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Abstract: Amorphous selenium (a-Se) is a glass-former capable of deposition at high rates by thermal
evaporation over a large area. It was chosen as a direct conversion material due to its appealing
properties for imaging in both low and high X-ray energy ranges (<30 keV and <30 keV, respectively).
It has a bandgap of 2.2 eV and can achieve high photodetection efficiency at short wavelengths less
than 400 nm which makes it appealing for indirect conversion detectors. The integration of a-Se with
readout integrated circuits started with thin-film transistors for digital flat panel X-ray detectors. With
increasing applications in life science, biomedical imaging, X-ray imaging, high energy physics, and
industrial imaging that require high spatial resolution, the integration of a-Se and CMOS is one direct
way to improve the high-contrast visualization and high-frequency response. Over the past decade,
significant improvements in a-Se/CMOS technologies have been achieved with improvements to
modulation transfer function and detective quantum efficiency. We summarize recent advances in
integrating and photon-counting detectors based on a-Se coupled with CMOS readout and discuss
some of the shortcomings in the detector structure, such as low charge conversion efficiency at
low electric field and high dark current at high electric field. Different pixel architectures and their
performance will be highlighted.

Keywords: amorphous selenium; X-ray imaging; CMOS readout; direct conversion; indirect conversion

1. Introduction

Amorphous selenium (with a bandgap of approximately 2.2 eV) is one of the best
photoconductors that was used in the photocopy industry. Its photogeneration efficiency
was extensively studied during the sixties and seventies [1]. It was found that it has
field-dependent mobility and conversion efficiency, which increase with increasing electric
field [2]. Its main competitors (Si, PbO, CdTe, CdZnTe) suffer from spectral distortion
due to issues of low detection efficiency (Si), K-fluorescence and cross-talk across pixels
(CdTe, CdZnTe), despite low ionization energies and high carrier mobilities [3-7]. The
polycrystalline nature of these materials also leads to issues of charge trapping from grain
boundaries and defects, resulting in collection efficiency and polarization effects in the
detectors and issues of scalability [8]. Amorphous selenium is also the only large area
compatible avalanche-capable material.

Juska, et al. first observed the avalanche multiplication in a-Se in 1980 while they were
studying the photogeneration efficiency and mobility of electrons and holes in a-Se at high
electric fields [9]. Soon after that, a-Se was used in commercial ultrasensitive High-gain
Avalanche Rushing Photoconductor (HARP) TV camera tubes [10,11]. HARP cameras
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demonstrated a higher signal-to-noise ratio in low-light conditions with the same exposure
time compared to charged coupled device (CCD) cameras [12,13]. Although the impact
ionization in a-Se was discovered some time ago and led to the commercialization of HARP
cameras, this device has several drawbacks, including that (i) the readout mechanism
requires a vacuum tube and (ii) crystallization of a-Se can occur in the long term, a concern
for device stability [14]. Important issues in maintaining a high electric field within a-Se are
the junction between metal, a-Se, and blocking layers, and their effects on the minimization
of the dark current. The junction between metal and a-Se and its effects on the minimization
of the dark current and device performance has received less attention in comparison to
the well-studied charge transport and photogeneration mechanism in a-Se. Due to the
device structure used in xerographic applications and in the HARP camera, this was not an
important issue.

The application of a-Se in direct conversion flat panel X-ray detectors attracted interest
to measure and understand the properties of the metal to a-Se junction, and studies have
reported measurements on metal/a-Se/metal structures [15,16]. It was shown that the dark
current is dependent on the voltage and changes by the nature of metal contacts, especially
the positively biased contact. A proper hole blocking contact should have either a large
potential barrier for holes between the positively biased metal contact and the a-Se layer, or
a large number of hole traps and very low hole mobility. In addition, electrons should be
able to flow freely through this hole-blocking layer. Most importantly, the layer should be
compatible with the large area electronics and semiconductor fabrication processes. It was
also shown that the substrate on which a-Se resides plays a role in crystallization, and the
use of flexible substrates or blocking layers leads to greater stability and lifetimes in a-Se
devices [17,18]. Conventional direct conversion a-Se based X-ray detectors, mainly used
for mammography, are operating at 10 V/pum and there have been a few developments
operating at higher fields up to 40 V/pum [19,20]. Efforts utilizing blocking layers have
led to the stable application of high fields for achieving avalanche multiplication [21-23],
with relatively low threshold fields of ~70 V/pum when compared to amorphous silicon,
which requires fields up to 160 V/um, and which overcome inherent issues in a-Se carrier
mobility [24]. Alloying of a-Se has the potential for further reducing the threshold for
avalanche, however further work in this area is required [25].

