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Purpose: In the spirit of overcoming the signal-to-noise limitations of active matrix, flat-panel ima-
gers (AMFPIs) which employ array circuits based on a-Si:H thin-film transistors (TFTs), an empirical
investigation of the noise properties of prototype active pixel arrays based on polycrystalline silicon
(poly-Si) TFTs is reported. Like a-Si:H, poly-Si supports fabrication of large area, monolithic x-ray
imaging arrays and offers good radiation damage resistance, while providing electron and hole mobil-
ity orders of magnitude higher. Compared to pixel circuits typically consisting of a single addressing
switch in an AMFPI array, the pixel circuit of an active pixel array includes an amplifier that magni-
fies the imaging signal prior to readout by external acquisition electronics. Also, while readout erases
signal stored in the pixels for AMFPI arrays, active pixel arrays allow multiple nondestructive read-
out, which can be used to reduce noise. The prototype arrays investigated in this paper were devel-
oped to explore the effect of variation in amplifier design on noise.

Methods: A pair of prototype arrays incorporating single-stage and two-stage poly-Si pixel ampli-
fiers were examined. The arrays incorporate various amplifier designs in which dimensions of some
of the three (or four) poly-Si TFTs per pixel circuit for the single-stage array, and some of the five
poly-Si TFTs for the two-stage array, were varied. The arrays were operated using a recently devel-
oped electronic data acquisition system that allows variation of operational conditions such as volt-
ages and timing of control signals. The arrays were operated in the absence of radiation in various
correlated multiple sampling modes, with and without the injection of charge directly into the pixel
circuits for measurements of in-pixel gain and pixel noise. Pixel noise, referred back to the input of
the pixel amplifier, was compared to predictions generated by a sophisticated circuit simulation
model.

Results: Across the various pixel circuit designs, the median in-pixel gain for the single-stage and
two-stage arrays was measured to be x9.3 and x25, respectively. These gain levels were sufficient to
reduce the contribution of external noise, defined as the electronic additive noise in the absence of
noise contributions from circuitry in the pixel and referred back to the input of the pixel amplifier, to
less than 340 e. As a result, median pixel noise results as low as ~695 e and 866 e, acquired using
eight samples, were observed from the best-performing single-stage and two-stage designs, respec-
tively. While the magnitude of pixel noise predicted by simulation was lower than the measured
results, there was generally good agreement between simulation and measurement for the functional
dependence of noise on operating voltages, timing, and sampling mode.

Conclusions: The single-stage and two-stage arrays examined in this study demonstrated pixel noise
well below that typically demonstrated by AMFPIs. Through proper design, it should be possible to
maintain the noise levels observed in this study irrespective of the size and pitch of an active pixel
array. Further reduction in pixel noise may be possible through more optimized pixel circuit design,
faster readout, or improvements in fabrication. © 2020 American Association of Physicists in Medi-
cine [https://doi.org/10.1002/mp.14321]
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con thin-film transistors

1. INTRODUCTION

In the current era of x-ray imaging, applications that
involve the capture of a single or a series of projection
images (e.g., for radiography, fluoroscopy, mammography,
etc.) are increasingly well-served by a variety of compact,
electronic, solid-state imaging technologies offering real-
time readout. One of these technologies, the active matrix,
flat-panel imager (AMFPI), became ubiquitous following
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its initial conception in the late 1980s and commercial
introduction around the turn of the century. Beyond pro-
jection imaging, AMFPIs facilitated the successful devel-
opment and clinical implementation of the volumetric
imaging techniques of tomosynthesis (e.g., for digital
breast tomosynthesis, DBT) and cone-beam computed
tomography, CBCT (e.g., for breast computed tomography,
BCT, and kilo-voltage CBCT in the radiation therapy envi-
ronment, kV-CBCT)."
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Active matrix, flat-panel imagers consist of three principal
components: a substrate on which a two-dimensional array of
addressable pixels has been fabricated; an overlying x-ray
converter material; and an external electronic acquisition sys-
tem to control operation of the array. The converter takes the
form of a photoconductor (typically amorphous selenium, a-
Se) electrically coupled to the pixel circuits, or a scintillator
(e.g., needle-like cesium iodide, CsI:Tl) optically coupled to
photosensors incorporated into the pixels — for direct or
indirect detection of the incident radiation, respectively.
Active matrix, flat-panel imager pixel circuits typically con-
sist of an addressing switch in the form of a single thin-film
transistor (TFT), the drain of which is coupled to some form
of pixel storage capacitor (e.g., a simple capacitor or a p-i-n
photodiode for direct and indirect detection, respectively).
The pixels are arranged in rows and columns, with the gate
and source of each pixel TFT connected to gate and data
address lines, respectively. The acquisition system controls
the conductivity of the pixel TFTs via the gate lines — allow-
ing accumulation of imaging signal in the pixel storage
capacitors, followed by readout of that signal via the data
lines, one row of pixels at a time. Preamplifiers located in the
acquisition system magnify the imaging signals delivered by
the data lines prior to digitization of those signals. The TFTs
and photodiodes in AMFPI arrays are typically fabricated
from hydrogenated amorphous silicon (a-Si:H) — a thin-film
semiconductor material allowing fabrication of very large
area, monolithic AMFPI arrays (currently up to
~43 x 43 cm?) as well as displays for cell phones, computer
screens, and televisions.

