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Abstract. Photon counting detectors (PCD) have the potential to improve x-ray imaging; however, they are still
hindered by high costs and performance limitations. By using amorphous selenium (a-Se), the cost of PCDs can
be significantly reduced compared with modern crystalline semiconductors, and enable large-area deposition.
We are developing a direct conversion field-shaping multiwell avalanche detector (SWAD) to overcome the limi-
tation of low carrier mobility and low charge conversion gain in a-Se. SWAD’s dual-grid design creates separate
nonavalanche interaction (bulk) and avalanche sensing (well) regions, achieving depth-independent avalanche
gain. Unipolar time differential (UTD) charge sensing, combined with tunable avalanche gain in the well region
allows for fast response and high charge gain. We developed a probability-based numerical simulation to inves-
tigate the impact of UTD charge sensing and avalanche gain on the photon counting performance of different a-
Se detector configurations. Pulse height spectra (PHS) for 59.5 and 30 keV photons were simulated. We
observed excellent agreement between our model and previously published PHS measurements for a planar
detector. The energy resolution significantly improved from 33 keV for the planar detector to ~7 keV for SWAD.
SWAD was found to have a linear response approaching 200 kcps/pixel. © 2018 Society of Photo-Optical instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JMI.5.4.043502]
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1 Introduction

1.1 Photon Counting Detectors

Photon counting detectors (PCD) with energy-resolving capa-
bilities based on pulse height analysis have the potential to out-
perform conventional energy-integrating detectors (EID).!
PCDs have the desired characteristics of (1) improved low-
dose performance due to the reduction of electronic noise
and Swank noise,” (2) increased contrast-to-noise ratio from a
higher weighting of low-energy x-rays compared with EIDs,**
and (3) potential for spectral imaging with a single exposure.” In
particular, spectral mammography with PCDs has several poten-
tial advantages over conventional breast imaging systems based
on EIDs, including: (1) single-shot contrast-enhanced imaging,
reducing patient motion artifacts,® (2) improved estimation of
breast density,7 (3) classification of microcalcifications,® and
(4) differentiation of solid and cystic lesions.’ Clinical imple-
mentations of the Philips Microdose photon counting mammog-
raphy system'®!! have already shown promising initial results
for screening accuracy at low mean glandular dose.'”
Currently, the sensor materials used in PCDs are crystalline
semiconductors, such as silicon (Si),"”> cadmium telluride
(CdTe),'* and cadmium zinc telluride (CZT)."> In general, these
materials have the desirable properties of low ionization energy
and high carrier mobility, resulting in the high photogeneration
efficiency and fast sensor response needed to resolve individual
x-ray photons under clinical settings. However, these materials
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stonybrookmedicine.edu

Journal of Medical Imaging

043502-1

are not without limitations. Although Si-based sensors have
been successfully incorporated into a commercialized photon
counting mammography system,'® the low atomic number
(Z) of Si results in potential spectral distortion due to the high
fraction of Compton scatter events and low detection efficiency,
which restricts the sensor architecture to an edge on strip
geometry.'S Significant effort has also been devoted toward
the development of two-dimensional (2-D) pixelated CdTe
and CZT-based sensors for photon counting computed tomog-
raphy (CT)!*!" and mammography.'®!° Although the high Z
of these materials results in better detection efficiency, the
increased K-fluorescence yield at the x-ray energies used in
clinical applications results in spectral distortions due to charge
sharing from K-fluorescence reabsorption in neighboring
pixels.?’ Charge cloud diffusion during drift can also lead to
charge sharing between adjacent pixels for interactions occur-
ring near pixel boundaries. The spectral distortions caused by
charge sharing become substantial at the small pixel sizes
required for mammography.?'*? Additionally, grain boundaries
and lattice defects occurring during the growth of polycrystal-
line materials result in low fabrication yield and charge
trapping,”® leading to high cost and polarization effects,*
respectively.

Although progress toward the integration of PCDs into CT
systems has been promising,?® 2-D pixelated PCDs have not yet
been developed for breast imaging systems due to the simulta-
neous requirements of large area and high spatial resolution. The
goal of this work is to investigate the potential performance of
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amorphous Selenium (a-Se)-based PCDs for breast imaging
applications.

