökényesi & A. Reznik “Ion-Assisted Deposition of Amorphous PbO Layers”, published in
Journal of Materials Science, Volume 52, Issue 13, pp. 7937–7946 (2017). The full text of the
publication is listed below.
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Abstract
Lead oxide (PbO) is one of the most promising materials for application in direct conversion
medical imaging X-ray detectors. Despite its high potential, conventional polycrystalline PbO
layers deposited with the basic thermal evaporation method are not yet mature for practical use in
x-ray imaging; indeed, they are highly porous, unstable at ambient conditions, and substoichiometric. In order to combat the above issues with PbO, we advance the basic evaporation
process with simultaneous energetic ion bombardment of the growing film. We show that tuning
the ion-assisted thermal deposition not only solves the structural problems of poly-PbO, but also
enables the growth of a new non-crystalline polymorphic form of the material - amorphous PbO
(a-PbO). In contrast to poly-PbO, novel a-PbO layers grown by ion-assisted thermal deposition are
stable at ambient conditions. Structural and morphological analysis confirms that a-PbO is
stoichiometric and free of detectable voids, which suggests higher bulk X-ray stopping power than
porous poly-PbO.

Keywords: Oxide-film growth kinetics, phase transformation, polycrystals, amorphous.

Introduction
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
this purpose, since it has high stopping power due to high atomic number of Pb and has high
theoretical X-ray-to-charge conversion gain. In addition, poly-PbO room temperature deposition
technology allows the deposition of a thick photoconductive layer directly on any imaging
electronics, thus permitting a custom PbO detector design to fit the requirements of a variety of
clinical applications.
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Conventional poly-PbO layers are deposited by basic thermal evaporation in the
atmosphere of molecular oxygen from a crucible loaded with high purity PbO powder and heated
above PbO melting temperature 𝑇𝑚𝑒𝑙𝑡 ~890 °C [1]. For use in the direct conversion x-ray detectors,
the PbO layer has to be deposited on a substrate containing image read-out electronics [2]. In this
case the substrate temperature is maintained at 𝑇𝑠𝑢𝑏 ~100 °C as dictated by thermal tolerance of
the majority of commercial read-out electronics [3]. The large mismatch between the substrate
temperatures 𝑇𝑠𝑢𝑏 and the melting temperature of PbO 𝑇𝑚𝑒𝑙𝑡 results in low packing density and
high porosity of grown layers [4,5]: the density of as-grown poly-PbO layers is much lower than
that of a crystalline material (up to 50 % of single crystal density), which significantly decreases
the X-ray attenuation of the grown film. A typical poly-PbO layer is composed of randomly
oriented platelets about one micron in diameter and one hundred nanometers thick and exhibits a
rough surface morphology [1,6]. The grown PbO films are known to consist of two different
crystallographic phases of PbO: the seeding layer, several microns thick, is formed by the yellow
orthorhombic 𝛽-PbO, while the bulk of the layer grows predominately as a red tetragonal lead
oxide (𝛼-PbO), however, 𝛽-PbO is also present in the bulk [7]. In addition, the grown layers are
substoichiometric with a deficit of oxygen [8-10]. The latter is due to the low formation energy of
oxygen vacancies [10,11] which can act as charge trapping centers – a highly undesirable feature
for any detector material. Poly-PbO layers are unstable in air and transform into Hyrdo Cerrusite
under ambient conditions [12].
Suboptimal packing density, poor sample stability and oxygen deficiency are well known
problems of many oxides deposited with basic thermal or electron beam evaporation techniques.
These issues were successfully combated by means of simultaneous bombardment of growing film
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with energetic ions. Here, a practical and easy to implement way of obtaining energetic ions is by
utilization of a specially designed ion source during the deposition process [4,13].
The ion assisted depositions have proven to be a versatile tool for solving a broad range of
material science challenges. Initially this method was employed to improve the basic properties of
metal oxides, including packing density [14-17] and stoichiometry [18,19]. Nowadays, ion assisted
deposition is successfully applied to advance the growth of organic transistors and polymers-based
electronic devices [20-22]. In addition, ion assisted deposition is used as an alternative to high
pressure and/or high temperature deposition technique of crystalline and epitaxial materials
[23,24].
Motivated by the success of ion-assisted deposition to improve structure and stability of
other materials, we applied this technique to PbO layers growth. The structural characterization
performed with Raman spectroscopy, X-ray diffraction (XRD) and X-ray Photoelectron
Spectroscopy (XPS), and morphological examinations with Scanning Electron Microscopy (SEM)
revealed a new polymorphic form of PbO – an amorphous (a-PbO) material that appeared to be
dense and stable at ambient conditions. a-PbO samples are free of voids, possess bulk packing
density, and have perfect stoichiometry throughout the film thickness as will be shown below.

Materials and Methods
Polycrystalline PbO (poly-PbO) sample preparation
Poly-PbO layers were prepared by conventional thermal evaporation of PbO powder as shown
in Fig. 1 (a). A Pt crucible, containing pure (5N) PbO powder obtained commercially from
Chemsavers, is loaded into the furnace (evaporation source) of the vacuum chamber. Typically, the
evaporation takes place at temperature ~1000 °C which provides a growth rate ~1 μm/min. The
evaporated particles of PbO (vapor stream) condense on the rotating substrate that is kept at ~ 100°
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C. In order to improve the layer stoichiometry, the deposition takes place under ~0.2 Pa background
pressure of high purity molecular oxygen, which is directly supplied to the vacuum chamber [1,11].

Amorphous PbO (a-PbO) sample preparation
a-PbO layers were prepared by thermal evaporation with low energy oxygen ion bombardment.
The key difference from the conventional deposition described above, is that the deposition takes
place in the atmosphere of ionized oxygen, instead of molecular oxygen. This is achieved by
running molecular oxygen through an ion source placed at ~10 cm below the substrate holder with
a beam incidence angle of ∼45° to the normal of the substrate as shown in Fig. 1 (b). In our system,
the ion source utilizes a hot filament to produce electrons. Electrons are accelerated by the applied
electric field which is towards the anode of the ion source where they bombard O2 introduced into
the ion source body, producing oxygen ions [18]. The ion source allows for independent control of
oxygen ion energy and ion flux (ion current density), required to achieve the desired structural
modifications of a growing layer. Thus, during the typical ion assisted deposition, the ion energy
was between 40-60 eV, while the ion flux was ~0.2 mA/cm2. The substrate and evaporation source
temperatures were similar to those of the conventional thermal evaporation, resulting in the
deposition rate of a-PbO ~ 0.4 μm/min.
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Figure 1 (a) Schematic description of the conventional deposition process. Process gas (oxygen)
is supplied directly to the chamber. (b) Schematic description of advanced deposition process.
Oxygen is supplied to the chamber through an ion source.
Sample characterization
The structural and morphological analyses of poly- and a-PbO samples were performed with
Raman, X-Ray diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) and Scanning
Electron Microscopy (SEM).
Since poly-PbO samples are known to transform into Hydro Cerrisute under ambient
conditions, they were stored under the protective dry nitrogen atmosphere. They were exposed to
ambient only for the time of the Raman spectrum acquisition and when the sample was relocated
from one measurement system to the other. This maximal exposure time (during Raman
spectroscopy) did not exceed 10 minutes, therefore no structural changes were observed. During
XRD measurement, the samples were under continuous argon gas purge. XPS measurement was
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done in high vacuum conditions (base pressure ~ 5 × 10−6 Pa). One poly-PbO sample was stored
under ambient conditions and was used as a reference. In order to establish stability of novel aPbO layers, they were stored under ambient conditions.

Raman and XRD spectroscopies.
Raman spectroscopy measurements were performed with a Renishaw inVia Raman
spectrometer with resolution of ~1 cm-1. The Raman spectra were measured with an Ar ion laser,
using the 785-nm laser line at 1200 lp/mm mesh. Prior to the measurements, the system was
calibrated to silicon peak at 520 cm-1. The intensity level was carefully adjusted in order to prevent
light induced changes, which was especially important for a-PbO samples.
XRD spectroscopy was performed with a Pananalytical Expert Pro Diffractometer and the Xray source was CuKα radiation with wavelength 0.15405 nm. The typical X-ray diffraction pattern
was recorded from 2θ = 20° to 90° with the scan step size of 0.01313°. The phase identification
was achieved by the comparison with data from the JCPDS International diffraction data base.
For a-PbO samples, Raman and XRD measurements were performed on both, as-grown layers
and layers undergoing one hour annealing in a temperature range from 200 to 600 ℃. After
annealing at each temperature, the sample was slowly cooled down with the rate of ~1 ℃/min in
order to prevent thermal shock. After the XRD and Raman measurements were performed on the
cooled sample, it was moved back to the oven for the annealing at a subsequent temperature. The
upper temperature limit was dictated by thermal stability of the glass substrate. The annealing took
place in the argon atmosphere in order to prevent over-oxidation of the samples.

