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Abstract

Dual-layer detectors provide a low-cost solution to improved material decomposition and lesion
differentiation in X-ray imaging, while eliminating motion artifacts from multiple exposures. Most
designs utilize two indirect detectors with scintillators designed for low-energy and higher-energy
detection and separated by a copper filter to harden the beam for high energy detection. To
improve the performance of the bottom detector and lower dose requirements, we have previously
proposed an alloyed amorphous selenium photodetector to achieve improved resolution and
absorption at green wavelengths, better suited to high-performance scintillators such as Csl:TI.

In this work, we demonstrate a baseline prototype for the bottom layer—a continuous, large area
83 um pixel pitch flat panel indirect detector with well-established amorphous selenium as the
photodetector—and verify the architecture’s performance and detector design. We characterize
lag, noise-power spectrum, detective quantum efficiency, and modular transfer function of the
detector, and show resolution up to 6 Ip/mm when operated at an applied bias of 150 V. This
provides a starting point for evaluating the alloyed selenium materials, and shows promise for this
detector in the future dual-layer design.
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. Introduction

Recent years have seen significant development in X-ray imaging detector technology,
ranging from improvements in resolution to energy-discriminating photon counting. [1], [2],
[31, [4], [5], [6], [7] thin-film transistor (TFT) flat panel detectors (FPDs) are the most
common commercially employed detectors, though average the absorbed X-ray spectrum
and do not have energy resolution capabilities. This limits their ability to differentiate lesions
from dense tissue and provide material decomposition. To accurately identify material
densities, resolving the energy of the received X-ray quanta is necessary [8], [9].

Energy differentiation can be achieved by three main techniques: photon counting, dual-shot
detection, and dual-layer detectors. Each has its drawbacks, whether cost, motion artifacts,
or dosage [10], [11], [12], [13], [14], [15]. Dual-layer detection uses a single, polyenergetic
X-ray exposure to resolve low and high energies by using two stacked detectors. The single
exposure avoids motion artifacts and improves detectability, however, requires a higher
dose than photon counting detectors. The lower energy X-rays are absorbed by the first
detector, then the remaining, higher energy X-rays are usually hardened to increase energy
differentiation by a copper filter before being absorbed by the next higher energy detector.
This beam hardening photon starves the second layer, which requires increasing X-ray
intensity and dose to the patient to achieve an acceptable signal in the detector [16], [17],
[18], [19].

In order to reduce the dose to the patient while achieving dual-energy, high-resolution
images, we’ve proposed a direct/indirect dual-layer architecture [20], [21]. The bottom

layer will employ an indirect FPD with an alloyed a-Se photodetector high for higher
energies. Amorphous selenium is a high absorption and resolution semiconductor, capable
of uniform large-area, low-cost fabrication [22], [23], [24], [25]. It has been well studied
and is already in use in commercial mammography detectors [26], [27]. The capability

of impact ionization in a-Se has been utilized in high-gain avalanche rushing amorphous
photoconductor (HARP) detectors, allowing for gains greater than unity at fields less than 80
V/um [28]. Scheuermann et al. [29] have demonstrated its capability as a large area indirect
conversion FPD, showing high resolution, DQE, and modulation transfer function (MTF).

Ideally, a Csl: Tl scintillator will be paired with the photodetector, utilizing its high photon
yield from X-ray absorption and improved resolution over other scintillators. However, the
emission energy of Csl:Tl falls below a-Se’s mobility gap energy, limiting its effectiveness.
Previous studies from this group demonstrate the tunability of a-Se by alloying with
tellurium (Te), in which the band gap can be reduced while achieving high conversion
efficiency for thick Se-Te devices [30]. These detectors show increased performance

at longer wavelengths, enhancing performance in the region of Csl: Tl emission. This,
combined with the ability to achieve impact ionization at low fields, makes Se-Te ideal
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for the photoconductor in the indirect layer, as a lower dose can be used while generating an
acceptable signal [31], [32], [33].

In order to evaluate the proposed detector performance, we must first set a baseline to
compare to. Following work that studies a single pixel device to test the performance

of parylene blocking layers [21], we present preliminary studies on an indirect a-Se

FPD bottom layer, verifying the viability of the chosen photodetector architecture with
well-established a-Se. We demonstrate the performance of the continuous large area (85 x
85 mm), 83 um pixel pitch FPD paired with common scintillators, in preparation for the
fabrication of an alloyed FPD capable of impact ionization.

