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based on polycrystalline-silicon thin-film transistors
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Active matrix, flat-panel imagers (AMFPIs) employing a 2D matrix of a-Si addressing TFTs have
become ubiquitous in many x-ray imaging applications due to their numerous advantages. How-
ever, under conditions of low exposures and/or high spatial resolution, their signal-to-noise perfor-
mance is constrained by the modest system gain relative to the electronic additive noise. In this
article, a strategy for overcoming this limitation through the incorporation of in-pixel amplification
circuits, referred to as active pixel (AP) architectures, using polycrystalline-silicon (poly-Si) TFTs
is reported. Compared to a-Si, poly-Si offers substantially higher mobilities, enabling higher TFT
currents and the possibility of sophisticated AP designs based on both n- and p-channel TFTs. Three
prototype indirect detection arrays employing poly-Si TFTs and a continuous a-Si photodiode
structure were characterized. The prototypes consist of an array (PSI-1) that employs a pixel
architecture with a single TFT, as well as two arrays (PSI-2 and PSI-3) that employ AP architectures
based on three and five TFTs, respectively. While PSI-1 serves as a reference with a design similar
to that of conventional AMFPI arrays, PSI-2 and PSI-3 incorporate additional in-pixel amplification
circuitry. Compared to PSI-1, results of x-ray sensitivity demonstrate signal gains of ~10.7 and
20.9 for PSI-2 and PSI-3, respectively. These values are in reasonable agreement with design
expectations, demonstrating that poly-Si AP circuits can be tailored to provide a desired level of
signal gain. PSI-2 exhibits the same high levels of charge trapping as those observed for PSI-1 and
other conventional arrays employing a continuous photodiode structure. For PSI-3, charge trapping
was found to be significantly lower and largely independent of the bias voltage applied across the
photodiode. MTF results indicate that the use of a continuous photodiode structure in PSI-1, PSI-2,
and PSI-3 results in optical fill factors that are close to unity. In addition, the greater complexity
of PSI-2 and PSI-3 pixel circuits, compared to that of PSI-1, has no observable effect on
spatial resolution. Both PSI-2 and PSI-3 exhibit high levels of additive noise, resulting in no net
improvement in the signal-to-noise performance of these early prototypes compared
to conventional AMFPIs. However, faster readout rates, coupled with implementation of multiple
sampling protocols allowed by the nondestructive nature of pixel readout, resulted in a signifi-
cantly lower noise level of ~560 e (rms) for PSI-3. © 2009 American Association of Physicistsin
Medicine. [DOI: 10.1118/1.3116364]

Key words: poly-Si TFTs, active pixel array, continuous photodiode, detective quantum efficiency

[. INTRODUCTION

Active matrix, flat-panel imagers (AMFPIs) incorporating ar-
rays with amorphous silicon (a-Si) thin-film transistors
(TFTs) have become ubiquitous in the field of medicine and
are accelerating the trend of digital, filmless x-ray imaging in
many applications and venues. These arrays employ two-
dimensional matrices of pixels with a pixel architecture con-
sisting of an addressing TFT coupled to some form of pixel
storage capacitor. Indirect detection AMFPI arrays use a stor-
age capacitor in the form of an optical sensor that detects
incident light emitted from an overlying scintillator (e.g.,
Csl:TI). In direct detection AMFPI designs, a storage capaci-
tor collects charge from an overlying photoconductive mate-
rial (i.e., a-Se). While such conventional AMFPIs have
proven to be highly versatile, offering good imaging perfor-
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mance for applications including mammography, radiogra-
phy, cardiac imaging, and radiotherapy imaging, the ratio of
the signal generated per interacting X ray to the electronic
additive pixel noise is modest. This results in a significant
reduction in detective quantum efficiency (DQE) under con-
ditions of low exposure or high spatial frequencies1 and is
particularly pronounced for fluoroscopyl’2 as well as for ap-
plications requiring small pixels, such as mammography and
breast tomosynthesis.3'4 In the case of fluoroscopy, it has
been shown that the DQE of AMFPIs is inferior to that of
image intensifiers (XRIIs) at the lower end of the exposure
range (0.1-1 wR)°-where the limited system gain of AMF-
Pls results in the additive noise® becoming significant rela-
tive to x-ray quantum noise.

To overcome this limitation, a variety of approaches are
being pursued, all of which aim at enhancing the amount of
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Fic. 1. Schematic diagram illustrating the general fea-
tures and layout of the three poly-Si array designs,
PSI-1, PSI-2, and PSI-3, on a 4 in. wafer. The contact
pads located at the periphery of the arrays were used to
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signal generated per interacting X ray — given that signifi-
cant reduction in the additive noise of AMFPIs appears un-
likely. For direct detection AMFPIs, one approach involves
the development of photoconductive materials offering x-ray
sensitivities significantly higher (i.e., up to a factor of 10)
than those offered by a-Se. The high gain materials under
investigation include Hgl,, Pbl,, and PbO."™ Another ap-
proach involves the use of a double layer of a-Se photocon-
ductive material. While a thicker top layer acts as the con-
verter of X rays into electrons and holes, a thinner bottom
layer provides further signal amplification by means of an
avalanche multiplication mechanism.™ In the case of indirect
detection

AMFPIs, one approach involves increasing the fraction of
the area in each pixel that is optically sensitive through the
use of a continuous photodiode design to achieve near-unity
fill factor.>'* Another approach involves the introduction of a
thin a-Se avalanche multiplication layer between the scintil-
lator and the active matrix array to provide amplification of
the light signal emerging from the scintillator.*>™’

An approach that can be applied to both direct and indi-
rect detection AMFPIs involves the incorporation of an am-
plification circuit within each pixel, enhancing the pixel sig-
nal prior to readout. The use of in-pixel amplification is
inspired by the successful incorporation of simple amplifiers
into individual pixels of image sensors based on crystalline-
silicon (c-Si) CMOS technology. Such devices, called active
pixel sensors (APSs), have been extensively developed for
various types of mobile imaging applications (e.g., digital
cameras and cell phones) and have been investigated for use
in medical imaging applications18 — although c-Si-based de-
vices cannot provide the very large monolithic areas or very
high radiation damage tolerance of a-Si arrays.’*?° While
early examination of in-pixel amplification using simple am-
plifier designs based on conventional n-channel a-Si TFTs
has been reported,?? the low carrier mobilities offered by
a-Si material (~1 cm?/V s for electrons and ~1072 cm?/
V s for holes) is restrictive. An alternative to a-Si is poly-
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poly-Si gate line drivers located at the periphery of
PSI-1 and PSI-2 were not used in the present study.

crystalline silicon (poly-Si), which is playing an increasingly
important role in a broad range of semiconductor devices,
such as mobile active matrix displays and organic light emit-
ting diode (OLED) displays.? Poly-Si offers the advantage
of substantially higher carrier mobilities, on the order of
100 cm?/V s for both electrons and holes, while maintain-
ing the large area processing capability and radiation damage
resistance of a-Si.?* Such high mobilities enable faster TFT
switching speeds and higher currents, as well as considerably
more sophisticated amplification circuits based on both
n-channel and p-channel TFTs. Another advantage of the
high mobilities of poly-Si is the possibility of integrating
additional circuitry, such as gate line drivers and data line
multiplexers, on the periphery of AMFPI array substrates —
reducing the density of connections as well as the amount of
peripheral external electronics.

In this article, the basic design, operation, and perfor-
mance of indirect detection flat-panel prototype arrays based
on poly-Si TFTs are reported. The prototypes, referred to as
polycrystalline-silicon imaging (PSI) arrays, employ various
pixel circuits and incorporate a continuous photodiode
structure.**?>% Two designs incorporate an amplification cir-
cuit in each pixel, which we will refer to as an “active pixel”
(AP) architecture. The performance of these prototype arrays
is characterized in terms of basic pixel signal and noise prop-
erties, as well as the spatial-frequency-dependent metrics,
modulation transfer function (MTF), noise power spectrum
(NPS), and DQE.