XPS spectroscopy
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Stoichiometry of poly-and amorphous PbO layers have been investigated by X-Ray
Photoelectron Spectroscopy (XPS). The XPS spectra of PbO layers were investigated with a
PHOIBOS 100 analyzer (SPECS GmbH, Berlin) equipped with Al X-Ray source. The NIST XPS
Database [25] was used for peak identification and CasaXPS software was used for deconvolution
and fitting of Pb 4f and O1s peaks. Carbon (C1s) peak with binding energy of 284.5 eV was used
as a reference for calibration of energy.
In order to investigate any changes in-depth of the sample, the tested films were sputtered insitu in a Secondary Neutral Mass Spectrometry (SNMS) [26] chamber connected to the XPS. Thus,
the first XPS spectrum was recorded on the original surface (as-prepared) of the sample and
afterwards the sample was moved into the SNMS chamber (base pressure 0.2 mPa) for sputtering
with Ar+ ion bombardment. After each sputtering the new XPS spectrum was recorded and the
sample was moved back into the SNMS chamber for the next sputtering process. The lateral
homogeneity of ion bombardment was checked by measuring the shape of the sputtered crater at
the end of the experiment with an AMBIOS XP-1 type profilometer. A profilometer was also used
to determine the sputtering rate by measuring both the crater depth and sputtering time. The polyPbO sample was sputtered for 120, 420, 1020 and 1620 seconds, which correspond to 140, 510,
1250 and 1950 nm sputter depths, respectively. Similarly, a-PbO was sputtered for 60, 360, 960
and 1860 seconds, corresponding to 15, 87, 232 and 450 nm sputter depths.
Due to the high resistivity of PbO samples, a large charge accumulation effect occurred on the
sputtered surface as a result of Ar+ ion bombardment during the sputtering process. In order to
account for this sample charging effect, the SNMS was operated in the High Frequency (HF)
operation mode (at 100 kHz with 50% duty cycle), when a square-wave type high frequency
voltage is applied to the sample instead of a constant DC voltage [27,28]. This operation mode
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allows neutralization of the positive charge accumulated on the surface during ion bombardment
periods.
Results
Morphological analysis
A SEM micrograph of the surface of the poly-PbO prepared with conventional deposition
method, is shown in Fig. 2 (a). As seen from Fig. 2 (a), poly- PbO film consists of a network of
platelets, each less than 2 microns in diameter and about 50 nm thick. On the film surface, platelets
are seen to be oriented primarily in the growth direction (although arbitrary relative to each other).
This platelet structure is highly porous and results in high surface roughness, which is on the range
of a micrometer, as defined by the size of the platelets. It should be noted that the morphology of
poly-PbO layers grown here is very similar to that reported previously by Simon et al. [1]
suggesting high reproducibility of the basic thermal evaporation process.
Fig. 2 (b) shows the SEM picture of the amorphous PbO. The film is seen to be uniform, free
from voids and does not exhibit a platelet structure typical of poly-PbO. The absence of a platelet
network results in a smooth surface of the grown layer, never achieved before with polycrystalline
films.

Figure 2 (a) The SEM cross-sectional view of the poly-PbO. The inset to the figure shows
the surface of the poly-PbO layer. (b) SEM cross-sectional view of the a-PbO. The inset to the
figure shows the surface of the a-PbO layer.
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Raman spectroscopy
Fig. 3 (a) compares Raman spectra of as-deposited poly- and a-PbO films. The Raman spectrum
of poly-PbO indicates the presence of both phases: tetragonal 𝛼-PbO peaks at 81 and 340 cm-1 and
𝛽-PbO peaks at 89 and 289 cm-1. The Raman peak at ~146 cm-1 cannot be unambiguously attributed
to either phase, since both of them have the strongest signal in this region: α-PbO at 145 cm-1 and
𝛽-PbO at 147 cm-1.
Since the poly-PbO sample was stored under protective atmosphere of dry nitrogen, no Hydro
Cerrisute peaks were detected. However, another poly-PbO sample from the same deposition run
which was kept at ambient conditions developed a Hydro Cerrisute peak at 1050 cm-1 on the Raman
spectrum.
Overall, the measured Raman spectrum of poly-PbO is represented by high and relatively
narrow peaks, indicating crystalline structure of the deposited layers. In contrast, Raman spectrum
of novel PbO is very different. It is represented by wide peaks and a high plateau typical to
amorphous structure.
Fig. 3 (b) shows gradual changes in Raman spectra of a-PbO following one hour annealing at
four different annealing temperatures. As is clear from Fig. 3 (b), the a-PbO layer undergoes
gradual re-crystallization, evident from the characteristic peaks which evolve from a broad
spectrum. At 200 ℃, crystallization begins with the formation of the peaks at 85, 143 and 288 cm1

; in the temperature range from 200 ℃ to 300 ℃ these peaks grow gradually and become well

defined at 300 ℃. These peaks are close to those of the β-PbO phase [7]. At 400 ℃, another
characteristic β-PbO peak appears at 71 cm-1, as well as additional peak at 121, 224, 391 and 548
cm-1 attributed to Pb3O4 [7]. Upon annealing to 600 ℃, most of the former peaks have disappeared.
All peaks at 600 ℃ are attributed to orthorhombic PbO.
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Figure 3 (a) Raman spectra of as deposited poly- and a-PbO. (b) Raman spectra of a-PbO layers
after one hour annealing at the four temperatures indicated. Note: All spectra were measured on
the surface of the films.
The spectra showed in Fig. 3 were normalized and shifted upwards for better visualization, however
it is worth mentioning, that with higher temperature the peaks become taller and narrower. At the
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same time plateaus decrease with increasing temperature, indicating refinement of the crystal
structure.
It should be noted that a-PbO samples did not require a special protective environment. Thus,
the Raman spectra of the a-PbO samples stored at ambient conditions persisted over time and did
not show any features of Hydro Cerrusite.

XRD spectroscopy
The XRD spectra of as-grown poly- and a-PbO films are shown in Fig. 4 (a). While the XRD
spectrum of poly-PbO is represented by sharp, well defined characteristic peaks, indicative of
crystalline ordered structure, the XRD of a-PbO does not exhibit distinct narrow peaks indicating
its amorphous nature.
X-Ray diffraction measurements of the poly-PbO sample reveal the presence of both tetragonal
and orthorhombic phase of PbO, as well as an orthorhombic PbO2 phase, which was not observed
on Raman spectrum. This might be due to the fact that the sensitivity of the XRD measurements is
higher than that of Raman spectroscopy. As for the a-PbO layer, its amorphous structure changes
dramatically upon annealing (Fig. 4 (b)). The effect of annealing starts to appear at 200 ℃, although
very insignificantly. At higher temperatures, characteristic peaks emerge from a broad spectrum.
A gradual refinement of the crystal structure is further observed: width of the emerged peaks
decreases and their intensity increases with increasing temperature. At temperatures above of 300
℃, multiple phases of PbO were found to coexist simultaneously: 𝛼, 𝛽-PbO, Pb3O4 and PbO2.
However, at 600 ℃, the spectrum closely resembling a single phase of orthorhombic PbO with a
minor peak of PbO2 detected.
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Figure 4 (a). The XRD spectra of as-grown poly- and a-PbO films. (b) The XRD spectra of as
deposited amorphous PbO layer as well as the same layer annealed at five different temperatures
for one hour. The spectra were measured on the surface of the films.
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XPS spectroscopy
Fig. 5 (a) shows the XPS spectra of the poly-PbO sample measured on the surface and in the
bulk of the sample. The surface measurements indicate the presence of both PbO and PbO2 phases.
The PbO2 peak disappears when measurements are taken at 140 nm in depth, however, a small
amount of metal Pb phase is seen to be present in the spectrum. Spectra measured at a depth of 510
nm closely resemble that of 140 nm. However, with further sputtering, an additional contribution
of pure PbO2 appears in the measurements, while Pb-O remains the dominant bonding
configuration.
Fig. 5 (b) shows the XPS spectra of a-PbO measured on the surface and after sputtering in
SNMS system. As can be seen from the presented spectra, the composition of the film remains
constant across the layer thickness: only lead-oxide (PbO) without any other elements or oxides of
lead (e.g. PbO2) was detected.
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Figure 5 (a-e) XPS spectra of poly-PbO and (f-g) a-PbO at selected depths.
Discussion
Morphological and structural properties of PbO layers deposited with both basic thermal
evaporation and ion-assisted thermal evaporation were investigated with multiple characterization
techniques, including SEM, Raman spectroscopy, XRD and XPS. While Raman and XRD
measurements were taken on the layers’ surfaces, XPS spectra were measured at different depths,
monitoring stoichiometry and composition across the layers.
Qualitatively, all the measurements taken confirm that while basic thermal evaporation results
in polycrystalline structure of the grown layers, oxygen ion bombardment with optimized ion
energy and flow results in a new polymorphic form of the grown material, namely, amorphous
Lead Oxide (a-PbO) not synthesized before. In contrast to the poly-PbO, a-PbO is uniform, free of
voids and does not require special storage conditions to prevent structural degradation. In addition,
morphological analysis of PbO layers indicates that novel a-PbO layers possess a significantly
higher packing density, in comparison with poly-PbO (see Fig. 2). Improved density and absence
of voids in the layer offers a high bulk X-ray stopping power – one of the main advantages of PbO
for direct conversion X-ray detectors.
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Although amorphous PbO is stable at ambient conditions, it is (as expected) fundamentally
metastable with respect to the crystalline structure and undergoes gradual crystallization toward
orthorhombic PbO at elevated temperatures as shown with XRD and Raman measurements after
different stages of thermal annealing. This property is reminiscent of another amorphous material
which is highly significant to radiation medical imaging, namely, amorphous selenium (a-Se) –
currently the only wide-bandgap photoconductor used commercially in the direct conversion
detectors for low x-ray energy clinical applications (i.e., in x-ray mammography). In comparison
to a-Se, a-PbO structural stability is much higher: the first a-PbO layers deposited two years ago
and stored in air did not degrade and do not show any changes in both Raman and XRD spectra.
This is an advantage over a-Se, since the latter requires special doping for stabilization against
recrystallization at ambient conditions, while un-stabilized pure a-Se structurally degrades in
approximately one month after the deposition [29,30].
Perfect structural uniformity and stoichiometry of a-PbO layers is evident from the XPS
analysis performed at different depths below the layer surface. In contrast, poly-PbO is overoxidized at the surface while showing a certain deficit of oxygen in the bulk (as this is demonstrated
by the presence of un-oxidized Pb in XPS spectra shown in Fig. 5 (a)). Oxygen deficiency is known
to be a common problem of all metal oxides, since oxygen molecules are electrically neutral and
thus do not react deliberately with other elements. Therefore, in order to promote incorporation of
oxygen in the growing film, this charge neutrality must be distorted. Here, utilization of an ion
source was a natural way of solving the oxygen deficiency problem. Indeed, the ion source ionizes
oxygen, converting it to a charged state and thus making it more reactive. As a result of such an
ion assisted deposition stoichiometric PbO layers were received for the first time ever (see Fig. 5
(b)).
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Overall, optimization of the ion assisted thermal deposition process allows one to grow
amorphous PbO layers – a new polymorphic configuration free of structural imperfections inherent
to more common polycrystalline PbO. The improvement includes higher film density and much
better uniformity, stoichiometry and stability against structural changes. The amorphous PbO
deposition process is compatible with large area x-ray detector technologies. As such, an
amorphous PbO x-ray-to-charge transducer should be considered as an alternative to a-Se for xray medical detectors in the diagnostic energy range where a-Se is suboptimal due to its low atomic
number. Although comprehensive research on a-PbO electronic and photoconductive properties is
needed, the reported results are very promising to extend the advances of direct conversion x-ray
medical imaging over a variety of imaging procedures including radiography, fluoroscopy,
pediatric imaging, etc. In addition, new a-PbO can also be considered for applications in large area
photovoltaic devices [31], solar cell [32] and light emitting diodes [33], where electronic properties
of PbO were shown to significantly improve the device performance.