[I. Methods

A. Fabrication

The 85 x 85 mm active area FPD was constructed by depositing several layers of material

on a Varex TFT backplane with an 83 gm pixel pitch; the architecture can be seen in a
cross-sectional schematic in Fig. 1. First, a 100 nm planarization layer of parylene-C was
deposited using a PDS 2010 LabCoter 2 Deposition system. A 15 um layer of stabilized a-Se
was deposited in a dedicated Se thermal evaporator, as described in [30]. Another layer of
parylene-C was deposited in the same way to generate a 750 nm hole-blocking layer. Finally,
a 100 x 100 mm transparent conducting layer [indium-tin oxide (ITO)] was sputtered and
deposited as four 51 x 51 mm squares with ~1 mm overlap to serve as the top contact,
extending beyond the active area to allow for bonding and space to pair with the scintillator.

The detector was then connected to a Varex readout system, and a scintillator was coupled to
the active area of the photodiode. Three scintillators were used for various measurements, in
order to best determine the performance of the photodetector itself: LANEX Fine and DRZ+
gadolynium oxysulfide (GOS) with peak emission at 510 nm, and a Csl: Tl scintillator with
peak emission at 550 nm.

B. Device Characterization

The imager was characterized using an RQAS5 beam quality X-ray source at Varex facilities.
Lag was calculated as the percentage of counts remaining in each frame relative to the last
exposed frame. Internal software (Viva) was used to calculate noise power spectrum (NPS),
DQE, and MTF from the collected signal. Sensitivity was calculated as the counts/ym Gy
(with a dose/frame of 11.4 4Gy) as a function of applied bias, using a standard Varex a-Si
FPD as a reference.

C. Modeling

The resolution performance of the FPD was simulated using a cascaded linear system model
(CLSM) which models the performance of the X-ray imager as a series of independent
physical processes, such as signal attenuation, gain, and optical blurring [34], [35]. The
overall MTF of an X-ray imaging system is affected by various physical parameters such

as k-fluorescence reabsorption, the charge carrier trapping in the blocking layer, and optical
spreading in the scintillation layer [36], [37]. In this work, the equations that were used to
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model the series of imaging stages of the FPD, related to the properties of a-Se and GOS,
were developed by previously published works [37], [38], [39], [40], [41]. To evaluate the
effect of phosphor thickness on the signal blur and collection efficiency, the LANEX Fine
GOS scintillator properties were considered in the MTF model and to validate the detector
performance [36], [42], [43]. By comparing simulated results to experimental measurements
of the MTF, we obtained a qualitative understanding of the signal blur due to the GOS
scintillator layer.

[1l. Results and Discussion

Images at each step of fabrication of the photodetector can be seen in Fig. 2. After

the second parylene deposition, visible defects appeared under the parylene layer; further
discussion of their effects can be found later below. Deposition of the ITO resulted in darker
areas where the ITO overlapped, which was done to provide continuous bias across the
entire device. Additionally, limitations in the sputtering system generated thicker rings in
some areas of each square.

The DRZ+ and the LANEX Fine scintillators were sized to accurately pair to the Varex
panel active area. However, each had drawbacks: the DRZ+ was the thicker of the two,
giving higher sensitivity, but greater optical blur. The LANEX Fine was thinner, giving
higher resolution but lower sensitivity.

The detector was first paired to the DRZ+, and the bias voltage was ramped up to 300
V—approximately 270 V (18 V/um) across the a-Se layer and 30 V across the parylene
layers—for signal and lag measurements, which can be found in Fig. 3(a). The lag dropped
to less than 1% after 4 frames (200 ms) and to 0.1% after 20 frames (1 s). While this is

too long for CT scans, most single-shot images only require exposure after a waiting period,
making this acceptable for our intended applications. The overall signal count [inset of Fig.
3(a)] reached just under 6000 counts with a fast rise and fall.

The scintillator was then swapped to the LANEX Fine for NPS and DQE measurements,
found in Fig. 3(b). The detector showed good NPS at 300 V bias and 35 uGy/frame, under
700 counts? mm? at 6 Ip/mm. The DQE is rather low across all cycles/mm, however, is

in line with what can be expected at 300 V for a thin GOS layer, in which conversion
efficiencies for a-Se are limited to less than 10% by the wavelength and applied field [21],
[44].

Unfortunately, 300 V pushed the maximum bias the TFT could accommodate during hole
collection and became unstable after performing several measurements. The defects that
appeared during fabrication began to create points of failure in the pixels, and eventually
resulted in bright lines of signal across the image. The bias was then reduced to 150 V (~9
V/um) for the remaining measurements. This limits the performance of the a-Se in DQE, as
high visible photon conversion is expected at fields greater than 30 VV/um, and indicates that
a thinner layer of photoconductor material is required to achieve these high fields, and those
required for impact ionization, and high DQE.
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To understand the limitations of the detector, MTF was modeled for the TFT panel, a

direct 15 um a-Se/TFT panel, the LANEX Fine scintillator, and the entire architecture used.
The results of this can be seen in Fig. 4(a). A direct a-Se detector shows only slightly
reduced performance at higher line pairs compared to what the TFT is capable of resolving.
Introducing the LANEX Fine scintillator significantly reduces the performance, causing

an immediate drop in MTF with increasing cycles/mm due to the optical spread created
from the X-ray scintillation. While GOS scintillators have a high sensitivity to X-rays, the
fabrication techniques limit how well the emitted light is guided to the photodetector and are
known to have lower resolution. The addition of a-Se only slightly lowers the MTF at longer
cycles/mm, as it does in the case of direct detection.