While AMFPIs provide valuable clinical information, their
imaging performance can be limited by a relatively large
magnitude of electronic additive noise (~1000 to 3000 e)
compared to the size of the imaging signal (less than ~1000 e
per interacting x-ray).* In particular, under conditions of low
dose per image frame (such as those encountered in fluo-
roscopy, DBT, BCT or kV-CBCT), this results in an unfavor-
ably low signal-to-noise ratio which reduces detective
quantum efficiency and affects image quality.* ® The domi-
nant source of additive noise is the preamplifier — which
contributes a fixed (base) noise plus an amount that increases
in proportion to the capacitance of the data line.” Since the
data line capacitance of AMFPI arrays is largely due to the
long data line length, ranging from ~20 to 43 c¢m on clinical
devices (with capacitance further increasing with decreasing
pixel-to-pixel pitch due to increased overlap of data and gate
lines per unit data line length), the result is a large additive
noise contribution.

There are, in general, two obvious strategies for overcom-
ing this signal-to-noise limitation: direct reduction of the
electronic additive noise or enhancement of the signal. Con-
cerning the former strategy, substitution of the a-Si:H semi-
conductor material used for the addressing TFT in AMFPI
pixels with a semiconductor offering higher mobility can
allow reduction of the size of that TFT. This would decrease
data line capacitance and, as a result, reduce the additive
noise from preamplifiers. Examples of such semiconductors
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are indium gallium zinc oxide (IGZO) and low-temperature,
laser-recrystallized polycrystalline silicon (poly-Si) — both
of which were previously developed for fabrication of mono-
lithic, large area displays. In a demonstration of this strategy,
a prototype AMFPI array incorporating IGZO (which has an
electron mobility approximately an order of magnitude higher
than that of a-Si:H) exhibited reduced electronic additive
noise, as low as ~700 e8

Concerning the alternative strategy of enhancing the sig-
nal, two general approaches are being investigated. One
approach focuses on the substitution of present AMFPI x-ray
converters with alternatives that offer significantly (i.e., order
of magnitude) higher imaging signal per x-ray interaction —
such as provided by CsI:TI coupled with a-Se operated under
conditions of avalanche multiplication, or by various forms of
polycrystalline Hgl,.” '

The second approach is to incorporate an amplifier in the
pixel circuit so as to magnify the imaging signal prior to
readout — a concept commonly referred to as active pixel.
Indirect detection active pixel arrays fabricated with crys-
talline silicon (c-Si) semiconductor have been extensively
developed and are often referred to as active pixel sensors.
Such devices improve signal-to-noise performance and have
been successfully introduced to (or are under investigation
for) applications such as dental imaging, imaging of extremi-
ties, and BCT.'” " However, c-Si does not lend itself to fabri-
cation of the very large, monolithic arrays facilitated by
a-Si:H, and c-Si circuits do not offer the high degree of radiation
damage resistance offered by a-Si:H circuits. For that reason,
the possibility of creating arrays with active pixel circuits has
been investigated with a-Si:H 2°2? as well as with 1GZ0.>**
Our group has been exploring the use of poly-Si which offers
electron and hole mobilities on the order of 10> cm?*/V-s —
approximately 10 and 10* times higher than those of a-Si:H,
respectively. The considerably higher mobilities of poly-Si
(which are about an order of magnitude lower than those of c-
Si) allow creation of sophisticated, CMOS-type circuits contain-
ing both n-type and p-type transistors. Poly-Si TFTs also
demonstrate good radiation damage resistance, though less than
that of a-Si:H TFTs.” By comparison, IGZO offers n-type
mobilities only about an order of magnitude greater than a-Si:H
and, like a-Si:H, provides only n-type transistors.

In this paper, the empirical noise performance of small
area, active pixel prototype arrays incorporating poly-Si TFTs
is reported and the results are compared with simulation pre-
dictions from a recently published circuit modeling formal-
ism. The pixel circuits include both single-stage and two-
stage amplifiers. While pixel circuits with single-stage ampli-
fiers have the merit of simplicity, requiring as few as two tran-
sistors per pixel for a reset switch and a source-follower
amplifier, pixel circuits with two-stage amplifiers (which
require a minimum of one additional transistor such as for a
common-source amplifier) can offer advantages — such as
increased flexibility in design to attain a desired level of
amplification, resulting in higher signal gain which can con-
tribute toward lower noise.”® Building upon the knowledge
obtained from a first generation of poly-Si active pixel
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demonstration arrays (which incorporated only two pixel cir-
cuit designs and multiplexing circuitry which restricted oper-
ation),”” the pixel circuits examined in this study represent an
exploration of various circuit design possibilities featuring
variation in TFT dimensions and faster readout. This facili-
tated examination of pixel noise as a function of pixel circuit
design over a wide range of operational conditions.

2. MATERIALS AND METHODS
2.A. Description of prototype active pixel arrays

Two prototype active pixel arrays were examined in this
study: one with pixels incorporating single-stage amplifier
circuits and the other with pixels incorporating two-stage
amplifier circuits. These are hereafter referred to as the sin-
gle-stage and two-stage arrays. Each array has a pixel pitch of
150 pm with the pixels arranged in 32 rows by 64 columns.
The pixels along each row and column are addressed by
means of gate lines and data lines, respectively. Figure 1
illustrates the general pixel circuit for each array, as well as
connections to gate and data lines. Each data line is con-
nected to an additional capacitor (data not shown), resulting
in a total data line capacitance (Cpata) of ~10 pF. The sin-
gle-stage and two-stage arrays are based on pixel circuits that
incorporate three (or four) and five TFTs per pixel, respec-
tively — similar to that of previously reported, first-genera-
tion active pixel arrays, but without the inclusion of a
photodiode structure that would allow the detection of inci-
dent x-rays.”’ As seen in Fig. 1, the two pixel circuits each
have a reset transistor (TFTrgt), a source-follower transistor
(TFTsg), and an addressing transistor (TFTAppr), While the
two-stage pixel circuit includes an additional common-source
amplifier stage consisting of two transistors (TFT,; and
TFTcsa) and an additional capacitor, Cgt. Half of the single-
stage pixels also have a bias transistor, TFTgss. Instead of
the photodiode included in the first-generation arrays,”’ both
pixel circuits include a pixel storage capacitor (Cprx) with a
nominal capacitance of 1 pF. For purposes of characterizing
performance, a controlled amount of charge can be electroni-
cally injected to the pixels using the Vgjag input — thereby
providing signal simulating the effect of x-rays interacting
with, for example, an x-ray converter positioned over an indi-
rect detection array. Finally, for both arrays, each data line is
connected to two transistors (TFTrgap and TFTpigrst)
located at the periphery of the array substrate.