Conclusion
We propose advanced deposition process for PbO that allows one to obtain a new polymorphic
form of this material - amorphous lead oxide, as confirmed with Raman and XRD spectroscopies.
In contrast to poly-PbO, a-PbO samples are stable at ambient environment and perfectly
stoichiometric. In addition, SEM indicates that new a-PbO layers have bulk packing density, which
offers high X-ray stopping power. Proposed advances in the deposition technology are easy to
implement and hold the promise to utilize the full potential of PbO in medical imaging X-ray
detectors as well as many other applications.
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Chapter 5: Investigation of X-ray performance of PbO
5.1. X-ray performance of poly-PbO
This topic has been elaborated in the following publication: O. Semeniuk, O. Grynko, G.
Decrescenzo, G. Juska, K. Wang & A. Reznik “Characterization of polycrystalline lead oxide for
application in direct conversion X-ray detectors”, accepted with minor revisions to Scientific
Reports. The full text of the publication is listed below.
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Abstract
While polycrystalline lead oxide (poly-PbO) is known to be one of the most promising
photoconductors for utilization in X-ray detectors, its major performance parameters such as charge
yield and mobility-lifetime product (𝜇𝜏) are still not well established and require further
investigation. Combining the conventional X-ray induced photocurrent and pulse height
spectroscopy techniques we examine the X-ray photogeneration and recombination processes in
poly-PbO. The measurements indicate that the amount of energy required to release a single
electron hole pair 𝑊± (inverse of charge yield) strongly depends on applied electric field and at 10
V/μm reaches ~20 eV/ehp. Fitting the measured pulse height spectra with the Hecht formula
provided 𝜇𝜏 for holes and electrons to be 4.1 × 10−8 cm2/V and 10−9 cm2/V, respectively. Obtained
𝜇𝜏 values combined with recently reported mobility values of charge carriers in PbO suggest a new
direction towards improvement of PbO technology by incorporation of Frisch grid or X-ray
transistor architectures.
Introduction
Semiconductor-based direct-conversion X-ray detectors have been actively sought for a wide range
of applications in the fields of domestic security, medical imaging and astronomy [1-9]. Compared
with its indirect conversion counterpart, the direct conversion scheme offers an improved
performance in sensitivity and resolution, provided that a high-performance photoconductor as an
X-ray-to-charge transducer is employed. Multiple crystalline and non-crystalline direct-conversion
semiconductor materials are currently in competition for practical usage. For large area detectors
with a photoconductive layer deposited directly on the imaging array, the crystalline materials are
disfavored due to process incompatibility and high thermal budgets [10]. Currently, the only
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commercially-viable X-ray photoconductor in direct-conversion X-ray imaging is amorphous
selenium (a-Se) whose properties meet the requirements of wide dynamic range and low energy
applications (due to its comparatively low atomic number Z) and therefore, it is mainly used for
medical applications in the so-called “mammography energy range” ~ 20 keV [11]. For higher Xray energies, a-Se has to be replaced by higher Z material. With recent results on solution-processed
high Z perovskites, it seems like a new generation of smart materials for radiation sensing is
emerging, however, large area perovskite semiconductors are not mature enough for practical
application and require more investigation [1,12]. Currently, Polycrystalline lead oxide (PbO) is
one of the most promising candidates due to high Z of Pb and proven capability for low-dose and
high-resolution imaging. Previously, Simon et al. showed the first prototype of a PbO direct
conversion flat panel detector and evaluated its imaging performance [13]. The results were very
encouraging: the charge yield was high enough for low dose imaging while the modulation transfer
function (MTF) was limited only by the pixel size, indicating potentially a very high spatial
resolution [13, 14]. However, such a detector exhibited image lag caused by a residual current even
after terminating the X-ray irradiation. This is a very undesirable effect that hampers real time
imaging applications. The root cause of the residual current is still unclear, although it was
suggested that charge accumulation near the bias electrode triggers injection and thus is responsible
for the poor temporal performance of the detector [13]. A similar effect was also observed in a-Se
structures, where charge trapping on the electrode/a-Se interface was suspected to enhance the local
electric field, thus facilitating charge injection [15,16]. Once X-ray exposure is terminated, the
enhancement of electric field decreases as a result of charge de-trapping, which further leads to the
decay of the injected current observed as image lag. The injection-related processes in a-Se are
relatively slow and were shown to manifest on the order of seconds [15,16].
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In addition, the X-ray charge yield of PbO, although higher than that of a-Se, was still lower than
the theoretically predicted one. This resulted in relatively high electron-hole pair creation energy
𝑊± . The evaluation of 𝑊± was previously performed with an X-ray induced photocurrent method
(XPM) [13,17]. In this technique, the charge carriers are generated with a relatively long X-ray
pulse, while constant bias voltage is applied to the detector to extract the generated carriers. 𝑊± is
obtained by integrating the X-ray signal and comparing the total collected charges against the
energy of the incident flux of radiation [13, 18]. The major disadvantage of the XPM measurement
is that if the charge injection takes place in the material (as it was suggested for poly-PbO), the
injected current will be added to the X-ray signal of the detector, thus reducing the calculated 𝑊±
and leading to the overestimated X-ray conversion efficiency of the detector. In addition, the
injection can cause the residual current i.e. image lag.
Charge injection is a common problem for many semiconductors [13, 15, 16, 19] and it was shown
that alternative experimental techniques allow an accurate characterization of both the temporal
response and the charge yield of the detector. For example, an advanced XPM technique,
performed with a sequence of short X-ray pulses (millisecond scale) rather than a single long pulse
(seconds scale), is frequently chosen for investigation of the temporal behavior of the detector,
since it allows differentiation between injected and X-ray photogenerated charge [15,16]. At the
same time, Pulse Height Spectroscopy (PHS) performed with a monoenergetic X-ray source is also
a tool-of choice for accurate measurements of 𝑊± [18,20-23]. In this technique, the charge from a
single absorbed X-ray photon is integrated over a very short time (microseconds) and compared
with the energy of an incident photon. Since the signal is generated by a single photon absorption
at very low flux rates (in contrast to X-ray flux used in XPM), there is no significant (if any) electric
field redistribution, while utilization of microsecond integration times makes PHS spectrum
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insensitive to injection currents, thus providing a more accurate measurement of 𝑊± . In addition,
the shape of the pulse height spectrum also gives insights into the charge transport, being affected
by the mobility-lifetime product, 𝜇𝜏, of the carriers [18]. This in turn allows evaluation of the
carrier schubweg 𝑠, i.e., the mean carrier range before it is trapped by deep traps or recombines.
Schubweg can be expressed as the product of charge mobility 𝜇, lifetime 𝜏 and applied field F i.e.
𝑠 = 𝜇𝜏𝐹.
It should be noted that PHS measurements have never been performed on poly-PbO mainly due to
a challenge to make PbO X-ray detector with low noise to acquire spectra with distinguishable
peaks. Recent improvements in the deposition technology lead to a significant dark current
suppression that in turn enables measuring an X-ray photocurrent spectrum with distinguishable
peaks. In this work, we apply both advanced XPM and PHS methods to study charge generation in
polycrystalline PbO to understand the source of lag and to examine the feasibility of real-time
imaging. We also provide an analysis of the 𝜇𝜏 product for holes and electrons (𝜇ℎ 𝜏ℎ and 𝜇𝑒 𝜏𝑒 ,
respectively) and 𝑊± for a wide range of electric fields.
Results
Experimental data by XPM
The typical X-ray response of poly-PbO is shown in Fig. 1. As can be seen, our result is very similar
to the previously published data by Simon et al. [13]. The amplitude of the signal grows in the
beginning of the X-ray pulse, reaching the steady state value in ~ 2 seconds. At the end of the
exposure, there is a well-pronounced residual signal, or lag. With increasing the applied electric
field 𝐹, the signal amplitude and signal lag also increase, however when data are normalized, they
closely resemble each other as shown in the inset to Fig. 1.
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Figure 1. X-ray signal of poly-PbO, measured at 𝐹 = 4 V/μm. The inset shows normalized Xray signals measured at different applied fields. Dark signal 𝐼𝑑𝑎𝑟𝑘 is subtracted.