Understanding the junction of metal-amorphous selenium and its interface with
blocking layers for increasing the electric field with a-Se to utilize avalanche multiplica-
tion has led to the emergence of a wide spectrum of new applications. For example, it
has potential for use in life sciences and biomedical engineering applications [26] and
various indirect and direct conversion medical X-ray imaging applications (e.g., fluo-
roscopy [27], positron emission tomography [28], and single-photon emission computed
tomography [29]). In addition, it has the potential for applications in high energy physics
(e.g., collider detectors) [30] and industrial imaging. The high UV sensitivity that can
be achieved in a-Se alloys eliminates the complication of wavelength shifting in many
applications such as large-scale time projection chambers.

For imaging applications, readout integrated circuits (ROICs) are a two-dimensional
array of thin-film transistors (TFIs) or complementary metal-oxide-semiconductor (CMOS).
The commercial a-Se flat panel X-ray detectors (e.g., Hologic and ANRAD) typically have
70-100 um pixel apertures and utilize TFT technology. To target applications with small
feature sizes (<25 pm) such as micro-angiography, mammography, intraoral, crystallog-
raphy, protein analysis, and other small feature scientific imaging and machine vision
applications, CMOS readout is preferred and more practical due to TFTs challenges as-
sociated with reduced pixel size. For example, moving to small pixels requires on-pixel
amplifiers to improve the signal-to-noise ratio (SNR), which further limits the smallest TFT
pixel size achievable. CMOS, on the other hand, is able to achieve small feature sizes and
have comparable noise levels to CCDs, and the pixel architecture can be designed for both
integration and photon counting applications [31]. In addition, small detector elements
enable over-sampling of image data and the possibility of implementing an anti-aliasing
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filter to improve high spatial frequency detective quantum efficiency (DQE) and obtain
dose reduction by requiring shorter exposure times [23,32,33].

In this review article, we will summarize the progress made in a-Se on CMOS plat-
forms over the last decade, covering low-energy (~10 to 30 keV) X-ray detection for
applications such as mammography and a few applications at higher energy (>30 keV),
such as synchrotron imaging.

2. Energy-Integrating Detectors

Energy integrating, or integration mode detectors (EIDs), accumulate charge from
several events over some period of time, termed the integration time. X-rays absorbed by
a-Se generate charge clouds—which scale with the photon energy—that are accumulated
over the integration window and read out as a signal intensity. EIDs provide several
advantages over photon-counting detectors. Photon counting detectors require amplifica-
tion at the pixel level, giving rise to complex electronics and costly fabrication to achieve
small pixel sizes. Where energy resolution is not required, such as in some high-flux
applications for crystallography, EIDs offer the most effective way to achieve large-scale
detector technologies.

After the first demonstrated integration of a-Se and CMOS electronics by Andre et al. [34],
little progress was made in the development of a-Se/CMOS integrating detectors until the
late 2000s. Indirect and direct passive pixel sensor (PPS) arrays demonstrated the possibility
of a-Se/CMOS EIDs with improved spatial resolution, however, they were still limited by
resolution lower than commercially available detectors and the high level of noise and slow
readout inherent to PPS architectures [35,36].

2.1. Achieving High Resolution in a-Se/CMOS Imaging

Models produced by Hajdok et al. [37] on the role of X-ray processes of converter
materials, combined with experimental results on a-Se devices, demonstrated that pixel
pitch is the predominant limiter in spatial resolution of existing detectors. In CMOS devices,
imaging technology has been limited by fabrication capabilities and cost in manufacturing;
relatively recent advances in these areas have led to improved pixel size and the possibility
of sensors capable of detecting small feature sizes.

Developments in improved resolution focus on the reduction of the pixel pitch and
the use of active pixel sensors (APS), which have faster readout and greater SNR than PPS.
In addition to Hajdok’s work on X-ray processes, Que and Rowlands [38] investigated
the various roles of photoelectron range, incident X-ray obliquity, and charge transport in
a-Se, determining that the lateral spread of charge due to diffusion and Coulomb repulsion
are negligible. Kabir and Kasap [39] later demonstrated that deep traps play a dominant
role in reduced spatial resolution through the modeling of charge spread due to trapped
carriers and the calculation of modulation transfer functions (MTFs), directly compared to
experimental results of CdZnTe detectors.