Each array includes a number of pixel circuit designs which
are primarily differentiated by variations in TFT width-by-
length dimensions (labeled W/L and given in units of pm/pm).
Note that the dimensions of each of TFTsppr, TFTrgap, and
TFTpprst are fixed at 30/2x5, 50/10, and 50/10, respectively.
(TFT dimensions where L is shown as a product indicate that
the TFT is comprised of a multi-gate structure — where the
first number designates the number of gates, and the second
number the length of each gate.) Also, note that the inclusion
of different pixel circuit designs on a given array was imple-
mented to allow direct comparisons of the performance of
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various designs — free from potential process variations from
array to array. For both arrays, design varies row-by-row and
column-by-column. Table I indicates the row-by-row varia-
tions in blocks of eight designs — with a total of eight distinct
variations in TFTsg and TFTgrgr dimensions for the single-
stage array, and six distinct variations (with two variations
repeated) in TFTcga, TFT A1, and TFTsg dimensions for the
two-stage array. In each array, these blocks of eight designs are
repeated four times over the 32 rows of the array. The column-
by-column design variations are simpler. For the single-stage
array, the pixel circuit alternately includes and excludes
TFTgias. For this study, the TFTgsg transistor was disabled
by keeping it in the nonconducting state — allowing the results
for pixels with and without this transistor to be combined,
thereby increasing the number of pixels for which results of a
given design are reported. For the two-stage array, the W/L
dimensions of TFTggr in the pixel circuit alternate between
6/3x5 and 6/10. The design variations were distributed across
the area of each array in this manner so as to allow fabrication
nonuniformities (which mainly originate from laser recrystal-
lization of a-Si:H material to form poly-Si)*® to affect pixels of
all designs in a generally similar manner. Figure 2 shows
microphotographs of several pixels in the single-stage and the
two-stage arrays.

Figure 3 shows a picture of the two-stage array connected
to peripheral printed circuit boards by means of wire bonds.
Those circuit boards contain gate drivers, external preampli-
fiers, and other circuitry used to read out signals from the array
pixels — controlled by a recently developed, modular, FPGA-
based electronic acquisition system. Details of the features and
operation of such arrays have previously been described in
Refs. [27,29] and are summarized as follows. As indicated in
Fig. 1, externally generated, digital control signals RESET,
DLREAD, DLRESET, and ADDRESS are applied to the gates
of TFTRST, TFTREAD’ TFTDLRST7 and TFTADDR’ respectively,
and are switched between —1 and 15 V. The supply voltages,
Vee and Vesa, the external preamplifier reference voltage,
Vrer the grounding voltage, Vgnp, and the data line reset
voltage, Vprrs are set to 6, 6, 2.4, 2.5, and 2.05 'V, respec-
tively. The pixel reset voltage, Vrst, and the active load volt-
age, Var, were varied from 2.25 to 5.5 V and from 2.75 to
5.5 V, respectively. For both arrays, amplification is performed
by means of TFTsgr which charges the data line to a voltage
approaching that of the gate contact of TFTsg whenever
TFTappr is made conducting. This charge remains stored in
Cpara (i-e., in the data line capacitance) until the read transis-
tor (TFTrgap, located on the periphery of the array) is made
conducting for a short time — resulting in the transfer of
charge to the feedback capacitor (Cgg) of the external pream-
plifier.® For the two-stage array, additional amplification is
provided to the gate of TFTsg by means of the common-source
amplifier stage, which transfers the charge from Cprx to Cpix.
rB- A first-order approximation for the magnitude of the result-
ing charge amplification, referred to as in-pixel gain, is given
by the ratios Cpata/Cprx and Cpara/Cprx.rs, corresponding to
nominal amplification values of x10 and x30 for the single-
stage and two-stage arrays, respectively.
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FiG. 1. Diagrams of the pixel circuit along with address lines and peripheral readout electronics for each of the two arrays examined in this study incorporating
(a) a single-stage and (b) a two-stage amplifier. In both diagrams, circuit components located within each array pixel are bounded by the dotted box, components
on the periphery of the array are bounded by a dashed box, and acquisition electronics external to the array are located outside the dashed box. Labels DLRESET
and DLREAD refer to digital control signals globally provided to every data line on the array, ADDRESS refers to a digital control signal provided to the
addressing transistor, TFTAppr, in each pixel along a given gate line, and RESET refers to a digital control signal globally applied to all pixels. Vpirst, VrsT
VaL, Veias, Voo, Vesa, Vonps and Vegr are global analog voltages. Note that for the single-stage array, half of the pixels include an additional transistor

(TFTg1as, shown in gray). See text for further details.

TasLE I. Summary of the row-by-row variations in the width and length
dimensions (W/L, in units of pm/um) of TFTs for the single-stage pixel cir-
cuit designs (left side of table) and for the two-stage designs (right side of
table) — along with the design identifiers used in this paper.