1.2 Amorphous Selenium Detectors

Over the last two decades, a-Se-based direct conversion active
matrix flat panel imagers (AMFPI) have experienced consider-
able commercial success in digital mammography”® and digital
breast tomosynthesis (DBT)?’ systems. It has high spatial
resolution, low dark current, and high detection efficiency at
mammographic energies. However, a-Se has two inherent prop-
erties that limit its photon counting capability: (1) relatively low-
charge conversion gain, requiring ~50 eV to generate an elec-
tron-hole pair (EHP) at an applied electric field (Fg,) of
10 V/um and (2) low charge carrier mobilities, 0.003 and
0.014 cm?/Vs, for electrons and holes, respectively. Property
(1) limits the energy resolution of the detector while property
(2) hinders the complete charge collection of x-ray interactions
at the count-rates experienced in breast imaging applications.
Table 1 compares the inherent material properties of a-Se to
CdTe and Si.

Recent developments in a-Se detector technology have
made it possible to potentially overcome the inherent limitations
discussed above. Under sufficiently high electric field (Fg, >
70 V/um) holes in a-Se undergo impact ionization, freeing
additional EHPs, and amplifying the signal current prior to read-
out, resulting in avalanche gain. If the amplification from ava-
lanche gain is large enough, avalanche a-Se detectors can
achieve comparable charge conversion gain to the crystalline
semiconductors currently used in PCD systems. Amorphous
Selenium sensors utilizing avalanche multiplication, called
high-gain avalanche rushing photoconductor (HARP)*® pick-
up tubes were initially commercialized in the late 1980s for
the broadcast industry. Since the development of vacuum
tube-based HARP cameras, significant effort has been made
toward developing solid-state HARP detectors.”! Recently,
the first prototype large area HARP structure was successfully
fabricated over a 24-x29-cm thin-film transistor array.*?
Although current developments toward solid-state HARP detec-
tors have shown the potential for scalability and stable operation
at avalanche fields, they are limited to thin a-Se layers for optical
sensing (<35 ym) and not direct detection of x-rays.?

Table 1 Material properties of a-Se compared with commonly used
photoconductors for PCDs.

a-Se CdTe Si
Atomic number (Z) 34 48(Cd), 52(Te) 14
K-edge energy (keV) 12.66 26.71(Cd), 1.84

31.81(Te)

lonization energy 50 4.43 3.62
W_,_ (eV/EHP) (F=10V/um)
Hole mobility x5, (cm?/Vs) 0.14 100 480
Hole lifetime 7}, (s) 1076 2x10% 2x10°8
Electron mobility y, 0.003 1100 1400
(cm?/Vs)
Electron lifetime z,, (s) 1076 3x1076 >10738
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Detector designs have also produced substantial improve-
ments in temporal performance of a-Se sensors. The multiwell
solid-state detector (MWSD),** shown in Fig. 1(b), successfully
demonstrated unipolar time differential (UTD) charge sensing,
whereby the signal rise time is only dependent on the drift of
free holes through a narrow sensing region of the detector, sig-
nificantly improving the temporal response compared with a
conventional transit time-limited planar a-Se detector [Fig. 1(a)].
However, the MWSD design was not optimized for operation at
avalanche fields and suffered from high dark current due to
charge injection.