Building upon these works, Scott et al. [40] analyzed the resolution limitations spe-
cific to an a-Se/CMOS device with standard trapping characteristics and a 25 pm pixel
pitch by calculating the MTFs and detective quantum efficiencies (DQEs) in detectors
with varying conversion material thicknesses and pixel pitches exposed to a selection of
relevant energies.

The model of the a-Se device used in these calculations is shown in Figure 1a). Pixels
of aperture size a are covered by a layer of a-Se at thickness L, which is in turn coated with
a top contact. The device is biased positively at the top electrode, generating an electric
field across the device that results in hole collection at the pixels. X-rays are incident upon
the device at some angle 6, which may be Compton scattered or photoelectrically absorbed
at a primary point (x, y, z), generating an electron-hole pair; the photon cross-section for Se,
illustrating the photoelectric absorption and scattering, can be seen in Figure 1b) [41]. If
Compton scattered, the lower energy photon will be scattered and potentially absorbed
elsewhere. The photoelectric effect may result in K-fluorescence, potentially exciting an
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additional pair at (X', y’, z’) at a distance s away from the primary absorption point. The
primary electron-hole pair results in several ionization events and a cloud of carriers, which
are then transported to the pixel plane. Along the way, carriers may become trapped due
to material defects, resulting in induced charge spread across the pixel plane. Collected
carriers are averaged spatially based on the aperture at which they are collected.
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Figure 1. (a) Schematic of t

he a-Se device model used in Scott et al. [40]. (b) Photon cross-section for Se in the range of

interest; vertical dotted lines highlight the energies used in the model discussed [41].

Simulated MTFs were calculated by the transformations of point-spread functions
(PSFs) and line-spread functions (LSFs) due to the charge spread from the primary photo-
electron range, re-absorption from Compton scattering, reabsorption from K-fluorescence,
obliquity of the incident X-rays, carrier trapping in the a-Se layer, and the aperture effect.
In addition, DQE was modeled with the effects of X-ray attenuation, conversion gain,
K-fluorescence, charge collection and trapping, aperture, noise aliasing, and electronic
noise, as described in Kabir et al. [42]. Various thicknesses of the a-Se layer, pixel sizes, and
incident X-ray energies were considered.

For a 200 pm thick a-Se system, decreasing the pixel size reduces the contribution of the
aperture effect to reducing MTF values, pushing limiting factors toward X-ray interactions
and the inherent limitations of the material such as trapping. A thicker a-Se layer of 1000 pm
shows the greater effects of X-ray interactions for all pixel sizes, with obliquity playing a
dominant role; with an incident angle of 0 degrees, the system again becomes limited by
the aperture effect. Additional modeling by Hu et al. [43] reached similar conclusions on
the role of a-Se thickness in MTF degradation with X-ray obliquity, despite the increase
in DQE with thickness, experimentally verified with a-Se flat-panel imagers. Ultimately,
Scott’s work shows that the 25-um pitch provides the greatest spatial resolution in all cases,
with the X-ray angle of incidence the greatest detriment to the improved performance.
DQE at doses corresponding to various applications for the three different pixel pitches
was evaluated with a noise of 300 electrons (rms), standard to CMOS at the time. In
each case, the 25-pum pitch outperformed the larger pixels in spatial frequency, however,
it is important to note that at low doses, the 25-um pitch saw a significant reduction in
DQE due to system noise. This work illustrates the potential of a-Se/CMOS devices in
high-resolution imaging and the importance of reduced pixel size in the realization of this
technology. It also set the stage for an understanding of the limiting factors and models in
a-Se/CMOS imaging.

