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Signal properties of the first large-area, high resolution, active matrix, flat-panel imager are re-
ported. The imager is based on an array of 263820 pixels with a pixel-to-pixel pitch of 12&m.

Each pixel consists of a discrete amorphous siliceirp photodiode coupled to an amorphous
silicon thin-film transistor. The imager detects incident x rays indirectly by means of an intensifying
screen placed over the array. External acquisition electronics send control signals to the array and
process analog imaging signals from the pixels. Considerations for operation of the imager in both
fluoroscopic and radiographic modes are detailed and empirical signal performance data are pre-
sented with an emphasis on exploring similarities and differences between the two modes. Mea-
surements which characterize the performance of the imager were performed as a function of
operational parameters in the absence or presence of illumination from a light-emitting diode or x
rays. These measurements include characterization of the drift and magnitude of the pixel dark
signal, the size of the pixel switching transient, the temporal behavior of pixel sampling and the
implied maximum frame rate, the dependence of relative pixel efficiency and pixel response on
photodiode reverse bias voltage and operational mode, the degree of linearity of pixel response, and
the trapping and release of charge from metastable states in the photodiodes. In addition, x-ray
sensitivity as a function of energy for a variety of phosphor screens for both fluoroscopic and
radiographic operation is reported. Example images of a line-pair pattern and an anthropomorphic
phantom in each mode are presented along with a radiographic image of a human hand. General
and specific improvements in imager design are described and anticipated developments are dis-
cussed. This represents the first systematic investigation of the operation and properties in both
radiographic and fluoroscopic modes of an imager incorporating such an arral99®American
Association of Physicists in MedicingS0094-2405(97)01501-0]

Key words: digital x-ray imaging, active matrix flat-panel imager, amorphous silicon, indirect
detection, signal measurements

[. INTRODUCTION coupled to a continuous, overlying layer of material which
serves to convert the x rays into electron—hole p&ifSThis
In recent years, a new class of real-time, digital x-ray imag{ayer is of sufficient thickness to allow a significant fraction
ing devices, based on the solid-state technologies developef the incident x rays to interact. Arrays thus far reported
for active matrix, flat-panel displays, has been undergoingave used eithea-Si:H® or cadmium selenid@ transistors
development. These devices may be generically categorizesbupled to an amorphous seleniua:Se)converter. For the
as active matrix, flat-panel imagef&MFPIs) since they all  case of indirect detection, each pixel switch is coupled to
share the common characteristic of incorporating a twoweither a discrete optical sensing elentestt alternatively, to
dimensional matrix of thin-film switchesone switch per an overlying, continuous, optically sensitive |:;)‘)]/é-|1_‘1 An
pixel) of the same general type used in active matrix liquidx-ray converter, such as a phosphor screen or Csl:Tl, is
crystal display§AMLCDs). placed or deposited upon the array allowing the imaging pix-
In the majority of these imaging devices, the pixel switchels to sense light generated in the converter by interacting x
is a single thin-film transistofTFT) made from amorphous rays. Thus far, optically sensitive arrays, which are compat-
silicon (a-Si:H)'® although alternative approaches employ-ible with the indirect detection approach, have primarily in-
ing a cadmium selenide TFTa singlea-Si:H diode®°or  corporated discreta-i-p or p-i-n photodiodes coupled to
dual a-Si:H diodes! have also been reported. AMFPIs may either a-Si:H TFTs}™ to single diode§;° or to back-to-
further be divided into two categories depending uponback diodes! There has also been an initial examination of
whether the incident radiation is detected directly or indi-a-Si:H TFTs coupled to discrete phototransistaasd to a
rectly. In the case of direct detection, the active matrix iscontinuous photodiode layéft.
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As in the case of AMLCDs, the pixel count of AMFPIs,
led by the photodiode-TFT approach, has increased in an

exponential manner since the creation of the first imaging .;
arrays in 1988%1° Recently, our research on this approach :
has progressed to the point where a large-area, high spati i
resolution array design has been realiZet!. This array fea- v -
tures a 1536x1920 pixel format with a 124m pixel-to- (a) . \

pixel pitch. With an area of 19%24.4 cnf, this device is the
largest high resolution AMFPI thus far report€dThis array
is a slightly modified version of an earlier design in which
pairs of gate lines were coupled at the peripheral contacts il
order to facilitate easier electrical connection for initial A
evaluations>*® \/

This paper and a companion papedescribe the results
of an extensive investigation performed upon an imager in- [
corporating the new 1536x1920 pixel high-resolution array (b) e e o
along with acquisition electronics and various commercially
available phosphor converters. While the performance of this
prototype imager is far from optimal, the array and imager
were created in the spirit of allowing an initial examination
of the use of this technology for high resolution diagnostic
imaging.

In this article, a detailed examination of the operation and
signal performance of the imager is reported. Since the arra (C)
itself is optically sensitive, the signal properties of the im-
ager were found to be most efficiently examined through a ,
combination of measurements in the absence of light

Ny nay

B0

. . . Gate Line )
(“dark” measurements), under illumination by a light- ASi-H TIFT ; _ n
emitting diode light sourcé'LED” measurements), and un- '. ' \ ‘
der irradiation by a conventional x-ray source in the presence Bias Line

. \ Data Line
of an overlying phosphor screeffix-ray” measurements). . ¢i.i Photodiode

All results correspond to measurements from individual ar-
ray pixels whose performance is representative of correctly
functioning pixels on the array.[Spatial-frequency- (d) -
dependent signal investigations will be the subject of a future

paper although preliminaw |\/|T|1‘:() results for a 127um Fic. 1. Photographs of parts of the imaging system whose signal perfor-