Il. METHODS AND MATERIALS
IILA. Introduction to prototype PSI arrays

The three poly-Si array designs were implemented on a
common wafer, a 4 in. quartz substrate. A schematic illustra-
tion of the layout of the three arrays on the wafer is shown in
Fig. 1. In addition to the arrays, poly-Si multiplexers, gate
drivers, and test circuits are present on the wafer. In the
present study, the gate drivers on PSI-1 and PSI-2 were not
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Fic. 2. Photomicrographs of a single pixel from (a) PSI-1, (b) PSI-2, and (c) PSI-3. The pixels are oriented so that gate lines and data lines run horizontally
and vertically, respectively, as indicated by the solid and open arrow symbols. While the PSI-1 pixel has a simple architecture consisting of a collection
electrode and an addressing TFT, PSI-2, and PSI-3 incorporate additional features corresponding to their in-pixel amplification circuits. The dashed squares
appearing in the photomicrographs indicate the boundaries of one pixel. This figure is an adaptation of a figure from Ref. 25.

used, and contact between gate lines and peripheral electron-
ics was achieved through use of contact pads located on the
opposite side of these arrays. The multiplexers, on the other
hand, were used for the two array designs incorporating pixel
amplification. Test circuits, which lie at the periphery of the
wafer, include individual poly-Si TFTs of the types used in
the array designs. Studies performed on such test circuits to
investigate the radiation damage and noise properties of
poly-Si TFTs have been previously reported.?**’ In addition
to providing a measure of the quality and performance of the
poly-Si TFTs independent of the complications of array op-
eration, empirical data obtained from these test circuits can
also serve as input to circuit models simulating the signal
and noise performance of array pixels.?’

The creation of these poly-Si arrays involves a hybrid
process?®*® employing a continuous a-Si photodiode struc-
ture and one to five poly-Si TFTs per pixel.*>? For the TFTs,
a-Si is first deposited on the substrate and later crystallized
by a process involving a pulsed excimer laser.*® The laser
produces pulses of short wavelength (less than 400 nm), high
intensity, and short duration (~50 ns) — ensuring that the
a-Si melts and solidifies rapidly without thermally damaging

TaBLE |. Design specifications of the poly-Si arrays used in this study,
including the channel type, width (W), and length (L) of the pixel transis-
tors. Note that the geometric fill factor corresponds to the percentage of the
pixel area occupied by the pixel charge collection electrode. Also note that
the notation “(5+5)” refers to the length of the dual-gate structure used in
some of the TFTs.

Property PSI-1 PSI-2 PSI-3
Pixel pitch (um) 90 90 150
Pixel format (data X gate) 384 X 256 384 X 256 128X 128
Array dimensions (cm?) 345x%230 3.45x230 192x1.92
Geometric fill factor (%) ~70 ~60 ~75
TFTpppr. N-type; WXL (um?) 10X (5+5) 8X(5+5) 8X(5+5)
TFTrst, N-type; WXL (um?) 8X(5+5) 8% (5+5)
TFTse, n-type; WXL (um?) 30%10 30% 10
TFTro, N-type; WXL (um?) 60%x5 60X5
TFT AL, p-type; WXL (um?) 10% 30
TFTcsp, N-type; WXL (um?) 43710
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the substrate. The photodiodes are largely fabricated above
the plane of the TFTs and consist of a patterned a-Si n-doped
layer, as well as continuous intrinsic and p-doped a-Si
Iayers.s'14 The discrete n-doped layer connects to an under-
lying collection electrode, which defines the geometric fill
factor of the pixel. Compared to the discrete photodiodes
commonly employed in conventional AMFPIs, implementa-
tion of out-of-plane photodiode structures provides larger op-
tical fill factors (defined as the fraction of the pixel surface
that is optically sensitive to incident light) that are close to
unity.>** Such out-of-plane photodiode structures circumvent
the competition for pixel area that would otherwise occur
between the pixel TFTs of an amplification circuit and a
conventional discrete photodiode.

The three prototype array designs are labeled PSI-1,
PSI-2, and PSI-3, and their design specifications are summa-
rized in Table I. The PSI-1 array is based on a relatively
simple design with a single poly-Si TFT used as an address-
ing switch, analogous to conventional AMFPI designs. How-
ever, unlike conventional designs, the TFT employs a dual-
gate structure in order to reduce the elevated levels of
leakage current that result from the higher mobilities offered
by poly-Si material. The array has a pixel format of 384
X 256 pixels and a pitch of 90 um, giving an active area of
~3.45%x2.30 cm? PSI-1 (which has been previously
characterized)™ provides a reference for the performance of
an array based on poly-Si TFTs, without in-pixel amplifica-
tion. PSI-2 incorporates a single-stage, in-pixel amplifier
with a pixel format of 384X 256 pixels and a pitch of
90 um, resulting in the same active area as for PSI-1. PSI-3
incorporates a dual-stage, in-pixel amplifier with a pixel for-
mat of 128X 128 and a pixel pitch of 150 wm, resulting in
an active area of ~1.92x1.92 cm?. An illustration of an
individual pixel from each array is shown in Fig. 2.

II.B. Array operation

In order to understand the operation and performance ben-
efits of PSI-2 and PSI-3, it is useful to examine the operation
of PSI-1. A circuit diagram depicting a PSI-1 pixel, which
consists of an addressing TFT (TFTappr) coupled to a pixel
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Fic. 3. Schematic diagram illustrating the circuit for a single pixel in the
PSI-1 prototype array. The circuit, surrounded by the dashed rectangle, com-
prises a dual-gate addressing transistor, TFT5ppg, and a photodiode struc-
ture, PD. A bias voltage, V., is applied to the photodiode, which has
capacitance per pixel of Cpp. The pixel is addressed by means of a gate line
and a data line (with capacitance Cy,,). A preamplifier circuit used to read
out the pixel is located externally to the array substrate, as indicated by the
shaded lines.

storage capacitor (with intrinsic capacitance Cpp formed by
the continuous photodiode structure), is shown in Fig. 3. A
voltage Vyi.s, provided by an external supply, establishes a
reverse bias across the photodiode structure. During image
capture, the TFTs are kept nonconducting so that light pho-
tons produced through the interaction of incident radiation
with the scintillator and detected by the photodiode result in
the capture of imaging signal in the pixel storage capacitors.
This imaging signal, which is proportional to the amount of
incident radiation, is read out one row of pixels at a time by
turning on (i.e., render conducting) the corresponding TFTs.
This initiates current flow along the data lines, allowing the
imaging signal to be sampled by an external charge preamp-
lifier and subsequently digitized, while simultaneously reset-
ting the voltage across the photodiode to its initial state.

In the case of PSI-2, in addition to the photodiode and the
dual-gate addressing TFT (TFT appr), the pixel incorporates
areset TFT (TFTgrst) and a source-follower TFT (TFTgg), as
shown in the structural illustration and circuit diagram of
Figs. 4(a) and 4(b), respectively. Table Il lists some of the
voltages supplied to the various transistors in PSI-2 (and
PSI-3) during array operation. When incident radiation is
detected, the photodiode capacitance is discharged, causing
the voltage at the gate of TFTg (Vg.gp) to drop from the
initial reset voltage of Vpgst in proportion to the imaging
signal generated by the radiation. The imaging signal defined
by this voltage change is then amplified by turning TFT appr
on, resulting in a current flow that charges the capacitance
(Cyata) Of the corresponding data line. This current flow con-
tinues until the voltage of the data line approaches that of the
gate contact of TFT 5ppr, hence the name “source follower.”
The resulting charge remains stored on the data line by keep-
ing the readout TFT (TFTgg), located at the periphery of the
array, in the off state (i.e., nonconducting). The additional
signal gain provided by PSI-2 is determined by the ratio of
the capacitance of the data line to that of the photodiode,
Cuata/ Cpp- The imaging signal stored in the data line capaci-
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tance is subsequently sampled by the external charge pre-
amplifier via a 16 to 1 multiplexer (see Fig. 1). After sam-
pling, the data line is reset to a reference voltage, Ve In
order to reduce the number of control lines in the design of
the PSI-2 prototype, reset of the pixel, performed by turning
TFTrst ON, is achieved using the gate lines. Thus, when the
voltage for a given gate line is switched to a positive value,
this enables sampling of the charge from pixels along that
line (by turning on the corresponding TFT zppg transistors)
while simultaneously resetting pixels along the preceding
gate line (by turning on the corresponding TFTgst transis-
tors). The reset action restores the gate contact of TFTge to
its initial voltage of Vp.rst and, thus the voltage across the
photodiode to its initial value of (Vpiss—Vp.rsT).