Single-stage designs Two-stage designs

Design ID  TFTsg  TFTrst DesignID  TFTcga TFTap  TFTsg
SSD-1 200/5 6/3x5 TSD-1 400/10 10/30 30/10
SSD-1a 200/5 6/10 TSD-2 400/5 10/30 30/10
SSD-2 200/10  6/3x5 TSD-3 260/5 10/30 200/10
SSD-2a 200/10  6/10 TSD-4 260/10 10/30 200/10
SSD-3 200/20  6/3x5 TSD-5 260/5 20/60  30/10
SSD-3a 200/20  6/10 TSD-6 260/10  20/60  30/10
SSD-4 400/10  6/3%x5 TSD-1 400/10 10/30 30/10
SSD-4a 400/10  6/10 TSD-2 400/5 10/30 30/10

2.B. Methodology for characterization of signal and
noise performance

For each prototype array, characterization of the signal
and noise performance of the various pixel circuit designs
was carried out by operating the array at 31.25 data frames
per second — with each frame consisting of eight acquisition
samples. Each array was therefore entirely read out at a rate
of 250 times per second. Figure 4 shows the timing diagram
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for a single acquisition sample. For each sample, the pixels
were read out one gate line at a time by switching on the
TFTappr transistors of all the pixels along that line for a time
interval of typpr (referred to as the addressing time and rang-
ing from 2 to 47 us) and subsequently switching on the
TFTRreap transistors for all data lines — resulting in the sam-
pling of the charge stored in the capacitance of each data line
by the external preamplifiers. As illustrated in the figure, the
32 gate lines of an array were read out consecutively at the
rate of one gate line every 100 ps (which allows time for
tappr, as well as 11 ps for switching on TFTrgap and 11 ps
for resetting the data line voltage by means of TFTp rg7). In
addition, for each acquisition sample, eight virtual gate lines
were read out prior to readout of the gate lines of the array, as
described above, but without switching on TFToppr. Read-
out of these virtual gate lines allowed estimation of the con-
tribution of external noise, defined as the electronic additive
noise in the absence of noise contributions from circuitry in
the pixel. (External noise includes the contribution of noise
from the external preamplifier.) As indicated in the figure,
the total time required for each acquisition sample, including
the readout of both virtual and array gate lines, was 4 ms.
Note that, for each data frame, reset of all array pixels is per-
formed globally by switching on all reset transistors (TFTrg)
for 200 ps during readout of the virtual gate lines in the first
sample.
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FiG. 2. Microphotographs of four adjacent array pixels corresponding to (a) single-stage pixel circuit designs SSD-3a (upper row) and SSD-4 (lower row), with-
out (left column) and with (right column) the TFTgss transistor; and (b) two-stage designs TSD-4 (upper row) and TSD-5 (lower row), with TFTrst W/L
dimensions of 6/10 (left column) and 6/3 x5 (right column). [Color figure can be viewed at wileyonlinelibrary.com]

FiG. 3. Photograph of the two-stage prototype array mounted to peripheral
printed circuit boards. [Color figure can be viewed at wileyonlinelibrary.com]

The eight acquisition samples obtained for each data
frame were used to perform correlated multiple sampling
(CMS) and the timing of those samples is shown in Fig. 5.
For some of the measurements, the Vgjag voltage was chan-
ged between samples #4 and #5 to inject charge into the pix-
els so as to simulate an x-ray exposure. For that reason,
samples #1 through #4 are considered pre-exposure samples
and samples #5 through #8 are considered post-exposure
samples. Pixel signal was measured using three different
CMS modes: CMS 1-1 which involves the subtraction of one
pre-exposure sample from one post-exposure sample; and
CMS 2-2 and CMS 4-4 which involve the subtraction of the
average of two or four pre-exposure samples from the average
of two or four post-exposure samples, respectively.

Characterization of signal and noise performance for the
various designs involved measurement of pixel signal for a
number of operating conditions, with each condition corre-
sponding to a given addressing time, CMS mode, and set
of operating voltages. For each condition, pixel signal was
obtained at Vgas injection levels of +42 mV, —42 mV,
and with no injection. (Note that a 42 mV injection at Cpyx
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provides a signal equivalent to an exposure of ~20 uR —
corresponding to the use of a Hamamatsu 600 HL CsL:Tl
converter with carbon backing using a 72 kVp x-ray spec-
trum (corresponding to RQAS in IEC 61267) and a photo-
diode with 100% fill factor.) Determination of electronic
additive noise (referred to as pixel noise in this paper)
involved measurement of pixel signal with no charge injec-
tion. For each pixel and operating condition, the value of
pixel noise, expressed in units of electrons [rms], was cal-
culated from the standard deviation in pixel signal over
2000 frames of data. In order to facilitate comparison with
the noise performance of AMFPIs, the result was then
divided by the in-pixel gain which refers the measurement
back to the input of the pixel amplifier. In this study, pixel
noise is reported in terms of the median value among pix-
els of a given design. Determination of in-pixel gain
involved measurement of pixel signal at the three charge
injection levels. For each pixel and operating condition, the
value of in-pixel gain was calculated from the average
value of the slope obtained from a linear fit of these three
signal levels plotted as a function of the injected charge.
Note that the reported results exclude nonfunctional pixels
and, for a given operating condition, pixels exhibiting non-
linear behavior that exceeds 30%.