. - : mance is reported in this articléa) Photograph showing the array mounted
plxel array have prewously been reporf@]ﬂhe operatlonal to peripheral printed circuit boards which provide electrical contact to ex-

parametergvoltages, timingsjequired to run the imager are temal acquisition electronicFor the sake of clarity, the phosphor screen
discussed in the context of various considerations, includingjas been removedThe gate driver and preamplifier circuits are located in
array properties and external electronics, which govern th%Iose proximity to the array and all of these, along with the system logic
! . oard which directs the operation of the array, are housed in the aluminum
selection of these parameters. Measurements of a variety gbx appearing in the pictureb) Photograph of the array prior to wire
pertinent signal properties are reported as a function of thegending, illustrating its size compared to human anatofayMicrophoto-

operational parameters, irradiation conditions, and phosphd}aPh of a portion of the array near the peripheral contacts. The wire bonds
connecting the array to a printed circuit board are visible on the left-hand

screen types. The properties investigated are those which dgge. (d) Higher magnification microphotograph of a single pixel. Various
fine and/or limit the performance and practical use of thefeatures are labeled including a light-sensitive photodiode, a TFT, a bias rail
. . . hich supplies a reverse bias voltage to the photodiodes, a gate line which
imager. In addition, example Images of phf:mtoms and_ of i&sl used to control the conductivity of TFTs and a data line which routes
human hand are presented and discussed in terms of imaggfalog imaging signals from the pixels to external electronics.

properties and limitations. The implications of the measured

signal properties are discussed and prospects for future im-

provements are summarized. The reported results represdht DESCRIPTION OF FLAT-PANEL IMAGER

the first such analysis for a large-area, high resolution TFT |n this section, an overview of the structure and organiza-
+photodiode AMFPI. In the companion pagéra theoreti-  tion of the flat-panel imager reported in this paper is pro-
cal and empirical investigation of the noise properties ofvided with an emphasis on novel features and enhancements.
such imagers, utilizing measured results reported in th€Details of the construction of pixels and arrays of this gen-
present paper, is presented. eral design and of the basic operation of earlier imagers have
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ties reported in this paper as well as the techniques used to

Wavelength A (nm) examine them, a variety of considerations pertinent to the
250 350 450 550 650 750 850 operation of the imager in fluoroscopic and radiographic
' ' ' ' ' modes are discussed.

:\c\ 80 New photodiode ] . . .
g ~— g A. Structure and organization of imager
% 60 . The imaging system may be considered to consist of five
‘Lg major subsystemga) a 19.5x24.4 crha-Si:H array with
0 w0l 1 15361920 pixels(b) an overlying phosphor scree(t) an
= ol external electronic acquisition system which provides a re-
5 photodiode . . . .
= verse bias voltage to-i-p photodiodes, controls signals to
s 20¢ 1 the array, and multiplexes, amplifies, and digitizes analog
=4 imaging signals from the pixel¢d) a host computer; ang)

0 the software which directs the general acquisition, analysis,

Fic. 2. Plot of the quantum efficiency of detection of light photons as aand processing of the digitized array data.
function of wavelength for n-i-p photodiodes. Data are presented for photo-  Figure 1 illustrates the imager, the array, and magnified
diodes of the type used in present arrdgpen circlesis well as those of a0\ ¢ of the array pixels. Compared to earlier large-area, 450
earlier, less optimized, arrayRef. 2) &olid circles). The oscillations in the . .
data result from interference effects due to the passivation layer. The spe¢tM pitch arrays developed as prototypes for radiotherapy
tral output of GJO,S:Tb (Ref. 41)and Csl:TI(Ref. 42), plotted in arbitrary  imaging (256 < 240 pixels giving a 11:810.8 cnf are& and
units, is superimposed to illustrate the degree to which their output is Uti512><560 pixels giving a 23X025.2 cn?r areés,zzb a variety
lized by the photodiodes. L . o "
of significant improvements were incorporated into the de-
sign of the 127um pitch array. As illustrated in Fig. 2,
been previously described in Refs. 2, 21, and 22.addi-  which shows the quantum efficiency of the photodiodes for
tion, the various operational parameters governing imagelght detection as a function of wavelength, photodiodes
operation are summarized. Finally, in order to facilitate anfrom the new arrays exhibit considerably enhanced perfor-
understanding of both the significance of the imager propermance at shorter wavelengths than for earlier arrays. Conse-

TasLE |. Summary of specifications for tre Si:H imager. Values of thickness are nominal since the deposition
process is subject to processing variations. The symfaoth the exception ofNp) appearing in the left-hand
column also appear in Tables Il and lll. Further details of the construction of the TFTs may be found in Ref. 40.

Pixel
(n-i-p _photodiod¢
Bottom (n-doped)layer thickness
Middle (intrinsic) layer thicknesgd)
Top (p-doped)layer thickness
Dimensions
Photodiode light sensitive area

(TFD

Dimensions(lengthxXwidth) CrerXWrer)
TFT-on resistancéRrer.qn)

TFT leakage current

Array
Pixel format(dataxgateNp X Ng)
Pixel pitch
Array dimensions
Optical fill factor
Data line capacitance

Electronic$
Preamplifiers

Gate drivers
Analog-to-digital converters
System dark noise

Packaging
Controlling logic

~40-50 nmn™ a-Si:H

~1.0-1.4um intrinsic a-Si:H

~10-20 nmp* microcrystalline-silicon
~88 umx88 um [see Fig. 1d)]

~5670 um?