1.3 Field-Shaping Multiwell Avalanche Detector
Structure

Direct conversion a-Se flat panel detectors with separate inter-
action and avalanche gain regions have previously been
proposed®* and theoretically analyzed.* The field-shaping mul-
tiwell avalanche detector (SWAD),* shown in Fig. 1(c), is
designed to utilize both avalanche multiplication and UTD
charge sensing to overcome the inherent limitations of a-Se.
SWAD is a direct conversion detector composed of two distinct
regions: (1) a thick a-Se (bulk) layer for high x-ray detection
efficiency and (2) a thin (well) sensing region, consisting of
a plurality of wells deposited over the readout electronics.
The well sidewalls are formed by pillars made of insulating
material with two grid electrodes embedded inside. The electric
field lines above the pillars bend when the grid electrodes are
biased, creating a field-shaping effect that guides carriers into
the a-Se filled wells of the sensing region. The electric field
within the a-Se filled wells can be tuned to create a localized
high field for avalanche multiplication between the two
embedded electrodes while maintaining a low field through
the bulk region and just above the readout electronics
[Figs. 1(d) and 1(e)]. Additionally, grid 2 acts as a Frisch
erid,’” electrostatically shielding the pixel electrode from sens-
ing any charge carriers drifting in the bulk region, resulting in a
strong near field effect where the collected signal rapidly
increases as drifting carriers enter the wells and undergo ava-
lanche multiplication. The common high-voltage electrode in
SWAD is biased positively, such that only the faster carriers
(holes, in a-Se) are collected in the sensing region. Successful
UTD charge sensing in SWAD would produce similar improve-
ments in temporal resolution to that achieved by the MWSD
discussed above. The bulk region thickness (=200 um) is an
order of magnitude larger than the well-sensing region
(~15 pm), reducing the probability of x-ray absorption within
the sensing region, minimizing the effect of depth-dependent
variation in avalanche gain.*® Recently, we demonstrated the
first UTD charge sensing time-of-flight measurement with a
SWAD prototype sample.”’ We are, currently, optimizing our
pixel design for stable operation at the high fields required
for avalanche gain.

2 Methods

2.1 Detector Description

In this work, a probability-based numerical simulation was
developed in MATLAB (version 2017b, MathWorks, Inc.
Natick, Massachusetts) to model the charge generation, trans-
port, and signal collection processes of three different a-Se
detector configurations. Specifically the MWSD, SWAD, and
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Fig. 1 Cross-section schematic of (a) planar, (b) MWSD, and (c) SWAD detector structures,
(d) COMSOL field simulation for SWAD, and (e) close up of SWAD well region, showing the field-shaping
effect and localized high field within the a-Se filled wells.

Interaction simulation Carrier generation and Signal formation Generate PHS
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Incoming Transport in .
xeray tgetokine Generate Signal Spectral Response

Primary interaction Charge cloud generation "_
e Track interaction location e CSDArange Pulse pileup
® Energy deposition e  Drift dispersion spreading Inherent signal formation ® Order ensemble of

e Diffusion e Select detector structure events temporally
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Fig. 2 General overview of simulation flow incorporating x-ray interactions, carrier generation and trans-
port, signal formation, and generation of PHS.
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Table 2 Simulated detector configurations and relevant parameters.

Configuration 1 Configuration2 Configuration 3

Detector planar MWSD (UTD SWAD (UTD +
configuration (Bipolar) only) Av. gain)
Incident energy 59.5 59.5/30 59.5/30
Einc (keV)

Film thickness 150 150/200 150/200
Ise (um)

Applied field 20 20/10 20/10

Fse (V/um)

Shaping time 7 (us) 32 2 2

Pixel size (mm) — 1 1
Incident count-rate 100 100 100
(cps)

Sensing type Bipolar uTD uTD
Avalanche gain No No Yes (g, = 10)

(Gav)

conventional planar detector configurations are modeled. Signal
generation for both the bipolar sensing of conventional planar a-
Se detectors and the UTD charge sensing of SWAD and MWSD
were considered in our model. The simulation flow can be di-
vided into four stages (Fig. 2): (1) probability-based simulation
of x-ray interactions within a-Se, (2) carrier generation and
transport within the target volume, (3) signal formation, and
(4) generation of pulse height spectra (PHS).

The parameters used to simulate the spectral response of each
detector configuration are shown in Table 2. Configuration 1
consists of 150-um-thick planar a-Se structure, matching the
parameters used in the experimentally measured PHS of a-Se
by Blevis et al.*’ Detector configuration 2 (MWSD) utilized
UTD charge sensing only, and configuration 3 (SWAD) utilized

UTD charge sensing with avalanche gain. Detector configura-
tions 2 and 3 were considered to have identical structural dimen-
sions, consisting of a (1) thick a-Se bulk interaction region and
(2) a multiwell sensing region (with 15-um pillar height) over
the pixel electrode. Two different geometries were considered
for detector configurations 2 and 3: (1) utilizing a 150-ym
bulk region, for comparison with the planar detector used by
Blevis et al.*® and (2) using a thicker 200-ym bulk region,
matching the geometry used in current a-Se AMFPL*" The
assumption of low incident count-rate and large pixel size
(1 mm?) was made to investigate the inherent energy resolution
of each detector configuration modeled.