2.C. Methodology for computer simulations of pixel
noise

Computer simulations, based on the formalism detailed in
Ref. [29], of the noise of individual pixels having circuits cor-
responding to the various pixel circuit designs of the proto-
type arrays were performed for the purposes of comparison
with the measured results. The simulations employed the
same timings, voltage levels, frame rate, and correlated multi-
ple sampling modes as those used for the array measure-
ments. For each simulation, the input signal was provided by
adding a pulsed current source across Cpjx resulting in a
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FiG. 4. Timing diagram for a single acquisition sample. For readout of each of the virtual and array gate lines, the timing for switching DLRESET and DLREAD
is shown. In addition, the timing for switching ADDRESS for array gate lines #1 and #32 during the acquisition sample is also shown. The vertical-dashed line
drawn through the figure delineates readout of the virtual gate lines from readout of the array gate lines, and the vertical-dotted line indicates the 100 ps used to

read out each gate line. See text for further details.
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FiG. 5. Diagram illustrating the timing of the RESET control signal, the
Vgias voltage and the eight acquisition samples obtained for each data frame
read out from the arrays. In addition, the diagram indicates which samples
were used for each correlated multiple sampling mode explored in this study
(i.e., CMS 1-1, CMS 2-2, and CMS 4-4) — where the open and solid circle
symbols refer to the pre-exposure and post-exposure samples, respectively.
Note that the change in Vgas, which was employed for some of the measure-
ments, was timed to occur between samples #4 and #5. See text for details.

signal similar to that provided by the —42 mV Vgyag injec-
tion for the prototype arrays. The circuit simulations
employed a transistor model based on the same parameter
values employed in Ref. [29] where a subset of these values
was derived from measurements obtained from individual
poly-Si test TFTs. Noise performance was characterized in
terms of thermal and flicker (also referred to as 1/f) noise
components modeled as current sources between the drain
and source of each transistor in the circuit.

3. RESULTS

3.A. In-pixel gain performance of the prototype
arrays

Figures 6(a) and 6(b) show maps of the in-pixel gain for
the pixels in the single-stage and two-stage arrays,
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respectively. For each array, the results were obtained at the
operating condition that produced the lowest noise (reported
in the following section). The median value of these in-pixel
gain results is approximately x9.3 and x25 for the single-
stage and two-stage arrays — within 10% and 20% of the
nominal values (given in Section 2.A) of x10 and x30,
respectively.

Careful examination of the maps in Fig. 6 reveals a number
of interesting trends related to variations in the pixel circuit
designs and in the orientation of pixel circuits across the
arrays. First, for both arrays, the in-pixel gain is seen to vary
from horizontal line to horizontal line, with the pattern repeat-
ing every eight lines — corresponding to the effect on perfor-
mance as a result of the distribution of the various designs (see
Table I). Next, the checker-board pattern along each horizontal
line of the two-stage array corresponds to the effect on perfor-
mance due to pixel-by-pixel alternation in the dimensions of
the TFTRrgr transistor between 6/3x5 and 6/10. In addition,
intermittent pairs of adjacent pixels along horizontal lines of
the single-stage array are observed to exhibit similar in-pixel
gain. This intermittent pattern is the result of the combination
of two factors: (a) the orientation of the circuits within the pix-
els is such that TFTg transistors are located physically close to
each other for pairs of pixels along each horizontal line (as
seen in Fig. 2(a)); and (b) the sweep of the laser beam used in
creating the poly-Si material was slightly angled with respect
to the direction of the horizontal lines (which is evident in the
map of the zero-mean of the estimated threshold voltage of the
TFTsE transistors for this array — not shown, but similar to
that shown in Ref. [31] for another array having the same pixel
circuit designs). As a result of these two factors, variation in
in-pixel gain among the pixels is reduced for those pairs of
neighboring pixels for which the laser happened to pass over
both TFTgF transistors in a given sweep.

Figure 7 shows 3-D plots of in-pixel gain for CMS 4-4
mode plotted as a function of toppg, as well as a function of
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FiG. 6. Maps of the in-pixel gain for pixels of (a) the single-stage array and (b) the two-stage array. The results were obtained at tAppgr of 47 ps and for CMS 4-4
mode. In addition, Vgg and Var were set to 3.25 and 3.5 V for the single-stage array and two-stage array, respectively. Note that the black lines correspond to
nonfunctional data lines while individual black pixels correspond to nonresponsive pixels as well as to pixels with signal response exhibiting more than 30% non-

linearity. [Color figure can be viewed at wileyonlinelibrary.com]

Vrst and Vup for a single-stage and two-stage pixel design,
respectively. The results correspond to the median values
obtained from pixels with design SSD-1 for the single-stage
array [Fig. 7(a)] and from pixels with design TSD-1 for the
two-stage array [Fig. 7(b)]. For both pixel designs, in-pixel
gain is seen to increase with increasing tappr — due to the
increase in signal following charge integration on the data
line capacitance, Cpara. For the two-stage design, in-pixel
gain remains high (i.e., at or above approximately x19) over
the range of tappr used in the measurements. This is not the
case for the single-stage design where in-pixel gain values
were found to be low under some conditions, especially for
small toppgr- For the single-stage design, in-pixel gain exhi-
bits a quasi-bell-shaped behavior as a function of Viygr —
with in-pixel gain values remaining relatively constant for
Vrsr in the range of 3.25 to 4.5 V, and dropping at small and
large Vrst The drop at low Vggr is due to the TFTgE transis-
tor becoming less conductive when the Vggr value
approaches the threshold voltage of the transistor, while the
drop at high Vggr is due to an increasingly sublinear
response of the external preamplifier for Vigr values above
4.5 V. For the two-stage design, in-pixel gain exhibits a sad-
dle-like behavior as a function of V,;, remaining relatively
constant for V, in the range of 3.0 to 4.25 V — with an
overall trend of generally increasing with increasing Vap.
Note that similar behavior for in-pixel gain was observed
from the other designs for both arrays and for the other CMS
modes.