11 umX20 um

~10%X16 Q at Vypron=+5 V
~4X10° Q at Vyproi=+10 V
<1fA atVipro=—2to —10 V

15361920
127um
19.5X24.4 ém

0.35

~50-100 pF

Charge-sensitive circuit, 1 per data line, 32:1 multiplexing
to ADC

Integrated serial display driver, 32 gate lines per chip

18 bit digitization(trimmed to 15 bity

~4 900e(rms) uncorrelated

~4 000e(rms) correlated

~6 300e (rms) total system dark noise
Wire-bonding(array to surrounding printed-circuit cajds
Field-programable gate arrays+acquisition software

®Reference 25.
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TasLE Il. Glossary of symbols relevant to operation of an array of the tions for the imager are listed in Tables | and Il and a sum-
general design described in this paper. The table includes the values Whi(‘r’hary of symbols and equations which are relevant to the

are specific to the 12Zm array examined as well as the range of opera- im r ration in th ntext of th rrent r are given
tional parameters used to study the various properties. . ager operatio € context of the current paper are give
in Tables Il and IIl.

General The x-ray converters used for the measurements and im-
Dielectric constant foa-Si:H K ~12 ages consisted of a collection of commercially available
Permittivity of free space & 8.85X10°2 F/m

phosphor screengEastman Kodak, Rochester, NY). All

Geometric area of photodiode Apd ~6780 um? isted of a | f dolini Ifid .
Thickness of intrinsic layer of photodioded,y a screens consisted of a layer of gadolinium oxysulfide acti-
Width of TET Wyer 2 vated by terbium(Gd,O,S:Tb) mixed with a binder agent
Length of TFT Lyer @ and deposited on ar-0.18-mm-thick plastic backing. The
Field effect mobility for the TFT channel u, 05-1.0 grﬁV rT?Z screens, along with their corresponding phosphor surface
Gate capacity per unit area for TFT T ~2X10°" Flc densities, were Lanex Fine-34 mg/cnf), Lanex Regular
Threshold voltage for TFT Vy ~05-25V 70 ot dL Fast 133 /crA). Th
Number of gate lines on an array Ng a (~70 mg/cn), and Lanex Fast-B~ mg/cm). These
' screens were chosen due to the good overlap of the spectral
OPF‘fr:a:'od”_a'dparamEterZ_ " v o6V sensitivity of the photodiodes with the spectral output of
plodioge reverse bias voltage bias 7 Gd,0,S:Th (consisting of a number of discrete emission
TFT-on voltage applied to gate lines Vieron 2-10V . . B
TFT-off voltage applied to gate lines  Vrrror —8 V wavelengths, the most intense being at 549.rfhis set of
Duration TFT is kept conductifig N, Units of 7, screens also provided a range of values for x-ray quantum
Frame time Thame 15 Msto~30s efficiency and light output.
Radiographic initialization time Tragint  1-1000 s Figure 1(a)shows a picture of the imaging array and the
aSee Table 1. peripheral acquisition electronics. The electronic acquisition

bwhile the characteristics of the array pixels require that the TFT be kepSyStem is based on the same general architecture as a previ-
conducting for a period only-5-7 times the length of the pixel time ously reported systefh although significant customization
constant, 7 (i.€., only 20-35us for Vrer.on=5 V), the design of the  \yaq" parformed to allow operation of the 12im array.
prear_nphfler circuit use(_j for most of these measurements necessnated_lahese modifications include ex . f th :
considerably longer period which was fixed-a800 us. pansion or the maximum
number of addressable gate lines from 560 to 1920 and
modification of the preamplification circuitry to allow sam-
quently, increased light sensitivity is to be expected when thling of the relatively small pixel signals from this array at a
arrays are coupled to x-ray converters having a significanteduced system noise level. With these circuits, the total dark
output in the blue region of the spectrum. This new arraynoise of the imaging system was6300 e (rms). Of this
incorporates finer minimum feature sizes permitted by mordotal, ~4900 e (rms) was due to uncorrelated noise while
advanced processing tools and techniques. As a result, the4000e (rms)was due to correlated noise believed to arise
linewidths were reduced from25 to ~15 um and the gap
between the gatéand data)lines and the photodiodes was
reduced from~20 to~8 '“2m' I_n addition, the TFT size V\;as TasLE Ill. Glossary of equations relevant to array operation. The equations
reduced from 240X1um” (widthXlength)to 2011 um assume S| units throughout. See Table Il for definition of various symbols.
and repositioned from under the gate line to a corner within
the region bounded by the gate and data lines. By virtue ofensor capacitance

these enhancements, an optical fill factor of Q1B® fraction Cpu= k€0 d_pd (units of A )
of the surface of the array which is optically sensitiveas _ pd

achieved for the new array. By comparison, the optical fill"x® charge éa‘i/ac'ty s of 5
factor would have been less than 0.20 with the old design Qoiceari~ CpdVas (units of G @
rules, even with a 20X 1km? TFT. In addition, a reduction TFT-on resistance

in the overlap of the gate contact with the soufaed drain)

contact in the TFTs from~4 to ~3 um, along with the g _ L (units of ) (3)
reduced TFT width, resulted in a substantial diminution in Wrer e Vreron— V)T

the size of the pixel switching transiefdefined and dis- Lrer

cussed below). To reduce gate line resistance on the array,sampling of pixel chargeQy, , by preamplifier circuit during readout
new bimetal material was used in place of chrome. This  Queam{t)=Qpix(1—e /) (units of © (4)
compensates for increased resistance due to the NaIrower | . starit

lines thus helping to make the switching of TFTs almost Tox=CodRreT-on (units of § )

temporally uniform across the array, as reported below. A

further enhancement was the substitution of the top pOlyim[\/linimum frame readout time and maximum theoretical frame®rate
: ) ) o T i=NGN,7; its of 6
ide layer used on previous arrays with an oxynitride layer. frame-min ‘i Toix (unf S Of 971 (6;‘)
This layer serves for planarization and passivation. The in-  FPSw=g —— (units of ) (6b)
troduction of the oxynitride resulted in a large and crucial

reduction in both the magnitude and temporal drift of theareference 21.