For PSI-3, each pixel incorporates a dual-stage amplifica-
tion structure in the form of a common-source amplifier in
series with a source-follower amplifier, as illustrated in Figs.
4(c) and 4(d). The design is similar to that of PSI-2, except
for the additional n-channel common-source amplifier TFT
(TFTcsa), the p-channel active load TFT (TFT,,), and the
feedback capacitor (Crg) — which together constitute a first-
stage amplification circuit. As incident radiation is detected,
the photodiode capacitance is momentarily discharged, caus-
ing the voltage of the gate contact of TFTcsa (Vecsa) tO
drop. Due to the very high open loop gain (~80) of the first
amplification stage, the voltage of the gate contact of TFTge
(Vg.sp) increases until Vg _csa is rapidly restored nearly to its
initial value prior to irradiation.?® This results in the voltage
(and thus the electric field strength) across the photodiode
remaining largely constant during array operation. Such a
voltage-change limiting feature is expected to reduce image
artifacts (e.g., lag and ghosting) associated with charge trap-
ping and release in the a-Si material of the photodiode.26
Amplification in the second stage of the PSI-3 pixels is pro-
vided by the same source-follower circuit as in PSI-2. The
additional signal gain provided by PSI-3 is largely deter-
mined by the ratio of the data line capacitance to the feed-
back capacitance, Cyu./Ceg. The imaging signal stored on
the data line capacitance is subsequently sampled, via an 8 to
1 multiplexer (see Fig. 1), by an external charge preamplifier.
After sampling, the data lines are reset to V¢ and the pixels
are reset through discharge of their corresponding capacitors
Crg by rendering the TFTrer transistors conducting.
Whereas pixel reset for PSI-1 and PSI-2 is performed one
row of pixels at a time, for PSI-3 it is applied globally to all
pixels prior to the delivery of radiation and the start of row-
by-row readout.

For PSI-2 and PSI-3, the image information contained in
the photodiode capacitor, Cpp, and the pixel storage capaci-
tor, Cgg, respectively, is left undisturbed by readout and sam-
pling by the external preamplifier since the pixel reset action
is independent of readout. This feature allows for the possi-
bility of more sophisticated readout protocols that can be
used to reduce additive noise.

II.C. Electronic acquisition system

The PSI arrays were operated by means of an electronic
acquisition system, G3* previously developed to allow de-
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Fic. 4. lllustrations relating the physical structure of the prototype active pixels to their circuit diagrams, with color coding to indicate the correspondence
between parts of the circuit and their physical implementation in the pixel. Three-dimensional drawings of the detailed structure of (a) PSI-2 and (c) PSI-3
pixels. Each drawing illustrates four adjoining pixels and reveals varying degree of detail. Note that dimensions in the direction perpendicular to the substrate
have been exaggerated for clarity of presentation. Schematic circuit diagrams for prototype arrays (b) PSI-2 and (d) PSI-3. For each diagram, the dashed line
delineates an individual pixel from other elements on the array. Each pixel design incorporates: a photodiode structure, PD, with capacitance per pixel of Cpp
(in blue); a dual-gate addressing transistor TFT sppg and a source-follower transistor, TFTgg, providing an amplification stage (both shown in light green); a
reset transistor, TFTgst, and its control lines (in yellow); and a readout transistor, TFTe, located on the periphery of the array and used to allow integration
of the amplified signal on the data line capacitance, Cgy.,, prior to sampling by an external preamplifier. For PSI-3, additional circuit elements include: a
common-source amplifier transistor, TFT¢sa, and an active load transistor, TFT 4, which together provide the first of two stages of amplification (in purple);
a feedback capacitor, Cgg, (in orange), which serves as the pixel storage capacitor; and a ground line (in dark gray). Vy;,s represents the reverse bias voltage
externally applied to the photodiode. Vp.rst and Vg st refer to the voltage applied to the drain electrode and gate electrode of TFTggr in the PSI-2 and PSI-3
designs, respectively. Finally note that, for PSI-3, adjacent pixels share common lines which provide supply voltages (i.e., Vee, Va.ar, and Vgyp along the data
line direction and Vggst along the gate line direction). Values for these voltages are given in Table I1.

tailed studies of the performance of conventional  arrays using G3, supplemental control logic, based on com-
AMFPIs.>2%2 However, in the case of the PSI-2 and PSI-3  plex programmable logic device (CPLD) chips, was imple-
arrays, when a given gate line is addressed, only a fraction of ~ mented on an additional circuit board added to the G3 sys-
the 384 and 128 data lines can be read out at one time dueto  tem. This board provides the substantial amount of “glue
16:1 and 8:1 on-array multiplexing of these lines, respec- logic” between the G3 system and the arrays required to
tively. In order to support the multiplexed operation of these  facilitate the reported studies — but at the cost of a reduction

TaBLE Il. Parameter names and values of voltages used in the operation of the PSI-2 and PSI-3 arrays. The
notations Vg.grst and Vg.appr correspond to the gate voltages of TFTrsr and TFT appr, respectively, and the
positive and negative values given correspond to the voltages used to render these TFTs conducting and
nonconducting, respectively. Vpgst and Vg s correspond to the voltages supplied to the drain contact of
TFTgst and to the gate contact of TFT 4, respectively.

Vbias VCC VG-RST VD-RST VGND Vref VG-ADDR VG-AL
Array ) V) V) V) V) V) V) V)
PSI-2 25-4 8 -3,15 5 N/A 22 -3,15 N/A
PSI-3 -1,1 8 -25,15 N/A 1 22 -25,15 45,55
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by factors of ~16 and ~9 in the maximum frame rate for
readout of PSI-2 and PSI-3, respectively. In addition to al-
lowing readout of multiplexed data, this glue logic also al-
lows multiple nondestructive readout of PSI-3 whereby
many frames of data were acquired following a global reset.
This technique was employed to explore additive noise re-
duction.

The acquisition system also incorporates full-custom, low
noise, 32-channel preamplifier-multiplexer chips® operated
at two charge capacity settings, resulting in analog-to-digital
conversion gains of 550 e/ADC and 4092 e/ADC for PSI-1
and PSI-2/PSI-3, respectively, unless otherwise indicated. A
single readout of array data by the G3 system results in a
data frame. For all measurements, the system was operated
S0 as to generate a continuous sequence of data frames with
the time between consecutive frames defined as the frame
time. Unless otherwise stated, the operational frame times of
PSI-1, PSI-2, and PSI-3 were ~0.28, ~0.58, and ~0.23 s,
respectively. Data frames were acquired either in the absence
of radiation (resulting in dark frames) or in the presence of
radiation using X rays or optical illumination (resulting in
image frames). Image frames were acquired both radio-
graphically and fluoroscopically®* with the delivery of radia-
tion synchronized with array readout.