In order to calculate 𝑊± from XPM measurements, the signal is integrated and the total collected
charged is compared against the exposure to the PbO detector [13, 17]. For the 3.75 s X-ray pulse
at 𝐹 = 4 V/μm, we obtained 𝑊± ≈ 12 eV/ehp, which is larger than theoretically predicted by Klein
rule (𝑊±𝑡ℎ ~ 5.9 eV) [13] but it is in a good agreement with the previously reported value of 9.9
eV/ehp, obtained under similar experimental conditions (5 s X-ray pulse, 𝐹 = 3.5 V/μm [13]).
However, it should be noted that 𝑊± measured by this method appeared to be sensitive to the Xray pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒 . Longer X-ray pulses give smaller 𝑊± and even 𝑊±𝑡ℎ can be reached at
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higher electric fields (𝐹 > 10 V/μm) and longer exposures (𝑡𝑝𝑢𝑙𝑠𝑒 > 3.75 s). At the same time, if
we decrease the X-ray pulse duration, 𝑊± values will increase. For instance, at 𝐹 = 4 V/μm and
𝑡𝑝𝑢𝑙𝑠𝑒 = 100 ms, 𝑊± will increase to 14.2 eV/ehp. If we decrease exposure time even further at the
same electric field, 𝑊± values will continue to grow, reaching values of 15.8 and 18.3 eV/ehp at
𝑡𝑝𝑢𝑙𝑠𝑒 = 50 and 10 ms, respectively. In order to investigate such peculiar dependence of 𝑊± values
on the duration of X-ray pulse, we used an X-ray chopper to modulate the exposure to the detector.
The example is shown in Fig. 2, where a 3.75 s long X-ray pulse was modulated with the frequency
of 5 Hz and 50/50 duty cycle, thus effectively providing ~18 X-ray pulses 100 ms each with the
100 ms interval between pulses.

Figure 2. Response of PbO detector to the modulated X-ray exposure at 𝐹 = 2 V/μm. It should
be noted that first points at the beginning of the exposure are affected by asynchronous position
of the chopper as compared to the start of the exposure and fluctuations in X-ray intensity at the
beginning of the X-ray pulse.
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Experiments with modulated X-ray pulse shown in Fig. 2 revealed that the X-ray response of PbO
detector 𝐼𝑝𝑒𝑎𝑘 has two components: the signal due to the X-ray generation of charge carriers 𝐼𝑠𝑖𝑔𝑛𝑎𝑙
and the signal due to the increase in the dark current i.e. injection 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 . As shown in Fig. 2,
𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 builds up during the X-ray exposure reaching a steady-state value after ~ 2 s, while the
𝐼𝑠𝑖𝑔𝑛𝑎𝑙 has a constant amplitude. Moreover, it was found that the injection current level changes
with the chopper frequency 𝑓 as shown in Fig. 3, where the steady-state ratio of 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 /𝐼𝑝𝑒𝑎𝑘 is
plotted as a function of 𝑓. At higher frequencies, 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 contributes more to the total signal
(corresponds to higher 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 /𝐼𝑝𝑒𝑎𝑘 ratio on the graph) than at the lower frequencies. At the end
of exposure 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 decays over time and is observed as lag. As seen from Fig. 2, when X-rays
are terminated, lag rolls off from the steady-state 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 level reached during the X-ray pulses.
The decay of lag with time for different frame rates is shown in Fig. 4. The magnitude of lag is
proportional to X-ray pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒 . Thus, for 1 s X-ray exposure, it takes several seconds
to decay below 1 %. At the same time if exposure lasts only 10 ms, it takes less than 50 ms to decay
to about the same level. Also, lag is more severe at shorter exposures. This is in agreement with
the previous observation of higher 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 /𝐼𝑝𝑒𝑎𝑘 ratio for higher chopper speed (i.e. shorter Xray pulses) shown in Fig.3.
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Figure 3. The ratios of 𝐼𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 /𝐼𝑝𝑒𝑎𝑘 and 𝐼𝑠𝑖𝑔𝑛𝑎𝑙 /𝐼𝑝𝑒𝑎𝑘 are plotted as a function of the chopper
frequency 𝑓 for 𝐹 = 2 V/μm.
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Figure 4. The lag (presented as a percentage of 𝐼𝑝𝑒𝑎𝑘 ) is shown as the function of a frame number.
The frame read-out time is the same as exposure duration.

Experimental data by PHS
Fig. 5 exhibits the typical pulse height spectrum of poly-PbO. The spectral waveform is seen to be
asymmetrical and obscured by the background noise at lower channel numbers. The measured PHS
allows us to determine the 𝜇𝜏 product of the charge carriers and the value of 𝑊± which corresponds
to the position of the spectral peak [24]. However, because of asymmetrical nature of the spectrum
a numerical simulation must be applied to accurately determine the peak position [24-29]. For our
experimental conditions we expect nearly uniform charge generation since the attenuation length
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of PbO 𝛿 ≈ 300 μm (for ε = 59.5 keV [10]) is much larger than the detector thickness (d = 42 μm).
Therefore, we divided the PbO layers into virtual slices and assuming uniform generation,
calculated the collection efficiency from every slice using the depth dependent Hecht formula. This
formula describes the collection efficiency 𝜂(𝑥) (i.e., the ratio of collected charge carriers 𝑁𝑐𝑜𝑙 to
the total number of carriers created by the X-ray absorption 𝑁𝑔𝑒𝑛 ) as follows [24-29]:

𝜂(𝑥) =

𝑁𝑐𝑜𝑙 (𝑥)
𝑁𝑔𝑒𝑛

𝑑−𝑥

𝑥
−
−
𝑠
𝑠
= ℎ⁄𝑑 (1 − 𝑒 𝑠ℎ ) + 𝑒⁄𝑑 (1 − 𝑒 𝑠𝑒 )

(1)

where 𝑥 is the distance from the anode to the charge generation position, 𝑠ℎ,𝑒 is carrier schubweg.
Subsequently, the Hecht fit was convolved with noise spectrum and the result was used to fit the
measured spectra. After a spectrum fit was obtained the true peak position was determined from
the unconvolved Hecht fit (see Fig. 5). The fitting provided the mobility-lifetime products for holes
and electrons 𝜇ℎ 𝜏ℎ = 4.1 × 10−8 cm2/V, 𝜇𝑒 𝜏𝑒 ≈ 10−9 cm2/V. 𝜇𝜏 values are assigned to a type of
carrier based on the previous reports that revealed holes to be the faster carrier in poly-PbO [30,31].
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Figure 5. Pulse height spectrum measured with 42 μm PbO sample at 𝐹 = 10 V/μm, 𝜀 = 59.5
keV, shaping time 𝜏𝑠 = 50 μs and superimposed with noisy and noiseless Hecht fits. Background
counts are shown to dominate the spectral waveform below channel 800 (vertical dashed line).
The measured position of the noise free spectral peak is shown to be affected by the system noise.

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 carrier’s schubweg [24-29]. Electron-hole pair creation
energy 𝑊± was derived from the true peak position 𝑆 as:
𝑊± = 𝜀/𝑆,

(2)
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where 𝜀 = 59.5 keV corresponds to emission from 241Am source. Fig. 6 shows the field dependence
of 𝑊± for different shaping times 𝜏𝑠 , as derived from PHS measurements. As seen from Fig. 6, 𝑊±
decreases with both 𝐹 and 𝜏𝑠 reaching the value ~17 eV/ehp at 𝐹 = 10 V/μm and 𝜏𝑠 = 17 μs.

Figure 6. Measured values of 𝑊± are plotted as a function of 𝐹 for different 𝜏𝑠 .
We used the dependence of 𝑊± on 𝐹 to validate 𝜇𝜏 values obtained from PHS measurements,
following the recipe in Ref. [32] where X-ray sensitivity is given by:

𝑁𝑐𝑜𝑙
𝑁𝑖𝑛𝑐

−

1
∆

= 𝑥ℎ [(1 − 𝑒 ) +

1
∆
−1
𝑥ℎ

(𝑒

−

1
𝑥ℎ

1

1

− 𝑒 −∆ )] + 𝑥𝑒 [(1 − 𝑒 −∆ ) −

1
∆
+1
𝑥𝑒

(1 − 𝑒

−

1 1
−
𝑥𝑒 ∆

)]

(3)
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Here 𝑥𝑒 ,𝑥ℎ are normalized electron and hole schubwegs, respectively (𝑥𝑒,ℎ =

𝑠𝑒,ℎ
⁄𝑑 ), ∆ is a

normalized attenuation length ∆ = 𝛿/𝑑 and 𝑁𝑖𝑛𝑐 is the number of incident X-ray quants. For our
case of uniform absorption, equation (3) can be simplified as follows:

𝑁𝑐𝑜𝑙
𝑁𝑖𝑛𝑐

1

= ∆ [𝑥ℎ (1 + 𝑥ℎ (𝑒

−

1
𝑥ℎ

− 1)) + 𝑥𝑒 (1 + 𝑥𝑒 (𝑒

−

1
𝑥𝑒

(4)

− 1))]

1

1

assuming that for large ∆ (i.e. uniform absorption): (1 − 𝑒 −∆ ) → ∆ ;

1
∆
𝑥𝑒,ℎ

±1

→

𝑥𝑒,ℎ
∆

1

; 𝑒 −∆ → 1. It

should be noted, that equations (3,4) provide a generic expression of photoconductor sensitivity,
simultaneously accounting for both X-ray absorption efficiency and collection efficiency. To derive
the charge collection efficiency only as measured with PHS, equation (4) should be divided by
1