Confirmation of these models was later obtained by the development of an a-Se/CMOS
640 x 640 array with a 25 um pixel pitch [44]. A CMOS three-transistor active pixel sensor
(3T APS) was coated with a polyimide buffer layer, previously shown to reduce crystalliza-
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tion of the a-Se layer and serve as a blocking layer for hole injection [21]. This was followed
by a 92 pm stabilized a-Se layer and a 50 nm gold top electrode. MTF was calculated from
imaging with the slanted edge technique, using the straight edge of an opaque tungsten
object at 40 kV [45,46]. Modeling results demonstrated that, as previously shown, the
25 um pitch outperforms a commercially available 85 um pitch at normal X-ray incidence.
However, with some obliquity of the incoming X-rays, the performance of the 25 um pitch
degrades while the 85 pm pitch is largely unaffected. Even so, Scott demonstrated that
the theoretical performance of the 25 um pitch approaches the material limit for a-Se, and
experimental results show good agreement with the model, the latter of which does not
factor in measurement geometry and the energy profile of a real beam. In addition, they
provided an image of an aortic stent measuring 25-50 um, seen in Figure 2, demonstrating
the spatial resolution of this detector.

Figure 2. Image of a 25-50 pum aortic stent taken with the 25 um pitch detector in [44].

Additional models [47] compared the theoretical performance of this a-Se/CMOS
detector to existing micro-angiographic fluoroscopic (MAF) detectors. The Relative Object
Detectability (ROD) family of metrics was calculated using MTF and DQE calculations,
executed similarly as in Scott et al. [44], but includes factors such as geometric unsharpness,
focal spot blurring, and scatter blur, which can lead to degraded detector performance. The
a-Se detector was compared with MAF-CCD, MAF-CMOS, and flat-panel detector (FPD),
previously reported. ROD values showed that a-Se significantly outperformed the other
detectors, especially for the smallest objects modeled. However, the results demonstrate
that increased magnification and focal spot blurring have detrimental effects on the a-Se
detector performance. In order to maximize the MTF of the a-Se detector, a smaller focal
spot size must be used and minimal magnification employed to reduce blurring.

Not only did the work of Scott et al. [40,44] and Russ et al. [47] demonstrate what was,
at the time, the state of the art in X-ray detector spatial resolution, but it also set the stage
for a deeper understanding of the X-ray interactions in a-Se devices in how they relate to
the CMOS pixel array. The approach of comparing the measurement to models proved
valuable in improving the performance of detectors, as can be seen in future work.

2.2. Further Improvements in Spatial Resolution by Pitch Reduction

Further improvements in pixel pitch and spatial resolution were brought about by the
development of custom 32 x 32 pixel arrays utilizing a CMOS four-transistor active pixel
sensor (4T APS), the diagram of which can be seen in Figure 3a), with 5.6 pm X 6.25 um
pixel size. Parsafar et al. [48] describe the fabrication of the CMOS as a 6-metal 0.18 um
process with final dimensions of 3.0 mm x 1.8 mm. Stabilized a-Se with a thickness of
56 um was deposited on top of the top-metal layer via a 4.1 pm X 4.8 um opening in the
passivation layer, and finally, a 30 nm thick gold was deposited to serve as a top electrical
contact and was positively biased at 300 V. A cross-sectional view of the device architecture
can be seen in Figure 3b).
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Figure 3. (a) Diagram of the 32 x 32 pixel arrays utilizing a CMOS four-transistor active pixel sensor (4T APS) and

(b) a cross-sectional view of CMOS/a-Se device architecture utilized in Parsafar et al. [48].

An integration capacitor of 18 fF was incorporated into the 4T APS, and the small pixel
capacitance reduced the pixel reset noise charge contribution. In addition, the use of a 4T
APS allowed for correlated double sampling (CDS), further reducing noise by subtracting
the reset voltage of the pixel from the voltage following integration [49]. With the 18 fF
capacitor operated at 3.3 V, the pixel had a full well capacity (FWC) of 3.7 x 10° electrons.
At an integration time of 40 ms, the temporal noise due to photon shot noise and electronic
noise was found to be approximately 350 electrons (rms), with a dark noise (due to random
electronic noise only) at 90 electrons (rms). Initial results demonstrate X-ray responsivity
and the measured MTF, calculated from the slanted edge technique imaging using a
machined lead block, from which the MTF of 50% was extended from ~18 cycles/mm to
37 cycles/mm relative to Scott et al. [44]. Despite this critical improvement in resolution,
the device still suffered from an un-optimized a-Se thickness and experimental challenges
including edge imperfections and source-imager misalignment.

Following up on this work, Scott et al. [50] further evaluated the MTF, DQE, and
dose efficiency of this device. MTF resulted in a reduction of spatial frequency at 50%
to 32 cycles/mm and a mismatch between experiment and theory. The model, however,
did not account for focal spot blurring, and when incorporated showed agreement with
measurement, indicating that improvements to X-ray focal spots or detector geometry
could lead to improved resolution. DQE gave high values relative to other works at the
time at spatial frequencies up to 60 cycles/mm, showing promise for low-dose applications.
Models indicate that optimization of the a-Se layer could further improve DQE.