II.D. Experimental methodology

X-ray measurements were performed at 72 kVp using a
Dunlee PX1415 x-ray tube with a tungsten target powered by
a Picker MTX380 high frequency generator. The X rays gen-
erated in the tube were filtered by an inherent 3.2 mm of
aluminum filtration and an additional 20 mm of Al filtration
used to simulate the presence of a patient. The resulting
X-ray spectrum incident on the prototype imagers has a half-
value layer of ~7 mm aluminum — corresponding to the
standard x-ray spectrum RQAS5 in IEC 1267. Unless other-
wise indicated, the surface of each array was positioned at a
source-to-detector distance (SDD) of 100 cm. The desired
exposure to an imager was achieved through adjustment of
tube current and exposure time. The exposure to the surface
of an imager was determined by means of a calibrated ion
chamber (Keithley 96035) located at the same SDD and con-
nected to a dosimeter (Keithley 35050A). For all x-ray mea-
surements, a phosphor screen, acting as the x-ray-to-light
converter, was placed over the arrays. Two types of screens
based on Gd,0,S:Th were used: Lanex Regular and Lanex
Fine (Eastman Kodak) with surface densities of ~70 and
34 mg/cm?, respectively. Close contact between the phos-
phor and the array surface was maintained by exerting a low,
uniform pressure on a thin foam plate positioned over the
phosphor.

Optical measurements were performed by directly illumi-
nating the arrays with a light source consisting of either an
incandescent lamp or a flashing LED. The LED has a central
emission wavelength of 568 nm, which is near the peak of
the photodiode efficiency.* In order to control the amount of
light received by array pixels, the LED was placed a short
distance above each array and was flashed a specific number
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of times between frames, with each flash lasting a few
microseconds.®* For measurements with the incandescent
lamp, there was no synchronization between light emission
and array readout. In this case, the light source was continu-
ously “on” and the desired amount of light signal per image
frame was achieved through a combination of appropriate
optical collimation and positioning of the light source above
an array.

II.D.1. Signal response linearity and
charge trapping

Signal response up to pixel saturation for the three proto-
type arrays was obtained in radiographic and fluoroscopic
modes using the LED to produce various light levels. For
each light level, a total of six image frames were acquired
and averaged. After dark signal subtraction, data from eight
representative pixels were averaged to yield pixel response
data. From these data, signal linearity was derived by apply-
ing a linear fit to the response curves using a portion of the
curves corresponding to a range of signals in the first 25% of
pixel saturation. The difference between the fit and the data,
normalized to the pixel saturation level, yielded the magni-
tude of deviation from Iinearity.e’4 For each prototype array,
charge trapping (corresponding to the amount of charge lost
following a radiographic exposure) was derived from the dif-
ference between the fluoroscopic and radiographic response
curves.®

11.D.2. X-ray sensitivity

X-ray sensitivity was determined for the three prototype
arrays using the Lanex Regular screen under fluoroscopic
conditions where charge trapping and charge release are in
approximate equilibrium.34 Measurements of x-ray sensitiv-
ity for PSI-2 and PSI-3, compared to that for PSI-1, provide
a means of evaluating the magnitude of additional signal
gain offered by pixel amplification. X rays were delivered
continuously, resulting in a frame-time-dependent exposure
level. The linear dependence of exposure on frame time re-
sulted in PSI-1 and PSI-2 pixels receiving the same level of
exposure in a given image frame, since pixel reset is per-
formed line by line concurrently with gate line readout. For
PSI-3, in which pixel reset is performed globally for the
array, this dependence resulted in pixels receiving varying
exposures, depending on when the corresponding gate line is
read out with respect to the latest global reset action. In this
case, a correction utilizing the relationship between exposure
and gate line readout timing was applied to normalize all
pixel signals to that of pixels along the last gate line (i.e., line
128). Sensitivity, expressed in units of signal in electrons per
unit exposure and area, was determined from a linear fit to
the pixel signal data obtained at exposures ranging from
~0.03 to ~0.7 mR. For each exposure, the signal data were
determined from the median of the pixel signal distribution
obtained from a block of 60x 60 pixels following dark sig-
nal subtraction. The motivation for using this technique, as
opposed to simply extracting data from selected pixels, is to
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include the effect of any spatial variations in sensitivity
across an array that may occur as a result of process varia-
tions over the array surface.

11.D.3. Modulation transfer function

Spatial resolution of the prototype imaging arrays was
characterized through determination of the presampled MTF,
obtained from the Fourier transform of the line spread func-
tion (LSF). Measurements of the LSF were performed under
both optical and x-ray illuminations. The x-ray measure-
ments, which were performed to characterize the system
MTF with the Lanex Regular and Lanex Fine screens, were
conducted without the additional 20 mm Al filtration. The
LSF data were obtained using the angled slit technique.36
The slit consists of a circular, 3 cm diameter tantalum disk,
1.5 mm thick with a central opening of ~0.007 X7 mm?
(Slit Camera, Nuclear Associates, Hicksville, New York).
The optical measurements, which were performed to charac-
terize the intrinsic spatial resolution of array pixels in the
absence of the phosphor screen, used a collimated incandes-
cent light source. In this case, the LSF was obtained using an
optical slit, which consists of a circular, 1 in. diameter black-
ened stainless steel disk, 13 wm thick with a central opening
of ~0.01x 15 mm? (Precision Air Slit, National Aperture,
Inc., Salem, New Hampshire). The slit was attached to a
500 um thick, black, anodized, aluminum backing plate
with a central opening of ~1x16 mm? For each MTF
measurement, ten images of the slit were obtained with the
slit tilted at a small angle (~2°) with respect to the data line
direction. For each measurement, averaging of the slit im-
ages, after gain and offset corrections, results in a single
image from which the LSF was determined.

I1.D.4. Noise power spectra and detective
guantum efficiency

The methodology used to measure the NPS follows that
described in previous publications,37'38 and only specific de-
tails pertinent to the present measurements are summarized
below. One-dimensional empirical NPS results were ob-
tained from images taken in radiographic mode at a SDD of
~134 cm for exposures ranging from 0.07 to 0.19 mR. For
each prototype imager and x-ray exposure, a total of 50 dark
frames (i.e., dark fields) and 50 image frames (i.e., flood
fields) were acquired. The image frames served to determine
the NPS associated with a given exposure while the dark
frames were used to estimate the magnitude of the additive
noise contribution. Each image frame was then corrected for
intrinsic pixel-to-pixel variations by means of gain and offset
corrections (while only offset corrections are applied to the
dark frames) following data cropping to a central region of
interest having minimal pixel and line defects. A 3 X3 me-
dian filter was subsequently applied to correct for nonfunc-
tioning pixels, affecting less than ~1% of the total number
of pixels. The resulting processed data frames were divided
into independent, nonoverlapping blocks of pixels from
which NPS results were determined using the synthesized
slit technique.***! Each block consists of 154 X 24 and 85
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X 24 pixels for the PSI-2 and PSI-3, respectively, with the
longer direction oriented along the gate line direction. For a
given block, pixel signal was summed along the data line
direction to yield a realization. Following the application of a
Hanning window function, realizations were Fourier trans-
formed, normalized, and averaged to yield one-dimensional
NPS data. For each prototype array and exposure, the result-
ing NPS was used to determine the spatial-frequency-
dependent DQE employing the following equation:*?

DQE= — , (1)

where d is the mean pixel signal in units of electrons derived
from the NPS image data, ¢ is the average incident x-ray
fluence (x-ray photons per unit area), and MTF is the mea-
sured modulation transfer function.

11.D.5. Noise reduction techniques

The inclusion of a reset transistor in an active pixel circuit
decouples pixel signal readout from pixel initialization.
Readout of signals from pixels along a given gate line there-
fore leaves those signals undisturbed, and thus such readout
may be referred to as nondestructive — compared to conven-
tional AMFPIs in which readout and initialization are simul-
taneous. Nondestructive readout was used to explore the pos-
sibility of additive noise reduction through acquisition and
averaging of multiple readout frames following a single glo-
bal reset on the PSI-3 array. Such studies were precluded for
PSI-2 due to the use of gate lines to provide reset signals,
and not because of the intrinsic design of the pixel circuit. In
these measurements, the charge capacity of the external pre-
amplifier corresponded to an analog-to-digital conversion
gain of 550 e/ADC.