pixel dark signal, as reported below. Additional specifica-"Reference 38.
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from the power supplies for the photodiode bias voltage andines (Ng), N, and 7, [Eq. (6a) in Table Ill]. The maxi-

for the gate drivers. mum theoretical frame rate, FRS, is the inverse of
The present acquisition system allows a maximum of 512, ne-minLEQ- (6b) in Table I11]. The final operational param-

consecutive data lines to be addreséesl, one-third of the eter appearing in Table IT,q.init, IS discussed in Sec. llI.

array). Another limitation of the acquisition system is the

relatively slow readout rate of2.1 ms per gate line for 512

data lines. Consequently, the readout of a>1920 block

of pixels requires-4 s, although smaller pixel blocks can be C. Considerations for fluoroscopic and radiographic

read out considerably faster. Other parts of the system, ndfager operation

shown in F|g 1(a.), include the CAMAC crate and interface For the purposes of this paper, we define two modes of
modules used to route signals between the system logignage acquisition. “Fluoroscopic mode” will refer to the
board and the host computéa Macintosh 650 with 104 acquisition of a series of consecutive image frames during
mbytes of random access mempryhe basic synchroniza- gijther a continuous wavew) irradiation or a pulsed irradia-
tion of the control signals to the gate drivers and the preampggn. (In this paper, an “image frame” shall be defined to
lifier circuits is directed by logic embedded in field- correspond to data acquired when the array is exposed to
programmable gate arrays on the system logic board.Ep light or x-ray radiation as opposed to data acquired in
Furthermore, a key feature of the SyStem is that Considerabkﬁe absence of any form of i||umination‘_‘)?adiographic
control of the timing and addressing of the array is directednode” will refer to the acquisition of a single image frame
in real time by data acquisition software in the host com-fo|lowing a brief irradiation (For purposes of examining the
puter. For example, relatively straightforward modificationsimager properties, the “radiation” source can, in some
of this software allowed synchronization of array timing with cases, be either an x-ray source or a light source, e.g., a
the LED and the x-ray source as required. LED.) A variety of considerations, which can be different for
radiographic and fluoroscopic mode, govern the selection of
the values for the operational parameters used to control the
array. In this section, a number of these considerations are
The array is controlled by a small number of operationalpriefly outlined, and in the following sections measurements
parameters with typical ranges given in Table Il. A reverseare reported which illustrate and quantify their effect upon
bias voltageVy,s, is applied to the bias lines to create anthe signal performance of the imager.
electric field(and hence a depletion regijoacross the pho-
todiodes and enhance signal collection efficiency. In addi-
tion, the pixel charge capacitQy.cap, is given by the prod-
uct of Vi, and the photodiode capacitaneg,q, [Egs. (1)
and (2) in Table Ill]. During array operation, charge is al-  The reverse bias voltage applied to the photodiodes re-
lowed to accumulate in the capacitance of the photodiodesults in a dark(leakage)current?® In addition, the finite
by keeping the TFTs in a nonconductifitpff’) state. This  (though very highresistance of the TFT in the nonconduct-
is accomplished by maintaining the gate lines at a negativeng state allows an opposing leakage curférince photo-
voltage,Ver.oi - FOr a given pixel, accumulation of charge diode leakage increases with the voltage across the photodi-
decreases the electric field across the photodiode while irede, it decreases as the pixel acquires signal during a frame.
creasing the potential difference between the source an@onversely, TFT leakage increases slowly with increasing
drain contacts of the TFT. Reado@nd simultaneous reini- pixel signal due to the increasing potential difference across
tialization) of a selected row of pixels is accomplished by the transistor. The net result of these two effects is referred to
applying a positive voltageY g1.on, 10 the corresponding as the pixel dark current. The magnitude and long-term tem-
gate line. This renders the TFTs conductifign”) with an  poral variation in the dark current have an important influ-
on-resistance oRtgr1.o, [EQ. (3) in Table Ill]. The temporal ence upon the behavior of the imager and it is generally
behavior of the sampling of the pixel signal by the preamp-desirable that both be as small as possible. For example,
lifier is generally governed by a simple exponential functionwhen the TFTs are in the nonconducting state, under some
[Eq. (4) in Table Il]] with a time constanty,,, given by the  operating conditions the photodiode dark current dominates
product ofCpy andRrer_on [EQ. (5) in Table Ill]. The degree  and there is a steady accumulation of dark signal in the pixel
to which the signal is sampled and the pixel is initialized iswhich decreases the electric field across the photodiode. If
controlled by the timelN, (expressed in units af,,), that the  the pixel is not read out, this process continues until the two
TFTs are left conducting during the readout of each row ofleakage currents reach equilibrium. Thus, the accumulation
pixels. of dark signal can result in partial or complete loss of useful
The data acquired from a selected block of pixels on arsignal capacity in the pixel and, for sufficient reduction of
array constitute a “frame” of information. For consecutive field strength, reduced signal collection efficiency. Under
frames, the time between the readout of the same row afther conditions, there can be a steady loss of signal from the
pixels is referred to as the frame timB,,.. The minimum  pixel due to the net pixel dark current. Both cases are ob-
possible frame timeT..me-min IS governed by the array prop- served and their effects upon fluoroscopic and radiographic
erties and depends upon the product of the number of gagerformance are illustrated and quantified below.