3.B. Pixel noise performance of the prototype
arrays

Pixel noise measurement results are reported for the half
of the pixels in each array having a triple-gate TFTRgy tran-
sistor with W/L dimensions of 6/3x5 — which provides
lower leakage current leading to slightly better noise perfor-
mance than pixels having a single-gate TFTrgr transistor
with W/L dimensions of 6/10. Given the distribution of pixel
circuit designs in the array as described in Section 2.A,
results are therefore shown for designs SSD-1, SSD-2, SSD-
3, and SSD-4 for the single-stage array and for designs TSD-
1 to TSD-6 on every other data line for the two-stage array.
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Figure 8(a) shows measured pixel noise as a function of
Vst for the single-stage array. The results were obtained at
tappr Of 47 ps and for CMS 4-4 mode. For all designs, pixel
noise is seen to exhibit the lowest values for Vgrgr in the
range of 3.25 to 3.75 V. At small and very large Vgst, pixel
noise is seen to increase significantly due to a large decrease
in the in-pixel gain (e.g., see Fig. 7(a)), diminishing the
effectiveness of the active pixel circuit. A comparison of the
results in Fig. 8(a) for the various designs indicates that SSD-
1 (which has the smallest area, given by W x L, as well as
the shortest length, L, for the TFTgE transistor) exhibits the
highest pixel noise. This is a result of increased flicker noise,
which is inversely proportional to the transistor area (see eq.
(1) in Ref. [29]), as well as increased leakage and subthresh-
old currents, which generally increase with decreasing length
of the TFTgp transistor’> — both leading to higher noise
from the source-follower stage. SSD-3 and SSD-4, each hav-
ing a TFTgF transistor four times larger in area than that of
SSD-1, generally provide the lowest pixel noise — with med-
ian values down to ~695 e for SSD-3. Despite having the
same TFTgf area as SSD-3, the somewhat higher pixel noise
exhibited by SSD-4 can be attributed to the shorter length of
that transistor.

Figure 8(a) also shows the measured external noise where,
for each value of Vggr, the result has been scaled by the
appropriate in-pixel gain in order to provide meaningful com-
parisons with the measured pixel noise results for SSD-1.
The shape of the external noise is generally similar to that of
pixel noise — with relatively constant values except for sharp
increases at low and high Vggr as a result of decreasing in-
pixel gain. Results for the external noise corresponding to
other designs, which are not shown in the figure, are very
similar, except for some deviations at small and large Vgst
due to relative variations in the in-pixel gain. For all designs,
the magnitude of external noise (as low as ~312 e for SSD-1)
is small compared to pixel noise, demonstrating the effective-
ness of the single-stage design for reducing the relative con-
tribution of this noise source.

Figure 8(b) shows results for simulated pixel noise corre-
sponding to the same designs and operating conditions as
those of the measured results reported in Fig. 8(a). These
simulated noise results include flicker and thermal noise


www.wileyonlinelibrary.com

3979 Koniczek et al.: Noise performance of poly-Si AP arrays

In-Pixel Gain

(@

3979

IS
IS
1

(%]
W

In-Pixel Gain
w
o

254
20> 50
55 ;5
S 4 t
Vv 35 3 a5 o 107 tom (ps)

(b)

FiG. 7. Plots of in-pixel gain for pixels corresponding to (a) pixel circuit design SSD-1 of the single-stage array and (b) design TSD-1 of the two-stage array, plot-
ted as a function of Vrgrand V,p, respectively, as well as a function of tappr. See text for further details. [Color figure can be viewed at wileyonlinelibrary.com]

A. T T T T T
i SSD-1 -®-
1500 i‘a SSD-2 -O--
UF SSD-3
3\ SSD-4 M
%o o0®
s B A R Y
< 1000 T
s bl
Z
500 +
External Noise
0 1 1 1 1 1

2 3 4 5 6 7
(a) VRST V)

i SSD-1 -@--
1500 | | SSD-2 - O-- .
': SSD-3 [
n SSD-4 A
— ':\ °
© 1000} ug i )
2 L :
2 | i
1% \ D 1
SRR SreEnn
0 1 1 1 1 1
2 3 4 5 6 7 8
(b) Vest V)

Fic. 8. (a) Measured and (b) simulated pixel noise as a function of Vggr for four of the pixel circuit designs of the single-stage array. The measured external

noise corresponding to SSD-1 is also shown in (a). See text for further details.