1

absorption efficiency (1 − 𝑒 −∆ ), which for large ∆ reaches ∆. Thus, the expression for collection
efficiency for the case of uniform absorption looks as follows:

𝑁𝑐𝑜𝑙

𝜂=𝑁

𝑔𝑒𝑛

[𝑥ℎ (1 + 𝑥ℎ (𝑒

−

1
𝑥ℎ

− 1)) + 𝑥𝑒 (1 + 𝑥𝑒 (𝑒

−

1
𝑥𝑒

− 1))]

(5)

where 𝑁𝑔𝑒𝑛 = 𝑁𝑖𝑛𝑐 /∆. Interestingly, same expression (5) can be obtained by integrating equation
(1) over 𝑥 and normalizing by thickness 𝑑.
Fitting 𝑊± dependence on 𝐹 (shown in Fig. 6) with equation (5) provided similar 𝜇𝜏 values as
those obtained from spectrum fitting: 𝜇ℎ 𝜏ℎ = 2.8 × 10−8 cm2/V, 𝜇𝑒 𝜏𝑒 ≈ 10−9 cm2/V.
Discussion
Although XPM measurements are affected by the injection current and hence overestimate the total
charge created leading to inaccurate 𝑊± values, they can be still used to elucidate the signal lag in
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poly-PbO. Conventionally, in disordered structures, lag is linked to the release of carriers that have
been previously trapped into deep traps within the band tails [33]. If the release time from these
traps is longer than the frame duration, then the de-trapped charge will cause a residual current
even after termination of X-ray exposure. However, as seen from the inset of Fig. 1, the lag is
scalable with applied field, while Figs. 3 and 4 show that lag is proportional to exposure duration
𝑡𝑝𝑢𝑙𝑠𝑒 , indicating that it is not associated with the charge carriers trapping during their transit across
the sample. Indeed, if charge trapping and de-trapping was responsible for lag in PbO, the lag
should decrease with application of higher electric field, as charge schubweg becomes larger and
de-trapping becomes more efficient. The de-trapping time and therefore the signal lag also should
not depend on 𝑡𝑝𝑢𝑙𝑠𝑒 , as it is a fundamental property of material and not an experimental parameter.
Finally, previous observations of lag dependence on the material of the bias electrodes [13] suggest
that charge trapping in the bulk is not the dominant mechanism for signal lag in poly-PbO.
A plausible explanation of these effects is the time-dependent enhancement of the electric field at
the metal/semiconductor interface that triggers injection from the bias electrodes into the polyPbO. XPM measurements utilize a flux of X-rays to generate a measurable signal, thus creating a
relatively large amount of charge carriers. When the charge carriers get trapped, they redistribute
the electric field applied to the sample. If they are trapped on the electrode/photoconductor interface
(surface of the photoconductor has an extreme concentration of trapping states), they might cause
a local enhancement of electric field. This triggers injection, which builds up over exposure time,
and introduces uncertainty in derived values of 𝑊± [15,16].
The trapped carriers can de-trap and therefore injection builds up until a steady state level of
accumulated charge is reached between the trapping and de-trapping charge at the interface. After
X-ray exposure, the electric field gradually returns to the initial level and the residual injection
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current decreases accordingly. The kinetics of the injection build up during exposure is further
elaborated with pulsed X-rays. Fig. 7 shows the response of poly-PbO to two successive 100 ms
pulses, plotted in a semi-log scale.

Figure 7. The response of PbO detector to subsequent 100 ms X-ray pulses at 𝐹 = 2 V/μm plotted
in the semi-log scale (taken from the middle section of the graph shown in Fig. 2). 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.

As shown in Fig. 7, the kinetics of the signal 𝐼𝑠𝑖𝑔𝑛𝑎𝑙 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 sample, while slow A-B component represents the contribution of the injection current
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to the total signal 𝐼𝑝𝑒𝑎𝑘 [15,16]. With increase in chopper frequency, the X-ray pulse duration and
the interval between pulses decrease. This shifts point B toward the A region, thus resulting in
larger injection current levels (see Figs. 3, 4). It would be very tempting to use only the C-A signal
value for the 𝑊± calculations; however, the position of A will vary with experimental conditions
such as X-ray pulse duration, exposure, etc. Indeed, as shown in Fig. 4, lag depends on X-ray pulse
duration. Since C-A signal value is inversely correlated to lag, it makes C-A also depend on
experimental conditions. This suggests that for materials with dynamic type of injection, XPM
measurements inherently overestimate 𝑊± values. Therefore 𝑊± measurements should be verified
with an alternative technique insensitive to injection, such as PHS.
It should be noted, that the XPM measurements performed here indicate that temporal performance
of the PbO based detector is limited by the structure of the detector, rather than by fundamental
charge transport properties of poly-PbO. This finding suggests a possible avenue of improvement
of PbO technology: development a PbO blocking structure, as it was previously done for a-Se [2].
Indeed, sandwiching poly-PbO between the blocking layers that will prevent charge injection from
bias electrodes into material, while permitting charge exit from the material, should improve the
temporal performance of PbO detectors and make it suitable for real time dynamic imaging.
The asymmetrical shape of the spectral waveform revealed by the PHS measurements and shown
in Fig. 5, is indicative of a considerable difference between electron and hole schubwegs and the
ballistic deficit as a result of insufficient shaping time [18, 24, 25, 29]. However, an increase in
shaping time and the application of higher electric field cannot bring the PHS histogram closer to
a Gaussian shape. This suggests that at the electric fields applied here, the transit time of the slower
carriers is much longer than the shaping times used. Similar phenomenon was observed on other
materials, like CdTe and CdZnTe, which are currently used as gamma-detectors [24, 25, 34]. In
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these materials, holes are much slower than electrons and possess a relatively long transit time.
Also, fitting of the PHS spectra gave a mobility-lifetime products of ≈ 4.1 × 10−8 cm2/V (for
faster carriers) and ≈ 10−9 cm2/V (for slow carrier), respectively. Based on previously reported
measurements of electron and hole transport in poly-PbO, we assign the larger 𝜇𝜏 value for holes.
Indeed, it has been shown that similar to a-Se, holes in PbO are much faster carriers than electrons
[30,31]. Given the mobility-lifetime product for holes of 𝜇ℎ 𝜏ℎ ≈ 4.1 × 10−8 cm2/V, at 𝐹= 10 V/μm
the hole schubweg 𝑠ℎ = 41 μm which is almost the sample thickness 𝑑 =42 μm. It is not surprising
that at this particular field charge collection efficiency is no longer dependent on the integration
time: as this is seen in Fig. 6 at 𝐹 = 10 V/μm where all data points merge together as most of Xray generated holes are collected regardless of the integration time used in the experiment. The
situation is very much different for slower electrons with 𝜇𝑒 𝜏𝑒 ≈ 10−9 cm2/V; they do not
contribute significantly to the signal on the μs scale. Overall, obtained with PHS mobility-lifetime
values are smaller by an order of magnitude from those reported by Kabir on poly-PbO [13,35].
The discrepancy may arise from the difference in experimental techniques used to estimate 𝑊± :
while in our study we used PHS method, Kabir treated results obtained with XPM technique. Since
XPM is sensitive to injection that supplements to the total integrated photocurrent, use of XPM
technique may overestimate total collected charge thus underestimating 𝑊± and overestimating 𝜇𝜏.
The 𝜇ℎ 𝜏ℎ and 𝜇𝑒 𝜏𝑒 measured here, allow us to estimate lifetimes for both types of carriers provided
mobility values are known. For this purpose, we measured separately the hole mobility using a
photo-CELIV technique similar to how it was done in Ref. [31]. Hole mobility was found to be
𝜇ℎ ≈ 0.008 cm2/Vs at an electric field of 1 V/μm. Measurements at higher electric field were
technically unfeasible due to the limited bandwidth of the signal generator. However, for a rough
estimate of 𝜏ℎ we neglect mobility growth at higher electric field, obtaining 𝜏ℎ = 𝜇ℎ 𝜏ℎ /𝜇ℎ ≈ 5.1
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μs. The hole lifetime of 𝜏ℎ = 5.1 μs differs from the one obtained earlier with the photo-CELIV
technique (~ 200 μs) [31]. In photo-CELIV, non-equilibrium carriers are generated in unbiased
samples by a short pulse of uniformly absorbed light. After a preset delay time, the carriers are
extracted by a linearly increasing voltage pulse. The carrier lifetime is derived by varying the delay
time between carrier photogeneration and application of the electric field. Therefore, photo-CELIV
provides the lifetime of the diffusing carriers that for the special case of poly-PbO can significantly
differ from the lifetime of drifting carriers. Indeed, the peculiarity of poly-PbO is its spatial
inhomogeneity (poly-PbO layers are composed of randomly oriented platelets) that results in hole
transport governed by a spatial disorder rather than energy disorder, which is typical for the
majority of non-crystalline and amorphous materials [31]. For spatial disorder governed transport,
carriers are trapped only when they drift as opposed to the case of energetic disorder where carriers
fall into deeper trapping states with time regardless whether they drift or diffuse. Therefore, when
holes are not drifting i.e. in the absence of electric field, they diffuse around the generation site and
only slowly recombine, since the diffusion length 𝐿 is very small: 𝐿 = √𝜇𝜏