Ill. RESULTS

IIl.LA. Pixel response, linearity, and charge trapping
IIILA.1. Pixel response

The average pixel signal is plotted as a function of LED
light level up to pixel saturation for PSI-2 and PSI-3 in Figs.
5(a) and 5(b), respectively. Results are shown for both radio-
graphic and fluoroscopic modes. All response curves exhibit
a signal increase with increasing light level before asymp-
totically reaching saturation. For a given light level, the ra-
diographic signal is consistently lower than the fluoroscopic
signal due to the loss of charge caused by trapping in the
a-Si of the photodiodes — an effect that is less prominent in
the fluoroscopic results where measurements were performed
under conditions in which charge trapping and charge release
are in approximate equilibrium.34

For PSI-2, results are shown for Vy,,s values ranging from
2.5t0 4.0 V. This corresponds to effective values of the mag-
nitude of reverse bias voltage Vpp (applied across the photo-
diode), ranging from about 2.5 to 1.0 V, since Vp_rst Was set
to 5 V [see Fig. 4(b)]. As seen in Fig. 5(a), the pixel satura-
tion level does not increase in exact proportion to decreasing
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Fic. 5. Pixel signal response for (a) PSI-2 and (b) PSI-3 plotted as a func-
tion of incident light level (in units of number of LED flashes) for both
radiographic and fluoroscopic modes. Results are shown for V;,, values
ranging from 2.5 t0 4.0 VV and =1V for PSI-2 and PSI-3, respectively. In the
case of PSI-3, results are also shown for values of the gate voltage applied
to TFT oL, Ve.aL, 0f 4.5 and 5.5 V. For each response curve, the contribution
of the dark signal has been subtracted. The lines connecting the data points
in this and the remaining figures are provided to guide the eye, unless
otherwise indicated.

Vpias: Unlike the behavior of conventional indirect detection
AMPFPIs where direct proportionality is observed.**** The
reason for this anomalous behavior is as follows. For each
Vpias Setting, as signal increases (leading to decreases in Vpp)
the potential on the gate contact of TFTgg, Vg.ge (Which is
also the potential on the photodiode cathode), decreases from
its initial value following reset (5 V). Given sufficient illu-
mination, the pixel signal will saturate the photodiode ca-
pacitance Cpp When Vg_g diminishes to a value equal to Vpas
(corresponding to Vpp becoming approximately equal to 0O
V). However, if Vg.ge drops below ~V, (which is the po-
tential of the data line before readout), then TFTg: will not
conduct during readout, and pixel saturation will be defined
by the value of Vs and not by saturation of the photodiode
capacitance. As a consequence, for Vs values of 4.0, 3.5,
and 3.0 V, pixel saturation is primarily determined by the
saturation of the photodiode capacitance, while for V;,s val-
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ues of 2.5V and lower, pixel saturation is limited by V¢ For
all PSI-2 results reported in the following sections, Vs was
kept at 3.0 V.

For PSI-3, results are shown for V,;,s values of —1.0 and
1.0 V and Vg.5, Vvalues (the voltage applied to the gate of
TFTa) of 45and 5.5 V. In all cases, unlike the PSI-2 data in
Fig. 5(a), the observed saturation levels are not set by satu-
ration of the photodiode capacitance but rather by saturation
of the external preamplifier. As the incident illumination in-
creases, the corresponding change in signal is manifested
across the feedback capacitor, Crg, and is also reflected by
the change in the magnitude of Vg.gf (i.e., by the difference
between the dark signal and the image signal). The magni-
tude of Vg.gr after reset is primarily dependent on voltages
associated with the first-stage amplification elements (i.e.,
Venos Vee, and Va1 ). For example, as Vg, is reduced, the
conductivity of the p-channel transistor, TFT,, is improved.
This results in an increase in Vg.ge, Which leads to a higher
dark signal. This, in turn, results in a reduction in the avail-
able charge capacity within the external preamplifier, which
explains the reduction in the saturation level observed in Fig.
5(b) at a Vg.5_ Of 4.5 V compared to that at 5.5 V. For a
given value of Vg_a, the higher saturation level observed at
a Vpiss Of 1.0 V is due to a lower photodiode dark current
(leading to lower dark signal) which results in a larger charge
capacity available within the external preamplifier — a situ-
ation similar to that observed for the dependence of signal
response on Vg.a.. In summary, although the pixel signal
responses observed from the PSI-2 and PSI-3 arrays exhibit a
more complex dependence upon various operational voltages
than that for conventional AMFPIs, the observed behaviors
are in line with expectations based on a detailed analysis of
each pixel circuit.

III.LA.2. Linearity of pixel response

From the pixel response data of PSI-2 and PSI-3 shown in
Figs. 5(a) and 5(b), the degree of deviation from linearity,
relative to pixel saturation, was determined and is plotted as
a function of pixel signal size in Figs. 6(a) and 6(b), respec-
tively. In the case of PSI-2 [Fig. 6(a)], deviation from linear
behavior generally becomes greater as pixel signal increases.
The range of pixel signal where good linearity (i.e., deviation
within =1%) is maintained increases with decreasing Vs
(i.e., increasing Vpp) and is observed to be generally better
for fluoroscopic mode — a trend similar to that observed for
conventional indirect detection AMFPIs.**3* This trend is
believed to originate from the loss of charge due to trapping
states in the a-Si of the photodiodes. As the amount of trap-
ping is strongly dependent on the electric field applied across
the photodiode, any increase in Vi, setting or pixel signal
(both of which decrease the electric field) results in increased
deviation from linear behavior for radiographic mode. Fluo-
roscopic operation is less sensitive to this effect since charge
trapping and charge release are brought to approximate equi-
librium in this mode.

In the case of PSI-3 [Fig. 6(b)], the observed trends in
deviation from linearity are noticeably different from those
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Fic. 6. Deviation from linearity of pixel signal response for (a) PSI-2 and
(b) PSI-3, plotted as a function of pixel signal size for radiographic and
fluoroscopic modes. The results were derived from the response curves of
Fig. 5. The x-axis scale corresponds to pixel signal magnitude, expressed as
a percentage of the saturation signal. The y-axis scale represents the per-
centage deviation of the pixel signal from a linear fit applied to the first
~25% of the pixel signal range. The horizontal dashed lines represent de-
viation levels of *=1%.

observed from PSI-2. For example, for a given value of
Vg.aL @and a given mode, the results for Vy;,s of —1.0 and 1.0
V are similar. Furthermore, for a given value of V,;,s and
Ve.aL, data obtained in radiographic mode are similar to the
fluoroscopic results. This independence of linearity on mode
is likely the consequence of the voltage-change limiting fea-
ture of the PSI-3 circuit design, in which the electric field
across the photodiode remains largely constant as signal in-
creases. For Vg_a equal to 4.5V, good linearity is main-
tained for pixel signals extending up to ~65% to 75% of
saturation. For Vg equal to 5.5V, this range is sharply
reduced to only ~30%, suggesting a strong dependence of
pixel response on the operating voltages. For all PSI-3 re-
sults reported in the following sections, Vg_a, Was kept at 5.5
V. The reason for this choice is that additive noise was ob-
served to be significantly lower at this voltage setting, most
likely due to reduction in the current flowing through TFT 4.
Note that, since the measurements reported in the following
sections were obtained for signal values less than ~20% of

Medical Physics, Vol. 36, No. 7, July 2009

60
PSI-2

o
éﬁ 40! D\D\D———D—D—D\D
S 30t
t Vbias
go 20r 40V —=—
E 3.5V ——
10t 30V —e—

0 25V —o—

0 20 40 60 80 100

(a) Pixel Signal (% of Saturation)

Charge Trapping (%)

0 20 40 60 80 100
(b) Pixel Signal (% of Saturation)

Fic. 7. Charge trapping for (a) PSI-2 and (b) PSI-3, plotted as a function of
pixel signal size. The y-axis scale represents the amount of signal lost to
trapping, derived from the difference between the fluoroscopic and the ra-
diographic response curves of Fig. 5 and expressed as a percentage of the
fluoroscopic signal.

pixel saturation, the larger deviation from linearity observed
at higher signals did not affect the outcome of these measure-
ments.