Most recently, even greater improvements to the spatial resolution were achieved with
a 1-megapixel detector comprised of 7.8 ym x 7.8 um pixels, reported by Scott et al. [51].
This device reverts to a 3T APS design, shown in Figure 4a), with a 58 fF integration
capacitance and an FWC of 8.33 x 10° electrons. Despite the lack of CDS, combined with a
mixed-signal process technology node and long integration time, the total readout noise
was 180 electrons (rms).
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Figure 4. (a) The 3T APS design of 1-megapixel detector comprised of 7.8 um X 7.8 pm pixels; (b) image of contrast to noise

ratio ~10 for bars spaced at 8 um in a JIMA RT RC-05 transmission bar target when sampled at 21 keV, similar to that found

in [51].

The remainder of the device consisted of 100 wum of stabilized a-Se biased at 5-10 V/um
via a top electrode. The author highlights that the device can function as either a hole or
electron collector but was specifically designed for hole collection due to the superiority of
hole transport in a-Se and its stability of X-ray responsivity. Due to the large ratio of the
a-Se thickness relative to the pixel pitch, the device exhibits the small pixel effect (SPE)—to
be discussed in more detail in the following section—and therefore unipolar charge sensing,
resulting in reduced lag. However, the lack of blocking layers was expected to contribute
to an increased lag, possibly negating the effect of SPE.

The pixel array was characterized using monochromatic X-rays at energies of 21 keV
and 63 keV, and linearity, responsivity, MTF, spatial resolving power, lag, and phase
contrast were all evaluated. The response was found to be highly linear up to 26% and 34%
full well capacity for 21 and 63 keV, respectively, with increased % FWC at higher energy
due to a variety of factors, including a combination of higher energy photons, lower a-Se
conversion gain at higher energy, and the possibility that the incident photon flux may have
varied between energies. The responsivity with an applied bias of 4-5.8 V/um resulted in
reasonable agreement at the lower energy, however greater discrepancy at higher energy
was not fully understood. MTF was again found using the slanted edge technique with a
tungsten object; at 21 keV, the image could not be resolved due to beam non-uniformity;,
however, the 63 keV results showed degradation to 50% at ~30 cycles/mm, lower than
previous works, but higher MTF at larger frequencies. Specifically, at the Nyquist frequency
(64 cycles/mm), an MTF of 10% showed greater resolution than other direct conversion
X-ray technologies. The spatial resolving power gave a contrast to noise ratio of ~10
for bars spaced at 8 um in a JIMA RT RC-05 transmission bar target when sampled at
21 keV, the image of which can be seen in Figure 4b). Lag measurements indicated that
lag was proportional to exposure, with the possibility that extra exposure reduces the a-Se
responsivity, and enhanced injection charge recombined with trapped electrons, which, as
previously stated, was not unexpected with no hole blocking layer. Finally, phase contrast
edge enhancement was modeled and verified experimentally using an air bubble in an
epoxy resin. Experimental results matched predictions, and they were able to estimate the
bubble radius at 80 um.

The authors believe that the high resolution and detection efficiency make their device
unique compared to commercially available detectors and others reported in the literature.
The ability to efficiently detect energies above 20 keV with high spatial resolution, not
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otherwise achievable, is especially exciting in areas such as materials science and particle
physics, but slow detector speeds—frame rates of 5 fps—make the device non-competitive
with many existing technologies in medical imaging, which utilize rates of >10 fps. The
authors also argue that the consistency of these models and results, along with previous
works, implies that they have a grasp on the X-ray interaction in a-Se, enabling even greater
improvements to future devices.

As is the case of previous efforts, more work needs to be carried out, including incor-
porating blocking layers into the device architecture, which will improve lag, responsivity
drift, conversion gain, and stabilization. Table 1 summarizes the developments in the EIDs
discussed in this section, clearly demonstrating the effect of pixel pitch in spatial resolution.
The continued reduction of pixel size, while increasing the array dimensions, can also lead
to higher resolution and a greater field of view, adding to the competitiveness of these
technologies. Of special interest for this device is its potential for single-photon counting,
enabled by the SPE; as we will see in the next section, leveraging SPE can lead to lower
dose rates and high resolution, enabling capabilities in medical fields such as angiography
and mammography.