𝑘𝑇
𝑒

≈ 0.3 μm (where 𝑘

is Boltzmann constant, 𝑒 – elementary charge and 𝑇 – temperature), in comparison to both the
sample thickness and schubweg ~ 41 μm. The relatively high dielectric constant of PbO (𝜀 = 13
[31]) suggests that the recombination time might be longer than the trapping time during charge
transit, thus effectively leading to longer lifetimes measured with CELIV.
In a similar fashion, it is possible to estimate the electron transit time and electron lifetime in our
samples. Measurements of electron mobility in such a thick sample required a higher electric field
than that could be obtained with the experimental equipment used, therefore as a reference point
we used the mobility of electrons reported for a 5 μm thick sample [30] and extrapolate it to our
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thickness, as mobility in dispersive media is scalable with the thickness of the material [36, 37].
Since the hole mobility of the 42-μm-thick sample was about an order of magnitude smaller than
that of 5-μm-thick sample [31], we can apply the same ratio to electrons. The electron mobility of
the 5-μm-thick sample was found to be 𝜇𝑒 ≈ 2 × 10-5 cm2/Vs at 𝐹=10 V/μm [30], therefore for 42
μm thick sample we assume electron mobility 𝜇𝑒 ≈ 2 × 10-6 cm2/Vs. For such 𝜇𝑒 the electron
lifetime is 𝜏𝑒 ≈ 0.5 ms, while the electron transit time at maximal 𝐹 = 10 V/μm, would be ~21 ms.
These calculations suggest that electrons are responsible for ballistic deficit in the PHS
measurements. In order to collect slow electrons i.e. to compensate for a ballistic deficit, the
integration time should be on the order of milliseconds. Such a long integration time inevitably
leads to significant noise increase [38] that thus would obscure the signal.
It should be noted that for the shaping times used in the experiment (17-50 μs) the measured 𝑊±
values are seen to saturate at 𝑊± ≈ 17 eV/ehp for an electric field of 10 V/μm. Such a value of 𝑊±
compares very favorably with a 𝑊± of ≈ 45 eV/ehp obtained on a-Se [18, 20] for the same electric
field and shaping times used. a-Se is the only photoconductor currently used in direct conversion
mammographic X-ray detectors. Poly-PbO with its higher charge yield and higher quantum
efficiency looks to be a promising candidate to replace a-Se in the next generation digital X-ray
detectors. In comparison with another promising material, namely HgI2, PbO offers a similar
performance in terms of signal lag and 𝑊± , while 𝜇𝜏 and dark current are better in HgI2. The latter
can be improved by developing a PbO blocking structure, as it was successfully done for a-Se [16].
However, HgI2 layers are toxic in the sense that they chemically react with imaging array
electronics, thus creating additional technological challenges [39,40]. Currently, the major
competitors of PbO seems to be perovskite photoconductors, for example methylammonium lead
iodide (CH3NH3PbI3). This photoconductor combines comparatively high carrier mobility with low
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electron-hole creation energy of ~0.4 eV/ehp caused by photoconductive gain [12]. However,
despite high carrier mobility, 𝜇𝜏 product is still low (although higher than in PbO) due to the short
carrier lifetime. In addition, materials with photoconductive gain are generally challenging for realtime imaging, when fast temporal response is needed.
One of the current challenges in poly-PbO is the presence of the slower carrier, which diminishes
the temporal response of the material. The co-existence of both fast and slow carriers is a common
issue of solid state detectors. It has been addressed by the Frisch grid technology [41] and X-ray
transistor technology [42]. Both technologies take advantage of the motion of the faster carrier
locally. The objective is achieved by means of utilizing a coplanar grid, placed close to one of the
bias electrodes or using transistor-type architecture. The Frisch grid detector is arranged in such a
way that the charge signal is only induced during the motion of the charge carrier between the grid
and the collection electrode, thus discarding the transit of the slower carriers across the sample and
simultaneously suppressing the effect of charge carriers trapping in the bulk of the sample. The
technology has proven efficient for both gas filled [41] and solid stated [43] detectors. Therefore,
we suggest this proven technological solution be applied to a poly-PbO detector as well. The Xray transistor architecture on the other hand, utilizes strong lateral field to collect fast carriers, while
minimizing the impact of slow carriers on the output photocurrent. We believe that the improved
speed of operation of the PbO detector together with smaller values of 𝑊± and higher quantum
efficiency than a-Se will make it a very promising candidate for both radiographic and fluoroscopic
X-ray medical imaging applications.
Methods
Sample preparation
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A 42 μm-thick poly-PbO sample was grown by a thermal evaporation method where a high purity
PbO powder was evaporated in the presence of oxygen gas as described elsewhere [13]. Evaporated
poly-PbO layers have an interesting structure: it is composed of a porous network of platelets 1-3
μm in size and ~100 nm thick. The samples were deposited on a 25 × 25 mm2 glass substrate coated
with conductive Indium Tin Oxide (ITO) layer, which serves as anode during XPM and PHS
measurements. For the cathode, a gold contact 2 mm in diameter was sputtered atop the PbO layer.
Experimental apparatus
Both 𝑊± and 𝜇𝜏 product in poly-PbO were investigated by X-ray induced photocurrent (XPM) and
pulse height spectroscopy (PHS) techniques. The typical XPM and PHS experimental apparatuses
are shown in Figs. 8 a and b, respectively. For the XPM measurements, the Mammomat 3000
system at 35 kVp was used to generate long (t = 3.75 s) exposures, while an X-ray tube model
PX1412CS at 70 kVp was used to generate less than 1 s exposures. With both systems, we utilized
a 2 mm thick aluminum filter, which limited the range of energies incident on the detector. The
ionization chamber Keithley model 96035 was used to measure X-ray exposure to the poly-PbO
detector, which varied between 5 mR to ~1 R, depending on the pulse duration and X-ray system
used. Also, a rotating chopper (2 mm Cu) was used to modulate the exposure in a wide frequency
range between 1 to 150 Hz. During all experiments, an external power supply maintained a constant
bias applied to the sample with the positive polarity applied to ITO. The signal current induced by
the X-ray pulse in the PbO layers was observed on a 150 MHz bandwidth digital oscilloscope
Tektronix model TDS 420.
For the PHS measurements, an