I1I.LA.3. Charge trapping

From the pixel response data of PSI-2 and PSI-3 shown in
Figs. 5(a) and 5(b), charge trapping results, derived from the
difference between the fluoroscopic and radiographic data,
are plotted as a function of pixel signal size in Figs. 7(a) and
7(b), respectively. In the case of PSI-2 [Fig. 7(a)], charge
trapping is observed to increase with increasing Vs (i.€.,
decreasing Vpp) — a trend similar to that observed for con-
ventional indirect detection AMFPIs.**** However, the mag-
nitude of trapping, even for the lowest Vs (2.5 V) is
~25% to 40%. These values are generally higher than those
reported for conventional indirect detection AMFPIs oper-
ated with similar bias voltage across the photodiode,**3* but
are similar to those observed for other arrays employing a
continuous photodiode structure, including PSI-1.** The
higher than expected values of trapping are contrary to a
simple model of trapping completely dominated by losses to



3349 El-Mohri et al.: Active pixel imagers incorporating poly-Si TFTs 3349

metastable states in the photodiode material. The more com-
plicated structure of the continuous photodiode, compared to
the discrete photodiode in conventional AMFPIs, may con-
tribute to additional trapping — for example, in the region
between the pixels.*

In the case of PSI-3, trapping is generally below 20% for
all values of Vy,s and Vg.a, investigated. This result is lower
than that observed for PSI-2 despite the fact that Vpp is gen-
erally low — estimated to be less than 1 V at a Vs of 1 V
and a Vg.a_ Of 5.5 V. This favorable outcome may be the
result of the voltage-change limiting feature of PSI-3, which
tends to keep the electric field across the photodiode largely
unchanged following illumination. This feature would be ex-
pected to lead to very low levels of trapping in metastable
states-levels that should be largely independent of Vs or
pixel signal size. While independence from V,;,s is observed
for most of the trapping curves in Fig. 7(b), as well as for
that obtained at a Vj, 0f 0 V (not shown), the non-negligible
amount of trapping nevertheless observed may be due to
additional charge losses occurring between pixels. Finally,
the systematically lower level of trapping at a Vs of 1 V
and a V.5 Of 5.5 V is not presently understood.

[1l.B. X-ray sensitivity

Pixel response as a function of x-ray exposure, measured
in fluoroscopic mode with the Lanex Regular screen, is plot-
ted in Fig. 8 for PSI-1, PSI-2, and PSI-3. Results are shown
for exposures providing pixel signal levels up to ~4.4% and
7.2% of pixel saturation for PSI-2 and PSI-3, respectively.
Compared to PSI-1, pixel response is seen to be magnified
due to the one-stage pixel amplifier of PSI-2 and further
magnified due to the two-stage amplifier of PSI-3. (Note that
the enhanced response of PSI-3 is also a result of its larger
pixel size, 150 um, compared to the 90 wm pitch of PSI-1
and PSI-2.) X-ray sensitivities, derived from the slope of
the response data and normalized to unit pixel area, are
1.12x 108 e/mR/mm?, 11.9x 108 e/mR/mm?, and 23.4
% 108 e/mR/mm?for PSI-1, PSI-2, and PSI-3, respectively.
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Fic. 8. Pixel signal response for PSI-1, PSI-2, and PSI-3, using a Lanex
Regular screen, plotted as a function of x-ray exposure. From these results,
the signal gain of PSI-2 and PSI-3, relative to that of PSI-1, can be deter-
mined using the slopes of the linear fits indicated by the lines.
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Fic. 9. Pre-sampled MTF associated with PSI-1, PSI-2, and PSI-3. (a) Mea-
sured optical MTF for PSI-2 and PSI-3 obtained through illumination of the
arrays with a light source. For each set of array results, a fit to the data,
based on a sinc function, is indicated by a solid line. (b) Measured MTF for
PSI-1, PSI-2, and PSI-3 obtained with a high-resolution phosphor screen,
Lanex Fine, at 72 kVp. In order to allow direct comparisons with the results
of the 90 um pitch PSI-1 and PSI-2 arrays, the results for PSI-3 have been
renormalized from a 147 um aperture [corresponding to that inferred from
the optical MTF of (a)] to a 90 um aperture.

From these sensitivities, the relative increases in signal gain
provided by the PSI-2 and PSI-3 architectures, compared to
that of PSI-1, are found to be ~10.7 and 20.9, respectively.
These empirically determined values are in reasonable agree-
ment with predicted values of ~11 and 25 based on the
ratios Cyaia/ Cpp and Cyqa/ Crg calculated using the nominal
design parameters for PSI-2 and PSI-3, respectively. The de-
gree of agreement between measurements and theoretical ex-
pectations is reasonable given the presence of several factors
that may affect the measurements. For example, it is esti-
mated that up to 10% variations in material thickness are
possible during array fabrication, affecting the capacitance of
the various circuit elements and thus the gain of the proto-
type arrays.

I11.C. Modulation transfer function

Figure 9(a) shows pre-sampled optical MTF results ob-
tained from PSI-2 and PSI-3. Such results provide insight
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into the intrinsic spatial resolution of the prototypes in the
absence of an x-ray converter and can generally be repre-
sented by a sinc function corresponding to the Fourier trans-
form of a rect function whose aperture is given by the pho-
todiode size. In order to determine the photodiode aperture
size (and thus optical fill factor) of PSI-2 and PSI-3, each
measured MTF was fitted with a sinc function of the form:

MTE(f) = |S|n(7TaPDf)|’ )

7Tapr

where app is the photodiode aperture which is treated as a
free parameter. For each data set, the fit shown in the figure
corresponds to the best match with the position of the first
minimum in the data. For PSI-2 the fit is for a sinc function
based on a 90 um aperture size whereas for PSI-3 the fit
corresponds to a 147 um aperture. Since the pixel pitches of
PSI-2 and PSI-3 are 90 and 150 wm, the resulting optical fill
factors are ~100% and 96%, respectively (assuming equal
MTF results for both gate and data line directions). Despite
the fact that the geometric fill factors of PSI-2 and PSI-3 are
60% and 75%, respectively [based on the area of the charge
collection electrode relative to the pixel size — see Figs. 4(a)
and 4(c) and Table I], the corresponding optical fill factors
are higher and near unity. Such behavior is characteristic of
continuous photodiode structures, which have been shown to
exhibit near-unity optical fill factors, even for AMFPI arrays
with smaller pixel pitch.3'14

Figure 9(b) shows pre-sampled MTFs for PSI-1, PSI-2,
and PSI-3 obtained under x-ray illumination using a high-
resolution phosphor screen (Lanex Fine). To facilitate
direct comparisons between the different prototypes, the re-
sults of PSI-3 have been appropriately normalized so as to
correspond to a photodiode aperture of 90 um. The MTF
results from the three prototypes are observed to largely
overlap — indicating that performance is independent of
pixel circuit design and pitch. In particular, compared to the
simple architecture of PSI-1, the added complexity in the
PSI-2 and PSI-3 pixel circuits (including additional TFTs and
control lines) is seen to have no discernible effect on the
spatial resolution of these arrays. Moreover, for the irradia-
tion conditions under which the measurements were per-
formed, these arrays exhibited no indication of spatial reso-
lution degradation due to charge sharing between pixels.