2.2 Simulation of x-ray Interactions

The spectral response of each detector configuration was simu-
lated using monoenergetic x-ray sources at two different ener-
gies: (1) 59.5 keV, matching the conditions of the filtered
Americium-241 (**' Am) source used in the experimental meas-
urement by Blevis et al.* and (2) 30 keV, representing the
average energy of a typical polychromatic spectra used in mam-
mography. A low incident count-rate of 100 cps was used for
each energy to minimize the effect of pulse pileup and match
experimental conditions used by Blevis et al.** The 59.5 keV
source used by Blevis is higher than the typical energies
used for dual-energy contrast-enhanced breast imaging
tasks,*' and quantum detection efficiency of a-Se at 59.5 keV
for 150 pum is poor, ~15% [Fig. 3(a)]. Only photoelectric inter-
actions were considered in our model, as these are the dominant
interactions in a-Se at the two energies used, with ~89% prob-
ability of occurrence at 59.5 keV [Fig. 3(b)] and K-fluorescence
yield of ~60%. K-fluorescence emissions are either K, or Ky
with energies of 11.2 and 12.5 keV, respectively, and corre-
sponding yields of 86.2% and 13.8%. Due to the low energy
of L-fluorescence emissions, L-shell interactions were not
considered. To simulate the planar geometry (with incident pho-
tons confined to the center of collection electrode) used by
Blevis et al,* all primary interactions were centered within
the target volume to minimize lateral escape of K-fluorescence
emissions.

o
©

'
08+ —60 keV/| |
071
0.6
0.6
0.5F
041
03F
0.2+

0.1,

Quantum detection efficiency
Relative mass atten. coefficient

0.2} Coherent scatter

Photoelectric absorption

Compton scatter

—

0 100 200 300 400 500 600 700 800 900 1000 0
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Energy (keV)
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Fig. 3 (a) Quantum detection efficiency of a-Se as a function of film thickness, (b) normalized interaction
cross-section for a-Se (adapted from NIST XCOM database), (c) relevant interaction scenarios in
target volume (1) photoelectric absorption without K-fluorescence emission, (2) photoelectric
absorption with reabsorbed K-fluorescence emission, and (3) energy loss due to K-fluorescence emis-

sion escape.
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Fig. 4 CSDA range for electrons in selenium as a function of energy.
CSDA ranges were taken from the NIST ESTAR database.

In general, there are three scenarios of energy deposition
that can result from photoelectric absorption occurring within
the target volume of a-Se [Fig. 3(c)]: (1) photoelectric interac-
tion occurs without K-fluorescence emission and only a single
charge cloud is formed, (2) K-fluorescence emission is reab-
sorbed within the target volume, and (3) K-fluorescence emis-
sion escapes the target volume. In cases (1) and (2), the entire
energy of the incident x-ray photon is absorbed within the target
a-Se volume; however, in case (2), the deposited energy is split
between two spatially separated charge clouds. In case (3), the
fluorescence energy is lost from the target volume, resulting in a
reduction in the collected signal. Charge sharing from neighbor-
ing pixels was not included. X-ray interactions occurring within
the well regions of configurations 2 and 3 were not considered.

2.3 Carrier Generation and Transport

The position and energy deposition of each primary photoelec-
tric interaction and K-fluorescence reabsorption within the a-Se
target volume was tracked. The number of generated EHPs from
each interaction is considered to be a Poisson distributed random
variable centered about the mean signal generated. The total-
root-mean-squared (RMS) spatial spreading of a charge cloud
(01oa) generated in a-Se is determined by two factors:
(1) the initial charge cloud size, determined by the photoelectron
range (og) and (2) carrier diffusion during drift (opgg). It is
given as follows:

[ ) 2
OTotal — ODyift + OR- (1)

The primary photoelectron range and fluorescence photo-
electron range were estimated by the continuous-slowing-
down-approximation (CSDA), as shown in Fig. 4, with values
taken from the NIST ESTAR database. For configuration 1,
electron trapping during charge transport was considered, fol-
lowing the framework developed by Kabir and Kasap.** Each
incident x-ray was tagged with a Poisson distributed time
stamp with a mean equal to the incident count-rate, to take
into account pulse pileup effects during the signal generation
step of the model.
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Fig. 5 Comparison of weighting potential distribution for a conven-
tional planar detector (black) and SWAD (blue).