contributions as well as the measured contribution of external
noise (such as shown in Fig. 8(a)) — all added in quadrature.
Note that, while the general shape and trend of the measured
pixel noise are reproduced by the simulations, the magnitude
of the simulated noise is significantly lower. This difference
can be mainly attributed to the fact that the simulations
employ signal and flicker noise parameter values®’ obtained
from a different poly-Si wafer with well-performing individ-
ual test TFTs that have different characteristics than those of
the TFTs of the prototype array — including lower leakage
and subthreshold currents. The lower leakage and subthresh-
old currents in the simulations lead to lower noise from the
source-follower stage, resulting in a reduced contribution to
pixel noise. This reduced contribution makes the relative con-
tribution of external noise to the simulation results more sig-
nificant — further reducing the difference in performance
between the various designs, as seen in Fig. 8(b). Finally,
note that the simulated results in Fig. 8(b) appear shifted
along the x-axis (i.e., to higher Vrgt values) compared to the
measured results in Fig. 8(a). This shift is a reflection of
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differences in the mean threshold voltage of the TFTs in the
array and the threshold voltage used in the simulation model.
Figure 9(a) shows measured pixel noise as a function of
VL for the two-stage array. The results were obtained at
tappr Of 47 us and for CMS 4-4 mode. The measured exter-
nal noise, scaled by the appropriate in-pixel gain so as to cor-
respond to TSD-1, is also shown. For all designs, pixel noise
is seen to exhibit a slight increase with increasing V,, over
most of the range of V,y considered. For the highest Vyp,
pixel noise increases sharply due to significant reduction in
current flow through TFT4;, rendering the circuit inefficient
in transferring charge from Cprx to Cprx.pg. TSD-5 and TSD-
6 generally exhibit the lowest pixel noise — with TSD-6 pro-
viding median values as low as ~866 e. As seen in the figure,
the measured external noise is even lower (down to ~151 e
for TSD-1) than that of the single-stage array due to the
higher in-pixel gain provided by the pixel circuit — rendering
the relative contribution of external noise insignificant.
Figure 9(b) shows results for simulated pixel noise corre-
sponding to the same designs and operating conditions as
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those of the measured results reported in Fig. 9(a). These
simulated noise results are in generally better agreement with
their measured counterparts compared to the situation for the
single-stage designs. As was the case for the single-stage
array, the two-stage array came from a different wafer com-
pared to the TFTs used to provide the parameters in the simu-
lations. (Note that the single-stage and two-stage arrays came
from separate wafers while all parameters used in the simula-
tions came from TFTs on yet another wafer.) While the mea-
sured performance of the TFTs in the two-stage array is
believed to be closer to the performance of the TFTs used in
the simulations, the reason for the better agreement can
mainly be attributed to the combination of two other effects.
First, the relative noise contributions from the source-fol-
lower stage are reduced by virtue of the additional factor of
three in gain provided by the common-source amplifier stage.
Second, unlike the situation for the single-stage array, the
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common-source amplification stage was generally operated
in a regime where the current is much greater than leakage
and subthreshold currents, making the circuit less prone to
the noise attributed to those currents. Interestingly, the dimin-
ished influence of the source-follower stage is demonstrated
by the fact that designs TSD-3 and TSD-4 have no apparent
advantage in noise performance — despite featuring much
larger TFTgE transistors than the other four designs. TSD-5
and TSD-6 generally show the lowest noise — believed to be
a consequence of employing the TFTy; transistor having the
largest area. This is an indication that, for TSD-1, TSD-2,
TSD-3, and TSD-4, the flicker noise originating from TFT Ay,
dominates that from TFTcga.”’ Finally, the narrower spread
of the measurement results compared to the simulation
results may be a consequence of additional noise affecting
the measurements — which is not accounted for in the simu-
lations. One possible candidate for such additional noise is
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FiG. 10. Measured pixel noise as a function of typpr for various pixel circuit designs of (a) the single-stage array and (b) the two-stage array. For purposes of
comparison, simulated pixel noise is also shown for designs SSD-3 and TSD-6 for the single-stage and two-stage arrays, respectively.
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voltage fluctuations on the supply rail (Vcga) for the com-
mon-source amplifier.

Figure 10(a) shows measured pixel noise as a function of
tappr for SSD-1, SSD-2, SSD-3, and SSD-4 of the single-
stage array. The results were obtained at Vgrgt of 3.25 V and
for CMS 4-4 mode. For purposes of comparison, simulated
pixel noise for SSD-3 at Vgrgr of 4.5 V and for the same
mode is also shown. Note that different values of Vygr were
used for the measurements and simulations in order to estab-
lish meaningful comparisons. The choice of different values
of Vggr is a reflection of differences in the mean threshold
voltage of the TFTs in the array and that of the simulation
model, as mentioned in the discussion of the results of Fig. 8.
These values were determined from curves of the average in-
pixel gain across all reported designs as a function of Vggr
— which exhibit a shift between measured and simulated
results similar to that observed between the results in Figs. 8
(a) and 8(b). The values correspond to the lowest Vggt for
which the average in-pixel gain exhibits only minor depen-
dence on Vggr (i.e., A(in-pixel gain)/AVggr < 0.125 vh
— resulting in values of Vrgr for the measured and simulated
results that correspond to similar response of the circuit, irre-
spective of the differences in TFT threshold voltage. Both the
measured and simulated pixel noise decrease with increasing
tappr due to increasing charge integration and settling on
Cpata. Short addressing times truncate the integration of
charge on Cpara resulting in reduced in-pixel gain, reduced
noise filtering, and an operation point that is more susceptible
to jitter in tappr — Which in turn lead to increased pixel
noise. Note that design SSD-3 outperforms the other designs
for addressing times of 11 ps and longer, as is apparent in
Fig. 8(a) for tappr of 47 ps for reasons explained for those
results. However, this is not the case at addressing times
shorter than 11 pus — a consequence of SSD-3 having the
smallest ratio of W/L which results in slower charge integra-
tion on Cpata-
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Figure 10(b) shows measured pixel noise as a function of
tappr for designs TSD-1 to TSD-6 of the two-stage array. For
purposes of comparison, simulation results for TSD-6 are
also shown. All results were obtained at Va1 of 3.5 V (where
pixel noise is lowest) and for CMS 4-4 mode. Similar to the
situation for the measured single-stage results in Fig. 10(a),
the measured pixel noise for the two-stage array is seen to
decrease with increasing tappr- However, for the simulation
results, such decrease is not significant, as demonstrated by a
weak dependence of pixel noise on tyappr for addressing
times of 11 us and longer — a behavior that may be attribu-
ted to the reduced influence of TFTsg on pixel noise in the
two-stage designs. The stronger dependence of the measured
pixel noise on tappr observed at shorter addressing times
may be a result of additional noise sources not accounted for
in the simulations, such as voltage fluctuations on Vcga and
jitter in tappr-