Table 1. Summary of properties from the experimental EIDs reported in this review.

Scott 2014 [44] Parsafar 2015 [48] Scott 2021 [51]
Pixel Pitch 25 um 5.6 um 7.8 um
Array Size 640 x 640 32 x 32 1000 x 1000
a-Se Thickness 92 um 56 um 100 pm
CMOS Design 3T APS 4T APS 3T APS
Noise floor 300-400 rms 350 rms 150 rms
Frequency @ MTF = 0.5 18 cyc./mm 32 cyc./mm 28 cyc./mm
X-ray Energy 28 keV 40 keV 63 keV

3. Single-Photon Detection

In order to resolve the finest features and maintain low doses required for medical
treatments, detectors employ photon counting to resolve individual X-ray interactions
and distinguish between incident energies. Photon-counting detectors (PCDs) register the
generated charge for each X-ray interaction. After an electron-hole pair has been generated
by the incident photon, the charge is collected, processed by a pre-amplifier and pulse
shaper—which gives a pulse height corresponding to the energy of the photon—and an
internal counter is incremented for the bin in which the energy falls. Multiple events within
the readout window can lead to pile-up and false readings in energy and counts. SNR
greater than five is required to allow detection of single events, and fast readout (<20 us) is
required for real-time measurements and single exposure dynamic imaging [52,53].

PCDs with a-Se are not a new concept; however, previous designs were limited
by large pixel area and low readout speeds, preventing use in high-resolution, real-time
applications. Goldan et al. [54] proposed a unique design for a single-photon counting (SPC)
device targeting permanent breast seed implant (PBSI) insertion, allowing for resolution
high enough and fast enough for increased accuracy of seed implantation. The system
consisted of a 70 x 70 array of 1.4 mm pitch pixels bump bonded to a printed circuit board
(PCB), subsequently wired to a CMOS chip, illustrated in Figure 5. Each pixel consisted
of the radiation detector (the a-Se device) and CMOS components: a charge sensitive
amplifier (CSA), a window comparator, a decision-making unit (DMU), a mode selector,
and a pseudo-random counter. Simulations indicated that the system should provide a
mean SNR of 8.7 for a 20 keV photon, great enough for the targeted application. However,
the large pixel size limited further use.
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Figure 5. Schematic of the bump bonded device from Goldan et al. (adapted from [54]).

Later work proposed a readout architecture that allowed both energy integration
and photon counting, with a chip design that adapted to the incident radiation to switch
between modes; lack of blocking layers limited the use in photon counting, despite some
success in preliminary experiments [55]. In addition, Chen et al. [56] analyzed the feasibil-
ity of a-Se for SPC by modeling the X-ray photon interaction, detector geometry, charge
transport, and pulse height shaping (PHS) and noise properties that play major roles in
photon counting, and predicted PHS with low noise photon counting. This was experi-
mentally verified, and high DQE levels were achieved. Due to low mobilities and applied
fields, count rates were still low, though adequate for the targeted application of digital
breast tomosynthesis.

Models performed by Tanguay et al. [57] suggested that SPC imaging generated DQEs
greater than modeled EIDs, despite the impact of noise levels, but poor detection efficiency
at greater a-Se thicknesses reversed this advantage. The author notes that these models
did not include X-ray interaction effects, though the work contributed to the formalism
describing noise power spectrum in SPC. Additional work in 2015 presented issues due to
depth-dependent collection and double-counting interactions [58].

To fully reconcile the issue of low mobilities in a-Se and the need for high frame rate
in photon counting, Goldan et al. [59] proposed the use of unipolar time-differential (UTD)
charge sensing, where a local field is applied to increase the transport of the primary carrier
and allowing for increased time resolution and collection of only the primary carrier. In
this design, illustrated in Figure 6, Frisch grids are used to generate a near-field effect by
applying VG, so that carriers generated in the bulk of the detector and drifting due to field
VD are accelerated at the collector. The design was validated experimentally by depositing
a-Se on a multi-well architecture developed using photolithography and demonstrated
improved time resolution. Additional works in architectural design, including multi-well
solid-state detectors (MWSD) and field-Shaping multi-Well Avalanche Detectors (SWAD)
continued to utilize UTD and improve on spatial, energy, and time resolution, however fail
to implement CMOS technologies and utilize the low noise and fast readout this provides.