2.4 Signal Formation
2.4.1 Induced current

The signal sensed by the pixel electrodes (Q) can be evaluated
by the Shockley—Ramo theorem,**** expressed as follows:

O(t) = qVw(z) = qVw(uFs.t), (2)

where g is the electronic charge, V', is the weighting potential, u
is the carrier mobility, and ¢ is time. Furthermore, the induced
current [i()] on the collecting pixel is given by the derivative of
Eq. (2):

oV oV
(1) =q—— = quFs,———. 3
l( ) q ot qurs. oz ( )
The distributions of Vyy as a function of depth within the bulk
are shown in Fig. 5 for planar detectors and SWAD with UTD
charge sensing. The V', for detector configurations 2 and 3 were
considered to be identical.

2.4.2 Bipolar planar sensing

For planar detectors, (Fig. 6, top row), a-Se is sandwiched
between two contacts: (1) a common high-voltage electrode,
biased at a constant potential to establish a uniform electric
field across the a-Se and (2) a collecting electrode that is biased
to zero potential and connected to the readout circuitry. Under
the assumption that the pixel electrode size is much larger than
the photoconductor thickness, the weighting potential of the pla-
nar detector is zero at the common high-voltage electrode and
increases linearly to one at the collecting electrode. This distri-
bution means that the collector is sensitive to real-time transport
of both carriers in the bulk, resulting in a photoresponse that is
limited by the transit-time of the carrier drift across the photo-
conductor. The transit-time-limited response of the planar con-
figuration results in a signal collection whose magnitude is
depth dependent, limited primarily by the slower secondary car-
riers (electrons). Interactions occurring deeper in the a-Se and
closer to the collecting pixel electrode (Fig. 6 top row, red
lines) need a significantly longer collection time to account
for the long electron drift and ensure complete charge compared
with interactions occurring further away from the collecting
electrode (green curves, Fig. 6 top row), whose collection
time is primarily dependent on the transit of faster car-
riers (holes).

Oct-Dec 2018 « Vol. 5(4)
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Fig. 6 Comparison of (a) charge collection efficiency for planar and (b) SWAD as a function of drift
time for (left column) holes, (middle column) electrons, and (right column) total signal for three different
interaction depths (1) 20 um, (2) 100 xm (midpoint), and (3) 180 um in a-Se bulk [adapted from Goldan et

al. (Ref. 33)].

2.4.3 Unipolar time differential sensing

In UTD sensing, (Fig. 6, bottom row), the embedded grid elec-
trodes result in a Vy, distribution, which is essentially zero
throughout the bulk and then sharply increases in the sensing
well region due to the strong near-field effect established by
the electrostatic shielding®’ of the top grid electrode. These
designs result in substantially improved signal rise times com-
pared with conventional planar a-Se detectors, as the pixel elec-
trode is insensitive to charge motion in the bulk, and when

properly biased, only the signal from the faster carriers
(holes) drifting into the well region is sensed. Fundamentally,
the rise time of the integrated signal is only limited by the
transit-time required for holes of a generated charge cloud to
drift through the well region (~200 ns*®). However, depending
on the depth of interaction in the bulk and the subsequent drift
distance needed before reaching the well region, carrier diffu-
sion could cause further broadening of the charge cloud
(Fig. 7). In this work, we assumed idealized nondispersive
Gaussian transport within the a-Se bulk for each detector

08

05

Relative charge (a.u.)