B. Operational parameters

1. Photodiode and TFT leakage current

Medical Physics, Vol. 24, No. 1, January 1997
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E n Radiation
(a) Radiographic

[T

n-2 n-1 n n+1 -«—  Frame Number

L

Fluoroscopic

O MWL =

—p.2—><—p-]—><——n—><—n4+]—>€—pt2—><—n+3—>

(044
Fluoroscopic

—n-2—»<n-1—»<«—n—><n+l—><€<n+2 ><n+3-—><€<n+d >

Fic. 3. Schematic illustration of the synchronization of timing between the flat-panel imager and the radiation source for a variety of cases. In each case, the
relative timing of the delivery of the radiatioftop) and the readout of thB individual gate lines for the corresponding frame(spttom)is shown. The

frames are numbered with respect to the first image frémé). (a) Radiographic mode illustrating both a sh¢blid line) and long(dashed linejadiation

pulse.(b) Fluoroscopic mode with the radiation pulsed once per frafmeFluoroscopic mode with continuous wave radiation where various degrees of
“ramping” of the radiation output is illustrated by the dashed lines.

2. Pixel switching transients sure consistency between the timing conditions used to ac-
uire image processing constants and those used for images.
igure 3 schematically illustrates such synchronization for a
variety of cases. In the case of radiographic mode, a single
rief irradiation is precisely timed to occur between frames.
Figure 3(a)illustrates this case where consecutive gate lines
are read out as quickly as possible following a fixed-length
pause at the beginning of each frame to accommodate the
full range of irradiation periods provided by the sou(selid
and dashed lines). In the case of a pulsed radiation source for
: : : o fluoroscopy, the delivery of each pulse is also synchronized
pling typically starts slightly before the switching so as nOtWith the interval between frames. In addition, for fluoro-

to lose any imaging signglAs this transient is opposite in . ) hich he radiati b ina th
polarity to the pixel imaging signal, it is necessary that theSCOPIC Units which vary the radiation amount by varying the

preamplifier circuit be designed to compensate for it in ordeﬁuls.e Width’f a fi);e?—length pause maé/ be ﬁro;’iﬁed at th?
to avoid loss of information. When the gate line voltage is eginning of each frame to accommodate the full range o

made negative to turn the TFTs off, a negative transient i£UIS€ Widths, as illustrated in Fig(L$. Figure $c) illustrates

presented to the photodiode. This results in an effective re? final case where fluoroscopic mode is performed with a cw

duction in the reverse bias voltagand hence, the electric source. In this case, the start of the radiation is precisely

field) across the photodiode. This effect may be compensatefiyﬁe% to occur bit_wﬁeg framef‘ as _in t_he prﬁvious_ tvl\ép czses.
for by increasing the magnitude &f,;,s. (The preamplifier e degree to which the synchronization shown in Fig)

senses a negative transient only if its sampling is not termit> useful depends, at least, upon how quickly the source in-

nated before this voltage chang@&he size of these effects creases to full intensity. In the event that this “ramp-up”

- i is significant compared to the frame tinisee the
should be quantified to properly construct the preampllfletl'me IS signiicant —_ .
circuit and to knowledgeably adjust,,.. Moreover, it is dashed lines in Fig. (8)], the first image frames will not

generally desirable to minimize the size of the pixel SWitch_have a constant radiation signal presented to all parts of the

ing transients to lessen the constraints upon preamplifier déqrrayt. In this caser,] thejret'ls I|tt':Iet motlv?rflon for prowgnt'lrg]:]
sign. This is achieved through reduction of capacitance in th&Xac (or any) synchronization between the imager an €

array and by minimizing the difference betwe¢pr.,, and radiation source.
VrET-off -

Another consideration concerns the effects of switchin@
the gate line voltage to turn the TFTs on and off. This
switching action generates pixel switching transients as a r
sult of capacitive coupling including that between the gat
and data lines, between the gate lifi@sd the data lingsand
the photodiodes, and between the gate and sdarme gate
and drain)contacts in the TFTs. When the gate line voltage
is made positive in order to turn the TFTs on, a positive
transient is presented to the preamplifier cir¢uihose sam-

4. The effects of trapping states

3. Synchronization with radiation source The existence of deep metastableapping”) states be-

For a variety of reasons, synchronization of the imagetween the conduction and valence energy bands-#i:H,
and the radiation source is often an important consideratiorand their high densitya minimum of~3x10'*cm?® for high
These include the following: to assure complete use of theuality a-Si:H), have a significant effect upon the properties
radiation signal; to minimize dark current effects; and to en-of a-Si:H photodiodes and TF#$?®?°and, hence, on imag-
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ers incorporating these devices. In the case of the TFTayhich conflict. The size of the imaging signal, which de-
these states are responsible for very low mobilities for chargpends upon the x-ray energy, exposure to the detector, and
transport resulting in rather large on and off resistancesscreen type, is a key determinant of the required pixel signal
~10° Q [from Eq. (3)] and ~10™ Q,%° respectively. In ad- capacity, and hence &f,;,.. While, it is desirable to keep
dition, when a TFT is initially switched off, it generates a V;,slarge for reasons of high light detection efficiency, large
slowly decaying current due to the release of trappedixel signal capacity, reduced charge trapping, and improved
charge—essentially a transient TFT curréhin the case of linearity, this is opposed by the desire to keéép.. low to

the photodiodes, the trapping and release of charge by thminimize the magnitude and temporal drift of the photodiode
trapping states is manifest in a variety of ways. For exampledark current. It is generally desirable to keéég-r.., large in
whenV,,, is first applied, or when the pixels are first read order to reduce the frame tinigqgs.(3), (5), (6a)]while it is