[1l.D. Noise power spectra and detective
guantum efficiency

Figures 10(a) and 10(b) show NPS results obtained with a
Lanex Regular screen for PSI-2 and PSI-3, respectively. For
each prototype, results are shown for three different x-ray
exposures, ~0.07, 0.11, and 0.19 mR. For PSI-2 [Fig. 10(a)],
the NPS results do not exhibit the linear increase with expo-
sure to be expected from a system dominated by x-ray quan-
tum noise. In this case, the increase is small at low spatial
frequencies and almost nonexistent at frequencies close to
the Nyquist limit of 555 mm™ — an indication of a noise
performance dominated by electronic additive noise. As seen
in the figure, the dark NPS (shown as a thick line) exhibits a
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Fic. 10. NPS measured from (a) PSI-2 and (b) PSI-3. Results are shown for
three exposure levels. In addition, NPS results obtained in the absence of
radiation (dark NPS) are shown and correspond to additive noise levels of
~5500 e and 2400 e (rms) for PSI-2 and PSI-3, respectively.

magnitude that is similar to that of the radiation NPS at high
frequencies. This confirms the dominance of additive noise,
which is estimated from the dark NPS results to be on the
order of 5500 e (rms), when referred to the input of the pixel
(i.e., before pixel amplification). For PSI-3 [Fig. 10(b)], the
NPS results exhibit a nearly linear increase with increasing
exposure. In this case, the magnitude of the NPS is much
higher than that of the corresponding results for PSI-2. Such
behavior is the consequence of the higher signal that is made
possible by the larger pixel amplification gain as well as by
the larger pixel size of PSI-3. The dark NPS (shown as a
thick line) corresponds to an estimated additive noise level of
~2400 e (rms), when referred to the input of the pixel. For
PSI-3, the combination of lower additive noise and higher
signal results in a performance less dominated by additive
noise compared to that for PSI-2.

Figures 11(a) and 11(b) show DQE results obtained using
the Lanex Regular screen for PSI-2 and PSI-3, respectively.
These results were determined from measurements of mean
detector signal, MTF, and NPS (from Fig. 10), and assume a
fluence of 262690 X rays/mm?/mR. For PSI-2 [Fig. 11(a)],
DQE is seen to generally increase with increasing exposure
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Fic. 11. DQE for (a) PSI-2 and (b) PSI-3, corresponding to the NPS data
reported in Fig. 10.

due to the diminishing contribution of additive noise relative
to x-ray signal. At high spatial frequencies, however, the
magnitude of DQE is strongly attenuated at all exposures due
to a combination of the relatively large additive noise and the
low spatial resolution of the Lanex Regular phosphor. For
PSI-3 [Fig. 11(b)], the DQE shows only a weak dependence
on exposure — indicative of input-quantum-limited opera-
tion where DQE performance is not affected by additive
noise. The DQE values at low spatial frequencies are ob-
served to converge to a limit defined by the properties of the
phosphor screen — a limit set by the product of the x-ray
quantum efficiency and Swank factor of the screen, ~0.3.

[II.LE. Sampling techniques for noise reduction

For active pixel arrays of the type examined in this study,
the principal contributions to additive noise may generally be
considered to originate from four sources: (1) Preamplifier
noise (Opreamp) Which scales with increasing Cy,i, and is typi-
cally the dominant noise source in conventional AMFPIs; (2)
noise from array circuit elements located after the point of
pixel amplification (opestgain) Which includes the data line
thermal noise and noise associated with TFTs involved in the
readout (i.e., TFTappr, TFTgr, and TFTro); (3) reset noise
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associated with TFTrst (0reser); and (4) other noise sources
from array circuit elements located before amplification
(Tpregain) Which include photodiode shot noise and shot and
flicker noise from TFTgst, as well as (in the case of PSI-3)
from TFT 5, and TFTga. While the additional gain provided
by pixel amplification should render oyeamp aNd Gypostgain NEY-
ligible, the noise contributions of oypegain aNd Treger are NOt
negated since their magnitude increases in proportion to the
amplification gain. For these reasons, additive noise is ex-
pected to be dominated by opegain aNd Oreger-

The delineation of the noise sources outlined above can
serve as a basis for exploring the magnitude of contributions
from each source as well as examining strategies for reduc-
ing these contributions. The higher than expected noise value
of 2400 e (rms) observed for PSI-3 (obtained from NPS
measurements reported in Sec. Il D) suggests a large contri-
bution from opregain SINCE Oyeser IS Calculated (from  oyeee
=KTCpp)?® to be only ~550 e. Reduction of the frame time
from 0.23 s, at which the NPS measurements were obtained,
to 0.13 and 0.015 s yielded noise values of only ~1700 e
and 830 e (rms), respectively. This result indicates that,
among the frame-time-dependent noise components (includ-
ing photodiode leakage current, TFT transient current,® and
TFT 1/f noise), one or more significantly contribute to the
total additive noise. (A similar dependence of additive noise
on frame time was observed for PSI-2.) While the magnitude
of the noise contributions from these sources depends on the
quality of the semiconductor material (and can, in principle,
be reduced through improvements to the underlying fabrica-
tion process), et 1S @ result of the pixel reset action and is
thus independent of semiconductor quality. It is therefore of
interest to explore readout techniques that have the potential
of reducing or eliminating o as well as other noise com-
ponents.

The PSI-3 array, whose design permits simultaneous, glo-
bal reset of all array pixels, allowed exploration of additive
noise reduction through multiple, nondestructive sampling of
signals from a block of pixels. (The lack of a global reset
capability in the PSI-2 design precluded such studies for this
array.) In particular, the nondestructive readout of PSI-3 al-
lows multiple frames of data to be acquired following each
pixel reset, as schematically illustrated in Fig. 12(a). These
frames, which may be acquired after an x-ray exposure, can
be used to reduce additive noise through frame averaging.
This technique will, of course, only reduce the effect of the
NOISe SOUICES Opregains Tpostgains AN Tpreamp- The effect of the
other noise source, oy, Can, in principle, be eliminated
through the application of a correlated double sampling
(CDS) technique. For example, the data acquisition system
could be configured to acquire, after each reset, a number of
dark frames, followed by a number of image frames, as
shown in Fig. 12(b). The application of CDS, consisting of
the subtraction of the averaged dark frames from the aver-
aged image frames, has the potential to largely, or com-
pletely, remove the unknown common signal offset due to
the reset.
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to a frame of data obtained by reading out an array with n gate lines.

The effectiveness of frame averaging, and of correlated
double sampling, on reducing additive noise for PSI-3 was
explored through acquisition of 800 consecutive dark frames
at a frame time of ~0.015 s. This short frame time was
achieved by reading out only a relatively small number of
consecutive gate lines (and data from a contiguous block of
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Fic. 13. Distributions of pixel temporal additive noise for a block of 33
X 13 pixels from PSI-3. The results were obtained using various sampling
techniques involving one or more samples acquired following a single pixel
reset. (a) Distributions corresponding to a single sample (“1 sample”) and
the average of multiple samples (“2 samples,” etc.) (b) Distributions corre-
sponding to a single sample (“1 sample”) and to results obtained using
correlated double sampling involving the subtraction of two samples [“(1-1)
samples™] as well as the subtraction of the averages of two or more samples
[“(2-2) samples,” etc.].
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33X 13 pixels were used in the analysis). Pixel reset was
applied every eighth frame, resulting in a total of 100 sets of
dark frames with each set consisting of eight frames. Each
frame within a set is referred to as a “sample.” For CDS
noise reduction, the samples were divided so that the first
four are considered “pre-irradiation” samples while the last
four are considered “post-irradiation” samples, following the
nomenclature of Fig. 12(b). [Although the acquisition system
was not configured to allow a readout scheme that includes
both dark and image frames, such as that shown in Fig.
12(b), the effectiveness of CDS can nevertheless be tested
using dark frames only.] For each pixel, in order to remove
the effect of temporal variations in signal from set to set
across the 800 dark frames, a signal drift correction, based on
linear detrending, was applied.®> Noise for each pixel, re-
ferred to its input, was characterized in terms of the standard
deviation in the pixel signal across the 100 sets of dark
frames and is expressed in electrons.