03

02

Z1 = 8um
Zz= 100um
Za = 200um|

0.5 1 15 2
Drift time (us)

25
%106

Fig. 7 Spread of UTD pulses due to Gaussian dispersion of holes as a function of drift distance for three
interactions of different depths within a-Se bulk: 8 um (red), 100 um (blue), and 200 um (green) above
well-sensing region. Each pulse is centered about the drift time needed by the charge cloud to travel from

absorption depth to sensing electrode.
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configuration.*>*® Following this assumption, the drift spread-
ing (opgr) and mean position ({[)) of the charge cloud obey
the time dependencies of opg o ¢'/2 and (I) ¢, yielding

the relationship:*748

opuire/ (1) = 7'/2 @)

Following from Eq. (4), the signal rise time for UTD charge
sensing is also limited by the spatial spreading of the charge
cloud during drift, prior to entering the well region.™

2.4.4 Signal sensing circuitry response

For each detector configuration, the current induced by an
absorbed x-ray was integrated over a fixed time interval (i.e.,
shaping time). At the end of the shaping time, the amplitude
of the recorded pulse was considered to be the collected charge
signal. For configuration 1, a shaping time of 7pj,, = 32 s
was assumed, matching the experimental conditions of Blevis
et al.** For configurations 2 and 3, with UTD charge sensing,
a shaping time of zypp =2 us was used. The shaping time
of 2 us, equal to transit time of holes across 200-ym bulk at
10 V/um, was chosen to ensure complete collection of charge
in the case of two spatially separated charge clouds resulting
from the reabsorption of K-fluorescence within the same target
volume.*® The total electronic noise for configuration 1 (Gpjy,,)
was assumed to be 500 e~, matching the measured noise from
Blevis et al.** In general, the total noise (o7,,) contributing to
each collected signal from an x-ray interaction within a-Se is
given as follows:

_ 2 2 2
OTot = \/GPhoton + ODark + OElectronic> (5)

where ophoon 1 the shot noise associated with EHP generation,
opark 1 the noise due to the dark current of the detector configu-
ration, and Ogjecronic 1S the noise associated with the readout
electronics that complete the signal processing. In modern
PCDs, arrays of pixelated elements are connected to applica-
tion-specific integrated circuits (ASICs) consisting of several
parallel channels, each containing multiple comparators and
counters for pulse height analysis and energy binning. A gen-
eralized schematic of an individual channel for a typical photon
counting ASIC is shown in Fig. 8(a). Several different photon

(@)
| | Continuous
reset
]
| F—
Discriminatory
Preamplifier Pulse shaper |—]and counter

l Threshold

counting ASICs for medical imaging applications have been
developed and characterized at clinically relevant energies
using crystalline semiconductors;* however, these ASICs
use faster shaping times than what would be needed for an
a-Se. We followed the photon counting pixel design by
Goldan et al.’®! for a-Se sensors with low dark current
(I; = 0.001 nA), and the simulated input-referred equivalent
noise charge (ENC) is shown in Fig. 8(b) as a function of shap-
ing time. It provides the lowest ENC with a shaping time of
200 to 300 ns, which is relevant for configurations 2 and 3,
respectively. Following this design assumption, the total elec-
tronic noise for detector configurations 2 (opwsp) With a
2-us shaping time was estimated to be 85e~. Electronic noise
was not considered for detector configuration 3, assuming the
amplification of the signal from avalanche gain would overcome
the effects of electronic noise.

2.5 Pulse Height Spectra Generation

For each detector configuration, the ensemble of integrated sig-
nals was ordered temporally by their time stamp, and any over-
lap in the recorded waveforms represented pulse pileup. Each
detector configuration was modeled as a paralyzable system.
The PHS was generated by binning the ensemble of integrated
charge from an entire simulation run into a histogram with 0.5-
keV resolution. No energy thresholds were applied during the
binning process. The energy resolution of each detector was
determined by the full-width-at-half-maximum (FWHM) of
the primary photo-peak. The PHS and energy resolution of
each detector configuration were compared.