Building on the improvements gained in unipolar charge sensing by utilizing the
small pixel effect, Camlica et al. [60] and El Falou et al. [61] reported on an SPC detector
comprised of two 26 x 196 arrays with 11 um pitch pixels. Each pixel consists of a 70 pm
thick stabilized a-Se layer deposited on a 0.5 um thick parylene stabilization layer, which
is opened to expose Al top-metal pads in the CMOS readout. Bias is applied to a-Se via
a 50 nm thick Au top electrode at ~4 V/um. No blocking layers are used, so noise from
charge injection is not trivial. This design is illustrated in Figure 7a).
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Figure 7. (a) The improved a-Se/CMOS device design; (b) improved SPC detector design comprised of two 26 x 196 arrays

with 11 um pitch pixels.

The large ratio of a-Se to pixel size generates the small pixel effect, where charge
carriers are only detected at the pixel electrode once they are in close proximity [62]. This
generates unipolar charge sensing as the minority carrier—in this case, electrons—is largely
ignored by the pixel. Camlica took advantage of this effect to achieve a count rate of
5.5 x 10* photons/s/pixel, greater than the 1.2 x 10* required for mammography [63].
The simulated noise of the system is ~90 electrons (rms), and pulse-height spectroscopy
measurements (PHS) lead to an estimated 7.2 counts/pixel for 60 keV photons. Verification
using a 60 keV 241 Am source gives an input-referred level of 190 electrons (rms) and an
average of 5.5 counts/pixel, the former of which is attributed to interference in the particular
chip tested. The author proposes that they are successful in the implementation of SPE for
single-photon detection and that this work presents a route to SPC of a-Se/CMOS systems.

Additional work on this structure employs a blocking layer to prevent charge injection,
reducing system noise [64]. Unfortunately, the fabrication required reduces the ability
to produce the same pixel size, and the pitch is increased to 20 um. They demonstrate
a rise time of 150 ns, the fastest response reported for a-Se/CMOS detectors. Though
promising, additional work has yet to be reported, limiting understanding of how this
device architecture will perform in real applications and in comparison to existing detectors.
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Photon counting a-Se detectors are still a very new technology relative to the develop-
ment of a-Se, and much work must be carried out to characterize their imaging capabilities
and realize their potential. However, a-Se SPC detectors show great progress and likely are
soon to be ready for applications in imaging technology.

4. Conclusions and Considerations for Further Advancements in
a-Se/CMOS Technology

Significant advancements were achieved over the last two decades in a-Se/CMOS
technologies, guided by theoretical understanding and experimental verification of device
limitations, and include reduced pixel size, architectural and circuit designs, which have
led to improvements to MTF and DQE. The application of a-Se as a direct conversion X-ray
detector enables high spatial resolution in many imaging fields, such as mammography,
micro-angiography, intraoral imaging, and crystallography. Advances have largely been
driven by the improvements to CMOS technologies, which continue at a rapid pace.
In addition, future work in the incorporation of blocking layers and utilizing a-Se at a
high electric field to achieve impact ionization opens the door to its applications as a
photodetector for indirect conversion in positron emission tomography and high energy
physics applications, such as collider detectors.

Though current detector technologies under commercial development are limited
to integration detectors, major progress in photon-counting a-Se devices has been made.
Initial results are promising, even if they are in preliminary stages; the work incorporating
a-Se into small pixel CMOS technologies for these detectors is a large step in achieving the
readout speeds required for distinguishing single events. The work undertaken in under-
standing interactions in a-Se integrating detectors sets the stage for rapid developments in
single-photon counting devices.

Additional technologies such as multi-well solid-state detectors (MWSD), field-Shaping
multi-Well Avalanche Detectors (SWAD), and apodized-aperture pixel (AAP) designs also
provide unique opportunities for improving device architecture, and therefore performance
in a-Se/CMOS detectors. Furthermore, developments on a-Se material properties and
alloying have the potential to increase charge extraction and optical gain, reduce power con-
sumption, and improve resolution in small pixel devices, making it even more competitive
with existing commercial technologies. Even as it currently stands, a-Se integrated CMOS
detectors have been shown to be viable technologies, with CMOS technology playing a
vital role in this capability, and future developments sure to make a strong impact in a
large array of applications.
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