Fig. 4(b) shows the measured MTF of the detector when biased at 150 V, with a fit to

the data to guide the eye. Comparing this to the model of the full detector, we see that

the device performance is in line with what we expect, except at lower cycles/mm; this
indicated that the resolution was limited by the scintillator, and utilizing a higher resolution
scintillator could lead to improved MTF. At low cycles/mm, we observe a sharp drop from
unity. To investigate further, we remove the scintillator from the photodetector, perform an
MTF measurement, and see the same behavior at low cycles/mm. This gives confidence that
the scintillator is not the cause of the drop. In addition, the thin layer and limited charge
spreading a-Se undergo [41] supports that the detector is not the cause of the drop, and
rather is due to backscattering off the material behind the sensor. An image of a resolution
phantom, seen in Fig. 4(c), demonstrated the performance of the detector, highlighting that
six line pairs/mm can be resolved by eye.

Additional images were taken of a hand phantom and a printed circuit board, seen in Fig. 5.
The appearance of image defects is highlighted by red-dashed lines. These defects degrade
the resolution and performance of the detector and lead to breakdowns at higher bias, as
noted above. Future detectors will add additional steps and cleaning to limit the inclusion of
fabrication defects; however, it can be expected that some may appear when working with
large areas and in a shared research facility.

Finally, the sensitivity of the detector was measured using the DRZ+ and a Csl: Tl
scintillator, along with the detector without scintillator, shown in Fig. 6. The CsI:Tl
scintillator has a peak emission at 550 nm, outside of the optimal absorption of a-Se,
though it has greater inherent resolution and higher photon yields than GOS scintillators.
As expected, the detector has lower sensitivity when coupled to the Csl:T1 and without a
scintillator as compared to the DRZ+; the performance was, however, still good given the
reduced absorption of a-Se for the Csl: Tl scintillator emission and low thickness of a-Se for
direct detection. This shows good promise for both an alloyed indirect detector with a lower
bandgap—tuned for absorption at 550 nm—and a thicker a-Se direct detector.

V. Conclusion

In summary, we have fabricated and characterized an indirect, a-Se FPD with 83 ym pixel
pitch and 85 x 85 mm continuous active area, demonstrating lag, NPS, DQE, and MTF
acceptable for single image applications. The detector maintains an MTF greater than 0.2
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at 6 cycles/mm, reaching the maximum performance of the scintillator coupled to it. The
selected architecture of parylene-C planarization and hole-blocking layers give performance
parameters on par with that expected from a-Se and the GOS scintillators at the biases used
in this work. This provides a promising starting point for optimizing the detector; future
work will explore thinner a-Se layers alloyed with Te to allow the application of higher
fields (for higher DQE and impact ionization) while lowering the bandgap for utilization
with longer wavelength scintillators.
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Fig. 1.

A?chitecture of the a-Se flat panel imager, with 1) an 83 gm pitch, 1024 x 1024 TFT
backplane, 2) 100 nm parylene-C planarization layer, 3) 15 xm stabilized a-Se, 4) 750 nm
parylene-C blocking layer, and 5) a 75 nm ITO transparent top contact, paired with a DRZ+
or LANEX Fine GOS scintillator (not to scale).
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Fig. 2.

Images of the a-Se photodiode FPD at each step of fabrication, from left to right: 1)
Uncoated TFT panel, 2) parylene planarization layer, 3) 15 um a-Se, 4) parylene HBL, 5)
ITO (deposited in four 2” squares). Pictures of the detector coupled to a scintillator are not
shown.
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(b) NPS (left axis, black circles) and DQE (right axis, red triangles) of the detector with the

LANEX Fine scintillator.
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Fig. 4.
(a) Simulated MTF for the 83 um pixel pitch TFT panel used in this work, 15 um a-Se on
the panel, a LANEX Fine scintillator, and the combination of the LANEX Fine scintillator

above 15 um a-Se on the TFT panel. (b) Modulated transfer function (MTF) of imager using

slant edge technique compared with the model for this detector. (c) Image of a resolution
phantom demonstrating resolution at 6 line pairs per millimeter.
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Fig. 5.
(Bottom) PCB board and (top) hand phantom with several defects highlighted in red.
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Fig. 6.
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Sensitivity of the detector (dose/frame of 11.4 4Gy) when paired with a DRZ+ GOS
scintillator (blue triangles), a Csl:Tl scintillator (green squares), and without a scintillator

(red circles).
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