3 Results and Discussion

3.1 Validation of Simulation Using Planar Structure

The simulated PHS for configuration 1 is shown in Fig. 9(a). It
was generated using 50,000 59.5-keV photons following the
parameters summarized in Table 2. Plotted in the same figure
are the measured PHS of the planar detector by Blevis
et al.** The simulated results show excellent agreement with
the adapted experimental data. The planar detector was found
to have an energy resolution FWHMpy,.,. of ~33 keV. The
broad spectral width can be attributed to incomplete charge col-
lection due to the lower mobility electrons and increased dark

(b)

300+

200¢

ENC (e-)

10”2 107" 10° 10’ 10
Shaping time (us)

Fig. 8 (a) Generalized block schematic of a single channel for a typical photon counting ASIC and
(b) ENC as a function of shaping time adapted from photon counting pixel architecture developed by

Goldan et al. (Ref. 50).
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Fig. 9 (a) Comparison of adapted experimental data from Blevis et al. (see Ref. 40), simulated planar
PHS results under Blevis conditions and with reduced ENC values. (b) Count-rate linearity planar a-Se
with 150-um planar Se, 32-us shaping time, and 1 mm? pixel, exposed to 59.5-keV x-rays.

current shot noise due to high charge injection at the high fields
(Fs, =20 V/um) used in the measurements. Planar a-Se
employing lower dark current with modern blocking layers
results in a significant reduction of ENC (500 to 285 e™), leading
to an energy resolution of FWHMpy,... ~19 keV at a count-rate
of 100 cps. The slow carrier mobility still necessitates a shaping
time of 32 us, which limits the count-rate linearity of the
planar geometry. As shown in Fig. 9(b), a linear response,
i.e., with <10% loss due to pulse pileup, is only held up to
4 keps/pixel. The low count-rate and low-energy resolution
limit the capability of planar a-Se to accurately resolve single
photons under clinical settings.

3.2 Comparison of Energy Resolution

The simulated PHS for each detector configuration using
50,000 incident 59.5 keV x-rays and the measured PHS adapted
from Blevis et al.** are compared in Fig. 10(a). A significant
improvement in energy resolution was found for the MWSD,
with FWHMywsp ~ 10 keV, compared with the FWHMpy, ., ~
33 keV of the planar detector. This enhancement can be
attributed to the complete collection of charge and reduced

(a)

© Blevis et al

Planar simulated
——MWSD simulated
11 4 I\ |==—SWAD simulated

()25 . .

electronic noise of the MWSD. For the MWSD, the extra broad-
ening of the PHS is primarily due to K-fluorescence escape.
For SWAD, the energy resolution continued to improve
(FWHMgwap ~ 7 keV), owing to the signal amplification by
avalanche gain prior to readout. As a result, the K-fluorescence
escape-peak became resolvable from the primary photopeak.
The simulated PHS for the MWSD and SWAD configurations
is compared [Fig. 10(b)] for a 30-keV monoenergetic source. At
this energy, the SWAD structure was found to have a signifi-
cantly improved energy resolution (FWHMgwap ~ 3.5 keV)
compared to the MWSD (FWHMywsp ~ 8 keV). Similar to
the 59.5-keV case, the signal amplification from avalanche
gain significantly improved the SNR for SWAD, resulting in
a boost in energy resolution. As a result, the K-fluorescence
escape peak became resolvable from the primary photopeak.
3.3 Investigation into Field-Shaping Multiwell
Avalanche Detector Performance

In the previously discussed results shown in Sec. 3.2, a shaping
time of 2 us, which is equal to the transit-time of holes across
the a-Se bulk of SWAD, was chosen to ensure complete charge
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Fig. 10 (a) Comparison experimentally measured PHS adapted from Blevis et al. (Ref. 40), and simu-
lated PHS of each detector configuration with 59.5-keV incident energy. (b) Comparison of simulated
PHS for MWSD and SWAD detector structure with 30 keV incident energy.