Figure 13 shows distributions of pixel noise for the se-
lected block of pixels. When a single sample per set is used
in the noise determination (“1 sample”), the median in the
resulting noise distribution is ~830 e (rms). However, as
more samples per set are averaged (two to eight), the median
noise decreases to an asymptotic limit of ~690 e (rms), as
seen in Fig. 13(a), due to the effect of averaging on oyegain:
Tpostgains aNd Tpreamp- While such averaging does not reduce
the effect of noise correlated with the reset process, the sub-
traction of any two samples (i.e., implementing CDS by con-
sidering a first sample to be pre-irradiation and a second
sample to be post-irradiation) eliminates geer. This subtrac-
tion, however, slightly increases median noise to ~870 e
[see Fig. 13(b)] due to an additional contribution from each
of Opregain' Tpostgains ANA Tpreamp. When a larger number of
pre- and post-irradiation samples are averaged before sub-
traction, (i.e., 2-2, 3-3, and 4-4), median noise is progres-
sively reduced to ~560 e (rms). The remaining noise is
likely caused by sources before amplification such as photo-
diode shot noise, TFT shot, transient, and 1/f noise. For a
given frame time, the contributions from these sources in-
crease with increasing number of samples between resets.

IV. DISCUSSION AND SUMMARY

For over half a century, numerous medical applications
have benefited from the relentless development of increas-
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ingly  sophisticated transistor-based technologies-
technologies often originating from consumer products.
Thus, it is unsurprising that the performance of conventional,
large area, flat-panel imaging arrays (employing the same
a-Si TFT active matrix technology used in liquid crystal dis-
plays) could potentially be improved through incorporation
of more complex circuitry (of the type used in CMOS active
pixel image sensors) based on poly-Si TFTs (which are under
development for mobile displays and large area OLED dis-
plays). In this article, an investigation of the properties of a
pair of early prototype array designs, PSI-2 and PSI-3, incor-
porating pixel amplification structures with three and five
poly-Si TFTs per pixel, respectively, as well as of a reference
array design employing a single poly-Si TFT, PSI-1, has
been reported. The PSI-2 and PSI-3 prototypes benefit from
carrier mobilities considerably higher than those of a-Si, en-
abling relatively sophisticated circuit designs based on both
n- and p-channel poly-Si TFTs. The studies were performed
in the spirit of providing baseline information to assist in the
future realization of more optimized designs capable of over-
coming the performance limitations (originating from the
relatively modest ratio of signal per X ray to additive noise)
of conventional AMFPIs.

The signal results obtained from PSI-2 and PSI-3 are
highly encouraging. These prototypes provided an initial,
empirical demonstration that a specified level of additional
system gain can be achieved through the implementation of
active pixel architectures based on poly-Si TFTs. In addition,
the incorporation of a novel continuous photodiode structure,
located largely above the plane of the pixel TFTs (thereby
maximizing the area available for other pixel circuit ele-
ments), has been shown to further increase system gain** by
providing optical fill factors that are close to unity. In addi-
tion, the added complexity of the PSI-2 and PSI-3 pixel cir-
cuits, compared to that of PSI-1 or a conventional AMFPI
array, has no observable effect on spatial resolution. Gener-
ally, while the signal behaviors of the prototypes were ob-
served to be more complex than those of conventional
AMFPI arrays, they are nevertheless in line with expecta-
tions based on consideration of the design and operational
conditions of the array circuits.

Compared to PSI-3, the PSI-2 design (whose pixel ampli-
fier gain is given by Cya../ Cpp) has fewer TFTs per pixel and
is somewhat simpler. However, it suffers the disadvantage
that, for a given pixel pitch (which largely sets the value of
Cpp), increasing the number of pixels along a data line
(which increases the value of Cg,,) will result in increased
amplification — leading to an undesirable coupling between
array size and signal gain. The more sophisticated two-stage
amplifier circuit of PSI-3 allows greater flexibility in this
regard, since pixel amplifier gain is given by Cyq./Cerg and
the value of the feedback capacitor can be varied indepen-
dently of array size. Another advantage of the PSI-3 design is
the high open loop gain of the first-stage pixel amplification,
which allows the voltage across the photodiode to remain
largely unchanged even following high x-ray exposures.
Such a feature should, in principle, limit image lag and
ghosting artifacts that plague conventional AMFPIs.
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Although the pixel amplifiers in PSI-2 and PSI-3 provide
significant enhancement of system gain relative to that of
comparable, conventional AMFPI arrays, there was little or
no improvement in the signal-to-noise properties of these
prototypes due to their relatively high levels of additive
noise. However, a relatively straightforward analysis of noise
sources (identifying components oyreamp: Tpostgains Treset: and
Opregain), along with the empirical noise studies reported in
this paper, provides some guidance for additive noise reduc-
tion in future prototypes. For example, careful selection of
the magnitude of the gain provided by pixel amplification
should render oyreamp and Tposigain NEGligible. In addition,
implementation of signal processing techniques, involving
multiple, nondestructive sampling of the pixel signal and
suitable averaging and subtraction of these samples, offers
the potential of significantly reducing the contribution of
Opregain @S Well as eliminating the contribution of oreg.

Improvements in poly-Si fabrication could also lead to
substantial reduction in additive noise. For example, com-
pared to the laser equipment used in the fabrication of the
present prototypes, newer equipment provides greater stabil-
ity in energy deposition [5% (rms) versus 15% (rms)] allow-
ing the laser energy to be much more precisely tuned to
conditions®® that optimize the poly-Si crystallization process.
As a result, early tests indicate that the average poly-Si grain
size has increased to several microns (compared to
~0.5 um with the old equipment) leading to mobilities of
up to ~260 and 100 cm?/V s (compared to less than 100
and 50 cm?/V s) for n- and p-channel TFTs, respectively.
As it is generally believed that leakage current in channels
occurs between grains and 1/f noise originates in trapping
states (which are more numerous at grain boundaries), the
fewer grain boundaries associated with larger grains should
lower TFT shot and 1/f noise — reducing opegain and
Opostgain- SUCh fabrication improvements will also provide
more uniform TFT characteristics across an array (due to
more stable laser energy deposition) as well as allow faster
circuit operation and higher frame rates (as a result of the
larger currents facilitated by higher TFT mobilities).

Beyond the use of sampling techniques and improved fab-
rication methods, signal and additive noise performance
could also be enhanced through future refinements in the
design of the active pixel architectures. For example, im-
provements to the uniformity of the topology of the continu-
ous photodiode structure (which is highly nonuniform in the
PSI-1, PSI-2, and PSI-3 designs), as well as changes to the
passivation material in the periphery of the pixels (where
additional charge trapping may be occurring), could signifi-
cantly reduce charge trapping as well as photodiode dark
current (thereby lowering shot noise and thus opegain) — as
suggested by recent studies of arrays with novel photodiode
structures.™* An attractive alternative to the use of continuous
photodiodes is a novel discrete photodiode structure in which
the bottom contact of the photodiode is positioned above the
plane of the pixel TFTs — an approach that has demon-
strated excellent properties in conventional prototypes but at
some cost in optical fill factor.* Finally, it is to be expected
that further innovation in array design will be attempted in
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order to achieve desirable performance objectives — such as
the introduction of selectable gain through innovative circuit
modification with the goal of maximizing the exposure range
over which an active pixel array can be practically operated.

Ultimately, the achievement of optimized signal-to-noise
behavior in future prototypes will require improved design
and fabrication of the arrays, as well as a detailed under-
standing and quantification of all noise sources — with the
latter achieved through a combination of circuit simulations
and analytical noise calculations, employing empirical data
obtained from individual poly-Si TFTs.?’
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