241

Am source was used to generate 59.5 keV monoenergetic X-

rays. The signal generated by each X-ray photon was readout from the top (Au) contact coupled to
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a low noise charge preamplifier (AMPTEK model A250CF), then to a pulse shaping amplifier
(APTEC model 6300) and finally to a multi-channel analyzer (MCA, Ortec model ASPEC927). At
the energy 𝜀 = 59.5 keV emitted by the 241Am source the probability of photoelectric interactions
in PbO is 89.1%, meaning that the measured PHS peak represents full absorption of the incident
photon energy. The PHS apparatus was calibrated with a Si PIN photodiode (Thorlabs model
FDS010). A value of 𝑊± for Si = 3.62 eV/ehp [18] was assumed for the photodiode. A HP model
8111A signal generator, coupled to the test input of the preamplifier was used for the measurement
of the preamplifier noise and shot noise intrinsic in the dark current of the detector. The main source
of electronic noise was found to be the white noise due to the dark current of the PbO spectrometer,
which was found to be 𝐼𝑑𝑎𝑟𝑘 ≈ 200 pA/mm2 at 10 V/μm. The main sources of X-ray noise are
Compton backscattering due to the glass substrate, aluminum box and the presence of unfiltered
low energy peaks in the source itself. The source was collimated to a small beam directly on the
sample in order to reduce the stray scatter from adjacent structures. The radioactive source was
placed in a lead enclosure shown in Fig. 8b. The impact of the low-energy X-rays from the source
was minimized by the use of a 2 mm Al filter placed between the source and the detector. Vibration
isolation was used in order to eliminate the influence of external mechanical disturbances. The
count rate of ~30-50 s-1 ensured that the influence of pulse pile-up can be ignored for pulse shaping
time (17-50 μs) used in this study. The background noise spectrum was separately measured
without the source and used for the deconvolution of the measured spectra.
PHS measurements have been done for the electric fields 𝐹 from 4 V/μm to 10 V/μm with a step
of 1 V/μm and for different shaping times 𝜏𝑠 from 17 μs to 50 μs. The lower limit of applied field
was determined by the ability to resolve the signal above electronic noise, whereas the upper limit
was determined by the increase of the dark current and noise associated with it.
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Figure 8. (a) Schematic representation of the Figure 8. (b) Schematic representation of the
XPM apparatus. The exposure was applied from PbO-based pulse height spectrometer with a
the ITO side.
virtual ground input to charge amplifier. The
radioactive source was located behind the ITO
glass.
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5.2. X-ray performance of a-PbO
This topic has been elaborated in the following publication: O. Semeniuk, O. Grynko, G. Juska
& A. Reznik “Investigation of X-ray performance of amorphous lead oxide (a-PbO) for application
in direct conversion detectors”, submitted to Scientific Reports. The full text of the publication is
listed below.
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Abstract
Presence of a signal lag is a bottle neck of performance for many non-crystalline materials,
considered for dynamic radiation sensing. Due to inadequate lag-related temporal performance
polycrystalline layers of CdZnTe, PbI2, HgI2 and PbO are not practically utilized, despite their
superior X-ray sensitivity and low production cost (even for large area detectors). In the current
manuscript, we show that a technological step to replace nonhomogeneous disorder in
polycrystalline PbO with homogeneous amorphous PbO structure suppresses signal lag and
improves time response to x-ray irradiation. In addition, the newly developed amorphous lead
oxide (a-PbO) possesses superior X-ray sensitivity in terms of electron-hole pair creation energy
𝑊± in comparison with amorphous selenium – currently the only photoconductor used as an Xray-to-charge transducer in the state-of-the-art direct conversion x-ray medical imaging systems.
The proposed advances of the deposition process are low cost, easy to implement and with certain
customization might potentially be applied to other materials, thus paving the way to their widerange commercial use.
Introduction
Amorphous and polycrystalline modifications of wide band gap semiconductors are of paramount
importance in modern electronics, since they allow large device area production at low cost.
However, the transition from crystalline to non-crystalline materials is technologically challenging
since structural disorder may lead to degradation of the material performance. A good example is
CdTe and CdZnTe (CZT): the combination of outstanding photoconductive properties, and high
atomic number of these materials made them widely employed in sensing electromagnetic
radiation, particularly, in X-ray and gamma-ray detectors for a variety of applications ranging from
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nuclear physics and astrophysics to homeland security and medical imaging [1-10]. However,
polycrystalline forms of these materials are much less utilized. While the properties of poly-CdTe
films are fit for optical photon harvesting in high efficiency solar cells [11-14], there are reported
to be challenges for applications in X-ray medical imaging. Particularly, both poly-CdTe and polyCdZnTe suffer from a residual signal after exposure termination, called signal lag [15-18]. The
presence of residual a signal limits the application of these materials to static imaging (for instance,
radiography), while the needs of vitally-important real-time imaging, like fluoroscopy, are left
unmet. Interestingly, other polycrystalline high-Z (atomic number) materials that have also been
considered for applications as radiation detectors (including polycrystalline layers of PbI2, HgI2,
and PbO [19-23]) are all suffer from the same problem, i.e. signal lag. The values of the residual
currents range from 10-30 % at 2-5 frame per second (fps) read-out in PbI2 and HgI2 [20,21,23] to
4-9 % at 1 fps in PbO [19], meaning that a significant fraction of the X-ray generated charge is
collected after X-ray exposure is terminated. The similarity in X-ray response is correlated with a
similarity in the layer structures: all these materials are highly inhomogeneous and are composed
of grains which are 1-3 μm in size for PbI2 and PbO [19,20], and 30-60 μm for high-quality HgI2
layers [20]. It was suggested that the lag in these materials is caused by the presence of grain
boundaries and associated defects which act as localized trapping sites for X-ray generated charge
[20-23]. In addition, in poly-PbO lag is influenced by charge injection from the bias electrodes
[19,24]. Indeed, it was shown that in poly-PbO the magnitude of lag depends on the material of the
bias electrodes and is significantly suppressed for operation with electron beam-read out [25-27].
In terms of signal lag, the only exemption in the series of disordered materials considered for
application in radiation sensing, is amorphous selenium (a-Se), where technological advances
allowed suppression of image lag to a level that this material became a practical solution for
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advanced direct conversion X-ray medical imaging detectors. Due to the comparatively low Z of
a-Se, its properties are well suited to applications in so-called mammography energy range (20-30
keV). However, for general radiographic and fluoroscopic applications a-Se has to be replaced by
a lag-free higher Z material. Interestingly, in contrast to the high-Z polycrystalline materials
mentioned above, a-Se has a uniform and homogeneous layer structure, composed of chains and
rings of Se atoms [28] without grain boundaries. This suggests a possible approach to combat signal
lag in disordered photoconductors, namely, to develop a grain boundary-free structure for lag-free
operation.
In the current manuscript, we evaluate the image lag and x-ray sensitivity in newly developed
homogeneous amorphous PbO structures. We show that elimination of the PbO polycrystalline
structure has a very peculiar effect on the X-ray performance of PbO: signal lag was significantly
improved, while X-ray sensitivity remains higher than reported for a-Se. The measurements
performed at various exposures and at an extended range of electric fields suggests the suitability
of a-PbO for real time imaging at 30 frames per second (fps).
Results
Temporal behavior
Fig. 1 shows the typical response of an a-PbO detector to a 4 s X-ray pulse. The amplitude of the
signal remains constant during the exposure, while after termination of X-rays it promptly drops to
the dark current level. As seen from Fig. 1, our result compares favorably with previously reported
data on polycrystalline PbO, which exhibits a signal build up during exposure and a relatively long
lag for similar pulse duration [19].
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Figure 1. Response of a-PbO at 𝐹 = 10 V/μm to a 4 s X-ray exposure. The X-ray signal was
offset corrected for the dark current. For this purpose, the average of data points before exposure
was subtracted from the X-ray trace of a-PbO.

Fig. 2 shows signal lag of a-PbO detector measured for various experimental conditions, relevant
to those used in pulsed fluoroscopy. For this purpose, the detector was exposed to short (4 ms and
10 ms) X-ray pulses and an X-ray response was readout every 33 ms (i.e. at 30 fps) [29-30]. The
lag was determined as the ratio of the residual signal after exposure to the X-ray signal value. As
seen from Fig. 2, signal lag of a-PbO increases with exposure duration, which was previously
observed in other materials, like a-Se and poly-PbO [30; 31]. Thus, the first frame lag of a-PbO
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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 [29,32,33], it is also
important to check the residual signal under longer exposures, which are more relevant to
fluoroscopic imaging. To simulate such conditions, a-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 CsI indirect conversion detectors, which normally exhibit the first frame lag
values less than 10 % and 5 %, respectively [30,31,34-36]. 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 Fig. 2, 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 1s pulse. For the longest pulse of 2 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.
Fig. 3 illustrates normalized response of a-PbO to 100 ms exposures measured at selected electric
fields. Residual signal is shown to be scalable with applied electric field, i.e. no lag improvement
is observed at higher fields.
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Figure 2. The lag measured at read-out rate of 30 fps in a-PbO at 10 V/μm is shown for different
X-ray pulses.

Figure 3. The normalized response of a-PbO to 100 ms X-ray pulse.
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X-ray sensitivity
The sensitivity of a-PbO to X-rays is characterized in terms of energy, required for creation of a
single electron-hole pair 𝑊± . This quantity was derived from the total charge collected with a-PbO
detector upon X-ray exposure. More details on this analysis can be found elsewhere [19,24,37].
The measurements of X-ray response of a-PbO performed at different electric fields 𝐹 show that
𝑊± decreases with 𝐹 as shown in Fig. 4, reaching the value of 22 eV/ehp and 18 eV/ehp at 10
V/ μm and 20 V/ μm, respectively. The measurements performed at 100 ms and 1s X-ray pulses
provide essentially the same values within ~3%. Plotting 𝑊± as a function of inverse field and
extrapolating it to the infinite field reveals saturation at ~14 eV/ehp (see inset to Fig. 4).

Figure 4. Measured values of 𝑊± are plotted as a function of 𝐹. The inset to the figure shows
𝑊± plotted as a function of 1/𝐹.
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Discussion
If a photoconductor is considered for applications in real-time i.e. fluoroscopic, imaging, its
temporal performance (in terms of the signal rise time under x-ray exposure and the signal fall time
once the exposure is terminated) is of particular importance. Indeed, fluoroscopic imaging is the
most challenging and demanding radiation medical procedure, since the detector is exposed to very
short, 2-4 ms (sometimes, 1-10 ms), X-ray pulses at ~70 kVp, while the image acquisition rate is
very fast: 30 frames per second (fps) [29,36,38]. Such dynamic read out is needed to capture the
motion of the human structures and requires very little residual signal at the end of each frame,
otherwise the previous image will be superimposed on the subsequent ones, resulting in a
misleading view. Therefore, a quasi-rectangular shape of x-ray generated current and the absence
of lag are important figures of merit to evaluate the readiness of an X-ray-to-charge transducer for
direct conversion X-ray medical imaging detectors. Figs. 1 and 2 demonstrate the significant signal
lag suppression in amorphous PbO in comparison with its polycrystalline form: for the most
relevant to fluoroscopic procedures pulse duration of 4 ms, the first frame lag was as small as 0.4
% and was undetectable after the second frame. Even for the extended exposures the observed lag
never exceeded 5 %, thus making the temporal performance of a-PbO comparable with CsI
detectors, which are currently in use for fluoroscopic applications.
When it is detectable, the lag in a-PbO has an interesting behavior: it depends on the exposure
duration, and is scalable with the applied electric field (see Figs. 2,3). Similar behavior was
observed on a-Se layers and was related to electronic processes at the bias electrode interfaces,
which facilitate injection [30]. The analogy with a-Se suggests injection as the primary cause for
lag in a-PbO. Such injection builds-up during exposure [39,40] and interferes with X-ray sensitivity
measurements, and misleadingly reducing 𝑊± values at longer X-ray pulse durations [24].
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However, 𝑊± measurements performed on a-PbO (see Fig. 4) remain within 3% of the measured
values with increase in pulse duration by a factor of 10, indicating an insignificant contribution of
X-ray-modulated injection on 𝑊± measurements in a-PbO. The obtained 𝑊± values compare very
favourably with those reported for a-Se: at 𝐹 = 10 V/μm, 𝑊± of a-PbO is ~ 22 eV/ehp, which is
about a half the a-Se value, measured at the same electric field [41].
Overall, our findings suggest an interesting and non-obvious approach to the improvement of Xray response: replace the spatial disorder of grain boundaries in polycrystalline films with 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 stoichiometric layer, thus
solving the issue of oxygen deficiency – a common problem of metal oxides.
Finally, we would like to note 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 PbI2, HgI2 and CZT. Since, these materials possess the similar layer structure and
suffer from similar artefacts, 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.
Methods
The ~8 μm thick amorphous lead oxide (a-PbO) samples were grown by an ion assisted thermal
evaporation technique. In this technique, high quality PbO powder (5N) was thermally evaporated
at ~1000 ℃ on an ITO covered glass substrate. During the deposition process, the growing PbO
layer undergoes a phase transition from polycrystalline to an amorphous structure as a result of
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continuous bombardment of the growing layer with oxygen ions. The substrate temperature did not
exceed 100-150 ℃, as indicated by temperature labels installed on the back of the substrate. The
details of the evaporation process can be found in Ref. [42]. Scanning electron microscopy (SEM)
measurements show that the a-PbO grows as highly packed layer, while energy dispersive X-ray
spectroscopy (EDS) indicates a uniform distribution of lead and oxygen atoms in the sample (see
Fig. 5). For electrical measurements, a gold contact (1 mm in diameter) was sputtered ex-situ atop
the a-PbO film in a dedicated chamber.