Journal of Medical Imaging

043502-8

Oct-Dec 2018 « Vol. 5(4)



Stavro, Goldan, and Zhao: Photon counting performance of amorphous selenium and its dependence on detector structure

(a) 108 ' 7
- = -Ideal 25

- p

3 + SWAD i

3 ——Polynomial fit i

8 e

S 10°

2

&

IS

>

8

< 10

=)

=3

p=}

(@]

103 3 ) 4 ) 5
10 10 10

Incident count rate (cps/pixel)

——SWAD - 1us

——SWAD - 2us

——SWAD - 0.5us
2+ ——SWAD - 0.2us

Counts

25 30
Energy (KeV)

35 40 45 50

Fig. 11 (a) Count-rate linearity of SWAD with 150-um a-Se bulk, 2-us shaping time, and 1 mm? pixel at
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collection of spatially separated charge clouds resulting from
K-fluorescence reabsorption. The count-rate linearity of SWAD
with a 150-um bulk layer and 59.5-keV exposure is shown in
Fig. 11(a). SWAD has a linear response, i.e., with <10% loss
due to pulse pileup, for input count-rates approaching
200 keps/pixel, performing substantially better than the planar
structure. This count-rate is sufficient for the x-ray flux typically
used in DBT.* However, a shaping time of 2 s is significantly
larger than typical shaping times used in current ASICs for
PCDs.* For SWAD to be a potential candidate for higher
flux applications, a faster shaping time may be necessary to
improve the count-rate linearity. The PHS for SWAD with dif-
ferent shaping times is shown in Fig. 11(b). The change in the
PHS is negligible until shaping times fall below 0.5 us. For
shaping times below 0.5 us, the charge clouds of reabsorbed
K-fluorescence photons are collected and registered as separate
events, which is evidenced by a K-fluorescence peak in the PHS.
Additionally, the incomplete collection shifts the primary photo-
peak and degrades the energy resolution.

3.4 Limitations of the Present Study

A large pixel size (1 mm?) was chosen to match the experimen-
tal conditions of previously published PHS measurements and
compare the inherent energy resolution and count rate linearity
of three different detector configurations. For the small pixel
sizes needed in mammography (<100 um), the PHS may be
degraded by spatial charge sharing effects®* caused by K-fluo-
rescence reabsorption and charge cloud spreading, which were
omitted in this work. However, these effects were investigated
separately in our previous work for using pixel sizes relevant for
mammography (100 and 85 ym).>*> With regard to charge shar-
ing due to K-fluorescence reabsorption into neighboring pixels,
the lower K-fluorescence energy of a-Se leads to less effect com-
pared with higher Z materials. With regard to charge sharing due
to charge cloud spreading across pixel boundaries, a-Se detec-
tors have an inherent advantage compared with CdTe/CZT
detectors due to their relatively low carrier mobility and high
electric field, which result in negligible lateral expansion of
the charge cloud during drift. This property has been shown
experimentally with ultrahigh-resolution a-Se x-ray detec-
tors.>>° Additionally, for smaller pixel sizes there will be
some improvement in charge collection from the “small pixel
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effect.”® However, due to the limited thickness of a-Se used
for breast imaging (<300 ym), the “small pixel effect” is not
sufficient to completely overcome limitations resulting from
the slow transit-time of electrons.’” Our future work will incor-
porate these effects for a more complete analysis of energy res-
olution and count rate linearity for small pixels.

4 Conclusions

In this work, we developed a comprehensive probability-based
numerical simulation to model the detector response and gen-
erate PHS for three different a-Se detector configurations.
Our model showed excellent agreement with the experimental
measurements of Blevis et al.,** confirming the validity of
our simulation. The impact of UTD charge sensing and ava-
lanche gain was investigated for two different cases (1) simulat-
ing the detector performance using a filtered 2*! Am source
(59.5 keV), identical to the experimental setup used by
Blevis et al.** and (2) using a low count-rate, 30-keV source
with a detector geometry matching those used in modern a-
Se-based AMFPI for digital mammography. In both cases,
UTD charge sensing and avalanche gain provided significant
improvements in energy resolution compared with conventional
planar detector structures. The combination of avalanche gain
and UTD charge sensing in the SWAD detector had the best
energy resolution in each case. The count-rate capabilities of
SWAD were found to be substantially higher than that of the
planar configuration. The SWAD design with fast UTD charge
sensing achieved a linear response for incident count-rates
approaching 200 kcps/pixel, showing its promise for clinical
applications such as DBT. The SWAD structure was found to
have comparable energy resolution to modern CdTe-based
PCDs>® exposed to filtered 2*! Am sources. Future work will
involve extending our current charge transport model to inves-
tigate the performance of SWAD with smaller pixel sizes and
high incident count-rates.
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