out after having been allowed to saturate, tredestablish- also desirable to reduce the difference betw¥epr., and
ment of the electric field across the photodiode results in th&/ 1o to minimize the pixel switching transients. Finally,
photodiode dark current unavoidably exhibiting a measurthe magnitude o1 must be kept larger than that of
able initial (decaying)transient behavior. This transient may V., typically by ~2—4 V. In the event that the signal size
last from seconds to several minutes or longer, dependingrings the pixel near saturation, this strategy prevents the
upon the quality and the construction of the photodiode. Andeakage of charge from the photodiode through the TFT onto
other effect is the capture of some fraction of the imagingthe data line. Such charge leakage would result in a loss of
signal (electrons)in trapping states in the photodiode when image contrast. For a given application, the selection of a set
an array is irradiated. The amount of trapped signal increasesf operational parameters which represents a satisfactory
as the electric field strength across the photodiodeompromise between these competing considerations must
decrease® This occurs ifVy, is decreased and/or if the be based upon a knowledge of the magnitude and systemat-
incident light signal, and hence the pixel signal size, in-ics of the relevant imager properties. In the following sec-
creases. In radiographic mode, this trapping has the negatit®ns, measurements which are pertinent to the choice of the
consequence of essentially reducing the useful optical imagsperational parameters and which highlight the similarities
ing quanta. In fluoroscopic mode, during the initial imageand differences between operating the imager in fluoroscopic
frames the charge captured by the traps is gradually balanceohd radiographic modes are reported.

by the release of trapped charge until an approximate equi-

librium is achieved. As a result, these initial frames exhibit a

strong visual artifact as the images progressively show morll- MOTIVATIONS AND METHODS

signal. This capture and release of charge also results in the In the first part of this section, experimental methods
carryover of charge between fluoroscopic image frames recommon to the various studies are summarized. In the latter
sulting in image lag. However, a small amount of carryoverpart, further details specific to each of the studies, along with
is tolerable and, in fact, can improve the quality of the im-specific motivations for these studies, are concisely de-

aging due to reduction of noigé3! scribed in a series of subsections.
Array measurements were performed in the dark, with
5. Linearity of pixel response light from a LED, and with x rays. The measurements with

light were performed by directly illuminating the array with

The response of the pixels to incident radiation is initiall . . L
P b ya flashing LED source. This LED has a central emission

linear at small signal levels. As signal size grows, the electric ;
field across the photodiode decreases which increases tMvaveIength 0f~568 nm, near the peak of the photodiode

effects of charge trapping and eventually saturation, thu ?flClency. Under control by the acquisition software, the

leading to a progressive loss of linearity. The fraction of the ED was turned ori*flashed”) for ~2.8 us every—5.6 us.

pixel signal range over which the response of the pixel re—GrOSS control of the amount of light shining on the array

mains highly linear increases witt,., since this reduces pixels was achieved through careful positioning of the LED

the amount of charge trapping and extends the point at whicﬁbﬁtve ggea?;rzye?jng sg;;iﬂatltch(\a/al_rggog s()fetg?e?jﬂoﬁég
saturation effects are manifé€3Thus, extending the pixel 9+ W \eved by ng pecihied nu

signal capacity by increasing,;,salso has the desirable con- of times between frames. X-ray measurements were per-

sequence of increasing the range of linear response. For ejgrmed using a Simulix Y therapy simulatgdldelft, Fair-

ample, in a region of linear response, image processing co ax, VA) with a Maxiray 100 tube sourceSE Medical Sys-

stants which correct for pixel-to-pixel variations in dark tems, Milwaukee, W). This unit provided both radiographic

signal and light response and for channel-to-channel varigs &Y pulses and cw fluoroscopic rf\dlatlon. Fof, flgoroscopm
peration, the ramp-up and the “ramp-down” timéhe

tions in preamplifier offset and gain may be based upon ime to completely turn on and oftvere ~30 and—~60 ms,

simple two-parameter fit of dark and flood field ) L . .

& respectively. Synchronization of the operation of the imager
measurements. . . - . :

with the delivery of radiation for radiographic mode mea-
surements was achieved by the addition of a logic circuit to
the control system of the simulator. This circuit made it pos-
The selection of the values foVpis, V1er-one VirToff,  Sible for the imager acquisition software to trigger individual

and T¢,me are subject to a variety of requirements, some ofradiographic x-ray pulses.

6. Selection of operating parameters
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TasLE IV. Summary of the experimental conditions or parameters used for the measurements. These include whether the radiation source was a LED, x-ray
tube, or if the measurements were performed in the dark. For measurements with the LED or x rays, the mode of operation igflepeosi®gpic or
radiographic). The column labeled “Sync” refers to whether the readout of the array was synchronized with the radiation source. The range of values for the
operational parametes¥/yias, Vrerons Trrames @NA Trag.iny) iS @ISO presented/rer.q and (N, 7,;,) were fixed at the values given in Table II. Note that the

column labeledT .4.ii: @applies only for radiographic mode and for this cdsg,e was fixed at 33 ms.