Figure 5. Morphological analysis of a-PbO samples: (a) SEM of a-PbO cross-section; (b) SEM
micrograph of the a-PbO surface; (c) EDS of the surface. Red color represents Pb atoms and
green color is for oxygen. It should be noted that the signal from Pb is stronger than that from O
(typical for EDS measurements), therefore picture looks more red, while material is perfectly
stoichiometric [42].
157

Fig. 6 shows the typical experimental apparatus for of X-ray performance evaluation. The X-ray
tube model PX1412CS operated at 60 kVp was used to generate X-ray pulses of various duration
ranging from 4 ms to 4 seconds. A 1.5 mm thick aluminum plate was used to cut off the low energy
X-rays from entering the detector. The exposure to a-PbO layers was monitored with a Keithley
model 96035 ionization chamber, which showed from 17 mR to 17 R exposure depending on Xray pulse duration. A lead collimator 2 mm thick was used to minimize stray scattering. The model
PS350 Stanford Research Systems power supply provided a constant electric field applied to the
sample. During all experiments, a positive polarity was applied to the ITO. The X-ray response of
the a-PbO detector was observed on the 1 MOhm input of a model TDS 420 Tektronix oscilloscope.
The dark current measurements were performed with a Keithley model 35617EBS electrometer.

Figure 6. Schematic diagram of experimental apparatus for X-ray performance evaluation.
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Chapter 6: Conclusions and future work
6.1. Conclusions
The focus of this work is to investigate the properties of PbO for applications as direct X-rayto-charge transducers in medical imaging detectors. For this purpose, comprehensive material
science research on different polymorphic forms of the material were performed to provide solid
information on their structural and electro-optical properties and X-ray performance. The PbO
samples were prepared with conventional thermal deposition and newly developed ion assisted
deposition technique.
Structural investigation of PbO layers with XRD and Raman spectroscopy indicates that while
basic thermal evaporation results in a polycrystalline structure (poly-PbO), oxygen ion
bombardment of the growing layer can provide a new polymorphic form, namely, amorphous Lead
Oxide (a-PbO), not synthesized before. In contrast to poly-PbO, a-PbO is uniform, free of voids
and does not require special storage conditions to prevent structural degradation. In addition,
morphological analysis of PbO layers performed with SEM indicates that the novel a-PbO layers
possess a significantly higher packing density, in comparison to poly-PbO. The improved density
and the absence of voids in the layer offer a high bulk X-ray stopping power – one of the main
advantages of PbO for direct conversion X-ray detectors. Amorphous PbO is stable at ambient
conditions and undergoes gradual crystallization toward orthorhombic PbO only at elevated
temperatures. This property is expected, since amorphous state is fundamentally metastable with
respect to the crystalline structure. Compositional analysis with XPS reveals that perfect
stoichiometry of the a-PbO layers is maintained through the layer. This is an important advantage
over poly-PbO, which is over-oxidized at the surface and oxygen deficient in the bulk. Such oxygen
deficiency and suboptimal stoichiometry are common problems in all metal oxides grown using
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conventional deposition in an atmosphere of neutral oxygen. Indeed, electrically neutral oxygen
molecules do not react deliberately with other elements. The utilization of an ion source to disturb
this charge neutrality makes the oxygen more reactive and provides a natural low-cost solution to
oxygen deficiency, layer porosity and stability problems.
In addition, the advances in the deposition process combats the major obstacle of PbO for
applications in real-time large-area imaging detectors – signal lag. Optimization of the ion-assisted
deposition technique permitted the growth of a-PbO layers with essentially no lag and represents a
breakthrough in PbO technology, and for direct conversion X-ray detectors in general. Indeed,
signal lag was suppressed to values achieved only with CsI indirect conversion detectors, which
have a number of disadvantages inherent to the indirect conversion scheme. The evaluation of the
transport and X-ray properties of both poly- and a-PbO layers allow us to conclude that lag
elimination is due to suppressed injection in a-PbO, resulting in superior temporal performance of
amorphous lead oxide over its polycrystalline counterpart.
The X-ray sensitivity measurements with the X-ray photocurrent method showed that at an
electric field 𝐹 = 10 V/μm an electron-hole creation energy 𝑊± of a-PbO is ~ 22 eV/ehp. Such a
value is superior to CsI detectors and about a half the a-Se value, which is currently the only widebandgap photoconductor used commercially in the direct conversion detectors for low X-ray
energy clinical applications (i.e., in x-ray mammography). The 𝑊± values obtained on a-PbO are
in a good agreement to those measured on the polycrystalline material, when corrected for charge
injection. This is a very peculiar finding since it suggests that X-ray charge generation processes
in both materials are similar despite pronounced differences in the crystal structure.
Overall, with ion assisted deposition, PbO becomes the first and currently the only high-𝑍
material that can be directly deposited onto a large area detector imager array and possesses
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appropriate temporal performance (in terms of lag) for real time imaging applications. It should be
noted that the proposed low-cost modifications of the deposition process applied here to improve
PbO performance can potentially be applied to other materials (polycrystalline layers of Cd(Zn)Te,
HgI2, PbI2), which currently suffer from similar problems as polycrystalline PbO (suboptimal
packing density, signal lag, etc). Thus, application of ion assisted deposition has the potential to
pave the way for many prospective materials with practical application in commercial devices.

6.2. Future work
6.2.1. Investigation of charge transport in a-PbO
Transition from a more-ordered to a less-order crystal structure is traditionally accompanied
with degradation of material performance, due to various defects developed at grain boundaries
and the disorder of its electronic structure. While the transition from polycrystalline to amorphous
structure of PbO layers did not result in degradation of its X-ray performance (rather improved it),
it might affect the charge transport mechanism. Therefore, as a part of future work, the charge
transport mechanism of a-PbO should be investigated in a similar fashion to poly-PbO reported in
this study. Such investigation is especially important, considering that peculiarities of the layer
structure which were shown to govern hole transport in poly-PbO. Indeed, while both carriers
conduct electrical current in the dispersive regime, only the dispersion of electrons can be explained
by energetic disorder typical of polycrystalline and amorphous structures. In contrast, dispersion
of holes was related to spatial rather than energetic disorder (linked to the inhomogeneity of
polycrystalline PbO layers) - an unusual result which has not been observed so far. Moreover, the
inhomogeneous structure of the material reduced the recombination of photo-generated carriers,
compared with the spatially homogeneous systems of a-Se and a-Si:H. The effect of homogeneity
of the carrier recombination has to be further investigated. Transport and recombination
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measurements are suggested to be performed with charge extraction by linearly increasing voltage
(CELIV) technique, which was shown to be a reliable tool for characterization of disordered
materials. Recent extension of the CELIV theoretical background to account for the dispersive
nature of charge transport makes this technique a tool-of-choice for the investigation of charge
transport in various non-crystalline media.
6.2.2. Reduction of the dark current
The current challenge with a-PbO is the relatively high dark current (DC). The measurements,
performed in the dark on the samples rested overnight after X-ray measurements, indicate that DC
in a-PbO grows with applied field in a linear or exponential manner, depending on the sample. In
addition, under a constant applied electric field, the DC was found to decrease over time, normally
reaching ~120 pA/mm2 at 10 V/μm 30 s after application of the electric field. Although such a
value of the dark current is lower than that reported for poly-PbO (~ 250 pA/mm2 at 3.5 V/μm [1]),
it is still higher than the upper limit for medical imaging applications (~10 pA/mm2 [2]).
Reduction of the dark current is a complex task, which requires a comprehensive approach,
(similar to that applied here to combat signal lag) focussed on: (1) finding the fundamental cause
of the dark current; (2) develop the necessary technological solutions for DC improvement.

6.2.3. Development of a-PbO detector prototype
Once dark current is successfully reduced, a detector prototype should be constructed and
evaluated. For this purpose, a-PbO will be deposited over a TFT imager, used in conventional
medical imaging detectors. As a first attempt, a limited size detector prototype of ~6 × 6 cm2 is
sufficient.
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Evaluation of the imaging performance of a-PbO detector (rather than just a-PbO material) will
be performed in terms of a modulation transfer function (MTF), noise power spectra (NPS) and
detective quantum efficiency (DQE) [1,3]. These three parameters are the fundamental
characteristics of any detector. Thus, MTF provides information on the spatial resolution of the
detector and it is normally measured by masking part of the detector with slanted slit/edge target
during uniform exposure of the detector. Spatial resolution is derived by mapping the signal on
exposed and unexposed pixels under the target. NPS is measured at different X-ray exposures
relevant for fluoroscopy, i.e. from 0.1 μR up to 10 μR per frame in order to establish the influence
of system noise on the detector performance. Finally, DQE is calculated from the MTF and NPS
and compared with theoretical predictions. DQE is probably the most important parameter of the
detector, since it accounts for multiple factors (i.e. attenuation, charge yield, etc.) and provides
global data on how efficiently the X-rays are used. The MTF, NPS and DQE data will be analyzed
to determine the optimal detector thickness and applied electric field for practical applications and
will be used for the development of a clinical detector prototype. For this purpose, a-PbO will be
deposited over a large area cardio-size detector ~ 18 × 18 cm2 imaging active matrix plate, as was
previously done for poly-PbO by Simon [1,3]. Qualitative image evaluation will be performed with
a-PbO detector as a part of clinical system. We believe that novel a-PbO detector with low dark
current, rapid response and high X-ray sensitivity will open a new page in radiographic and
fluoroscopic X-ray detectors.
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