Figure 11 shows measured pixel noise as a function of
CMS mode for tappr of 47 ps for the same designs as in
Fig. 10. Results are reported for the single-stage array at
Vrst of 3.25 V in Fig. 11(a) and for the two-stage array
at Vap of 3.5V in Fig. 11(b). For purposes of compar-
ison, simulated pixel noise for SSD-3 at Vggrt of 4.5V
and TSD-6 at V. of 3.5 V (as in Fig. 10) using the same
tappr 1S also shown. As expected, measured pixel noise is
seen to improve with the number of samples used — as
also predicted by the simulation results.”” By employing
correlated multiple sampling, the subtraction of pre-expo-
sure from post-exposure samples removes the contributions
of any noise components that are correlated with time,
such as pixel kTC reset noise and low-frequency flicker
noise. However, for CMS 1-1 mode, where one pre-expo-
sure sample is subtracted from one post-exposure sample,
the contribution of any uncorrelated noise (such as exter-
nal noise, line noise and higher-frequency flicker noise) is
doubled geometrically due to this subtraction. When a
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larger number of pre- and post-exposure samples are aver-
aged before subtraction (i.e., for CMS 2-2 mode and CMS
4-4 mode), pixel noise is progressively reduced through
reduction of the uncorrelated noise.

4. DISCUSSION AND CONCLUSIONS

Results from an empirical investigation of the noise per-
formance of a pair of prototype active pixel arrays, employ-
ing poly-Si TFTs and operated in the absence of radiation,
have been reported. Among the various pixel circuit designs
examined, median pixel noise values as low as ~695 e for
single-stage design SSD-3 and 866 e for two-stage design
TSD-6 have been observed — well below the ~1000 to
3000 e values exhibited by current clinical AMFPI systems.
Moreover, while AMFPI noise increases with increasing
array size or with decreasing pixel pitch, it should be possi-
ble, through proper design, to maintain the levels of noise
observed from the prototype arrays irrespective of array size
and pitch. This advantageously lower level of noise derives
from the fact that the in-pixel amplification and correlated
multiple sampling capabilities provided by active pixel
arrays can reduce the relative contribution of noise outside
of that originating from the pixel circuitry — which is
referred to as external noise in this study and which, for
both active pixel and AMFPI arrays, is dominated by the
noise of the external preamplifier. The measured median
in-pixel gain for the prototype arrays was found to be x9.3
and x25 for the single-stage and two-stage arrays, respec-
tively — values large enough to render external noise
insignificant, particularly for the two-stage array. As a
result, the contribution of external noise was estimated to
be lower than 340 e for both arrays, far less than the lowest
median pixel noise for either array. Note that the higher
pixel noise exhibited by the two-stage array compared to
the single-stage array, which is in line with expectations
from the simulations, is a simple consequence of the fact
that the pixel circuit designs for the two-stage array are not
fully optimized.”® Also note that the pixel noise perfor-
mance reported in the present study would be very similar
to that for arrays designed with the same pixel circuits as
in this study, but capable of being operated with radiation
by using (for example) a-Si:H photodiode in place of Cprx
in each pixel — since measurements of additive noise are
conducted in the absence of an injected signal or radiation.

While the noise performance of the prototype arrays is
encouraging, it is still inferior to that offered by c-Si active
pixel sensors. Although further tuning of TFT dimensions to
allow larger TFTgE transistors for single-stage pixel circuits
(or larger TFT,; and TFT g, transistors for two-stage pixel
circuits) may lead to some improvement in noise perfor-
mance, such an approach is constrained by the finite space
available within a pixel. A more promising approach may lie
in focusing on the reduction of flicker noise through better
fabrication techniques — given that, as indicated by the simu-
lations, TFT flicker noise is generally the dominant contribu-
tor to pixel noise.”” In a previous study, it was shown that
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noise power spectral density values from individual poly-Si
test TFTs, of the type used in the prototype arrays and simula-
tions, vary significantly,” leading to less-than-desirable over-
all noise performance. This suggests that reduction in process
variations (for example, originating from the laser recrystal-
lization process) could improve noise performance. In addi-
tion, flicker noise could also be reduced through faster
readout, where acquisition samples would be obtained closer
in time — allowing correlated multiple sampling to be more
efficient by reducing noise over a wider frequency range. Fas-
ter readout could be made possible through improved mobil-
ity of poly-Si TFTs and/or through the use of schemes that
allow pipelined or more parallel readout. Flicker noise could
also be reduced through improvement in the in-pixel amplifi-
cation circuit by, for example, replacing the TFT,; transistor
with a resistor as well as adding a low-pass resistor in front of
Csr for the two-stage pixel circuit, as explored in a previous
simulation study.?

In this study, the prototype arrays were operated at
31.25 fps, allowing the acquisition of eight samples per
frame. The time required for each sample was 4 ms, corre-
sponding to the readout of a total of 40 gate lines. In a clini-
cal imaging system employed, for example, for fluoroscopy,
the number of gate lines would be on the order of a thousand,
which would necessitate the reduction of time required for
readout of each gate line from the current 100 ps to ~4 ps in
order to maintain a frame rate of 30 fps with eight acquisition
samples per frame. Such a short readout time would necessi-
tate the use of addressing times shorter than 4 ps, since
tappr 18 only a portion of the readout time. However, as seen
in Fig. 10, pixel noise performance deteriorates for short
tappr due to truncation of signal during charging of the data
line. Therefore, in order to maintain the use of longer
addressing times, readout schemes involving pipelining or
parallel readout such as dual-sided readout would be neces-
sary. An alternative readout scheme, which employs a simpler
control sequence, would involve current readout instead of
voltage readout.”® In that readout scheme, signal is sampled
directly by the external preamplifier where the pixel circuit is
directly coupled to the virtual ground input of the preampli-
fier, effectively shunting the data line capacitance to ground
and thus allowing faster readout speed. Through exploration
of these various strategies for lower noise and faster readout
speed, poly-Si-based active pixel arrays could potentially
achieve noise levels similar to those offered by c-Si active
pixel sensors.
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