Vbias V1eTon Trrave TRAD-INIT Figure
Property Source Mode Sync V) (%) (s) (s) [Table
(A) Pixel dark signal drift Dark —-2,—4,—6 5 1.4 Fig. 4
(B) Pixel dark signal Dark -2,—6 5 0.015 to 30 Fig. 5
(C) Pixel switching transient Dark —4 2t010 14 Fig. 6
(D) Temporal behavior of pixel LED Fluor Yes -4 2t010 0.015 Fig. 7
sampling
(E) Relative pixel efficiency LED Fluor/Rad Yes 0 te6 5,10 0.033t0 1 0.5 to 10 Fig. 8
(F) Pixel response and linearity LED Fluor/Rad Yes —2to—6 5 0.033 to 1 0.34 to 20 Figs. 9,10
(G) Pixel charge trapping LED Yes —2,—4,-6 5 0.033 1 to 1000 Fig. 11
Pixel charge release LED Yes —2,-4,-6 5 0.020 to 2 Fig. 12
(H) Pixel x-ray sensitivity X ray Fluor/Rad No/Yes -4 5 0.2 5 Table V
(I) X-ray images X ray Fluor/Rad No/Yes —4 5 ~4 80 Figs. 13,14

A summary of experimental conditions and operationalsure precise, reproducible results. The method involved tak-
parameters varied during the measurements is presented iiftg a consecutive series of radiographic image frames each
Table IV. For the studies of dark signal drift, dark signal, andof which was preceded by a period during which the array
pixel switching transient, the measurements were performedas continually read out in the dark. The readout period
in the dark. For the dark signal studies, the imager is considbetween each pair of radiographic image frames is defined as
ered to be operating neither in the fluoroscopic nor radiothe radiographic initialization timé;, 4q.init- Thus, for a given
graphic mode; the array is simply read out continually in theset of operational paramete(¥y;as; V1er-one VTET0fr Nis
absence of illumination. The studies of charge trapping and same: Trag-inid: @ typical data acquisition sequence consisted
release involved methodologies consisting of measurements the following sequence repeated ten times without pause:
utilizing both fluoroscopic and radiographic modes and in(a) reading the array in the dark for a tinfe,..i:, followed
the dark. For the studies of temporal behavior of pixel samby (b) reading a radiographic image fram@gn some in-
pling, relative efficiency, pixel response, linearity of re- stances, reproducibility of the results was found to be further
sponse, and charge trapping and release, the LED was usidproved by preceding this sequence by reading the array
as it provided a highly stable source, offered precise andut in the dark for an additional, limited duratiprAs the
brief turn-on and turn-off times, and allowed accurate varia-signal size was observed to increase asymptotically by up to
tion of the amount of signal. For most of the measurement§% over the first few image framdgstablishing a form of
requiring light or x rays, results are reported for both fluoro-equilibrium), only the results from the last five image frames
scopic and radiographic modes. However, since the pixelvere analyzed and averaged. This methodol¢gyd that
temporal sampling behavior does not depend on mode, ralescribed above for fluoroscopic mode studiesulted in a
sults are reported only for fluoroscopic mode. reproducibility of better than 1% throughout the measure-

For the studies in which the imager was operated in fluoments. In practical terms, properties reported for a given
roscopic mode(Table 1V), the measurements were per-value of radiographic initialization time using the above
formed under conditions in which equilibrium had been es-methodology approximately correspond to the behavior to be
tablished between the trapping and release of charge. Thexpected from an imager operated under conditions where
was accomplished by excluding data from initial imagepatient images are made, on average, evVgLy..i: seconds
frames during which the signal, for reasons explained in théwhere the duration of 4. could range from a few sec-
previous section, was increasing. Thus, for a given set obnds to tens of minutes or longer depending on the applica-
operational parametet¥pi.s, V1er-onr V1eT0ft Nov Tiame, @ tion). Moreover, as reported below, for a given value of ra-
typical data acquisition sequence consisted (aj:reading diographic initialization time, the properties measured in
the array in the dark for up to 50 framéfr purposes of radiographic mode were found to be independent of frame
initialization), followed by(b) acquiring a consecutive set of time, thus makingT 4q.init (@nd notT;4mo the more funda-
~70 image frames with data from the las0 image frames mental independent variable for radiographic mode.
being analyzed and averaged. By excluding data taken under For many of the reported studies, measurements were per-
nonequilibrium conditions where the effects of charge trapformed as a function of one or more of the operational pa-
ping and release were varying, this strategy contributed torametersVyias, Virr-on: Tiame: @Nd T aq.init OVEr the ranges
ward the precision and reproducibility of the results. indicated in Table IVVy;,s andVer., Were otherwise fixed

For the studies in which the imager was operated in raat values of—4 and 5V, respectively and the TFTs were
diographic modgTable 1V), the effects of charge trapping kept conducting for~300 us during readoutsee Table ).
also necessitated the use of a particular methodology to eifror the radiographic measurements, unless otherwise indi-
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cated, Tsame Was fixed at 33 ms for all values af,4ii-  data, a measure of the absolute magnitude of the pixel dark
Vieronf Was fixed at—8 V (2 V below the most negative current, equal to the slope of the dark signal versys,.
value used folV,,d. Given the relatively slow acquisition behavior, was obtained.

rate of the electronics, data were read out from small, con-

tiguous pixel blocks, typically 6420 (dataXgate linesio ¢ pixel switching transient

allow frame timesT fame, &S short as-15 ms corresponding ) o i

to a frame rate of-60 fps. Although nonaddressed pixels on AS mentioned above, switching the gate line voltage be-
the array would saturate during the measurements, this hd@€8n Vrer-on @nd Vrero during array operation induces
no effect (i.e., cross talk on measurements from the ad- switching transients which are presented to the preamplifier

dressed pixels. This was empirically confirmed by p(_:‘rform_circuits and the photodiodes. A quantification of the magni-
ing a limited number of measurements in which bothx@0 tude of these transients is useful as they affect the size of the
pixels and 641920 pixels were addressed under otherwise?!ectric field across the photodiode as well as the design of
identical operational conditions. The very high degree of isofN€ Preéamplifier. In our acquisition system, during normal
lation between pixels on different data lines prevents crosgPeration(method Acharge integration on the feedback ca-
talk between these lines. In addition, the aforementionedp@citance of the preamplifiers begins shortly before the TFTs
strategy of maintaining the magnitude\dfqr.. higher than ~ &€ rendered conductingy applying Vrero) and ends
V. €nsures negligible cross talk between pixels along th&hortly before the TFTs are rendered nonconductingap-
same data line. All measurements were carried out at a com¥iNg Vrer.on)- Alternatively, charge integration can be ter-
stant temperature of 28 °C, which was~4 °C above room minated shortly after the TFTs are made nonconducting
temperature due to heat generated by the acquisition elefM€thod B). Thus, the size of the switching transient pre-
tronics which are located in close proximity to the array. InS€ntéd to the preamplifier, associated with rendering the
addition, the correspondence between a change in chardd 1S nonconducting, can be obtained by subtracting the

presented to the input of the preamplifiers and a change iféthod A measurement from that of method B. The magni-
digitizer output[analog-to-digitizer(ADC) value] i.e., pC tude of the transient thereby obtained was measured as a

per ADC uniy was determined through a separate calibratiorfUnction of Vrerop.
of the acquisition electronics.
For all measurements involving the LED sour@®th  D. Temporal behavior of pixel sampling

fluoroscopic and ra_diogrgphicand for rgdiographi.c X-ray The minimum time required to sampl@nd simulta-
measurements and imaging, the operation of the imager Wag, gy reinitialize)a row of pixels during readout of an
synchronized with the radiation source in the general mannee{rray determines both the maximum frame rate in fluoro-
illustrated in Figs. &) and 3(b). For fluoroscopic x-ray op- scopic applications as well as the minimum time for image

eration, no sy_nchronlzanon was used as there_was no adV‘?‘HE:quisition in radiographic applications. As the length of the
tage to be galneo_l. For all m_easurements, the time to read Oﬂgte lines and the number of pixels along these lines grow
each row of 64 pixels was fixed-0.7 ms per row In order  yup increases in array size and pixel density, and as the
to vary Tyame, @ pause was introduced between the réadoyy iy of the lines decreases to allow higher fill factors, the
of the last gate line for a given frame and the first gate lin€qgjstance and capacitance along the gate line could become
for the next frame. The LED f[ashes or raQ|ograph|c_ X'r‘f"ysufficiently large so as to increase the time required to
pulse occurred at the end of this pause as illustrated in Flgggample the pixels beyond that predicted by the simple expo-
3(a)and 3(b). nential behavior given in Eq4)3* The large size and high

A. Pixel dark signal drift pixel density of the present arrays make it inherently inter-
esting to examine and quantify the temporal behavior of
pixel sampling in order to determine the maximum frame
rate that this behavior implies. With the pixel TFTs kept
conducting for a fixed duratiofiTable 1), this temporal be-
'Havior was examined by allowing pixel charge to be inte-

other operational parameters fixed, the dark signal drift Wagrated in the preamplifiers for periods ranging fronl to

examined by reading out the arrav continuously for un to 8 K 20 us. (In order to ensure that the intrinsic temporal behav-
y 9 ay « Y P lor associated with the preamplification circuitry itself did
after V,i,s was applied. Over this time, data from selected e . .
not affect the measurement, a preamplifier design, slightly

pixels were periodically saved. Due to the fact that the P ifferent from that used in the other measurements, with an
amplifier circuit contributes an unknown constant offset to '

: . S ; appropriately short time constant was employethese
the total pixel signal, the empmgal results do not provide an o asurements were performed as a functiol g
absolute measure of the dark signal but, nevertheless, allow

an examination of its variation over time.

An important indicator of the quality of the pixels is the
degree to which the pixel dark sign&yy.q, remains stable
over extended periods of tim€The stable operation of the
acquisition electronics over extended periods was indepe
dently verified.)For each selected value 9§, and with all

E. Relative pixel efficiency

B. Pixel dark signal In order to maintain the good efficiency for detection of

The variation of the magnitude of the pixel dark signallight photons illustrated in Fig. 2, the electric field across the
was examined as a function @f,m and V;,s. From these photodiode(and hence the externally applied photodiode re-
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verse bias voltagemust be kept sufficiently high to maintain In order to quantify the effects of charge trapping, data
full depletion across the intrinsic layer. Given the variousfrom pixel response curves obtained using radiographic
considerations which govern the choice \§f;,¢ (including  mode were acquired as a function Bf,s, T ag.init» and in-
those in Sec. Il ¢ a knowledge of the dependence of pixel cident light signal up to saturation. In addition, data from
signal size on this operational parameter is crucial to ensumpixel response curves obtained using fluoroscopic mode were
ing optimal operation of the imager. Since the absolute lightlso acquired as a function ¥f,;,sand light signal(The data
detection efficiency of the photodiode is already known, thisused in this investigation included the fluoroscopic and ra-
investigation focused on an examination of how the relativediographic pixel response curves generated for the studies
pixel efficiency changed witV,;,s. This was accomplished described in Sec. Ill F. For both modég,,,. was fixed at

by measuring the size of the pixel signal as a function of33 ms.)For a given value oWV, and T, q.init» the (dark-
Vyias fOr a constant light signal. Furthermore, these studiesubtractedyadiographic pixel signal was subtracted from the
were conducted for fluoroscopic and radiographic modes an@lark-subtractedfluoroscopic pixel signal obtained at the
for a pair of typical values foW g1, The amount of light same light level. While the radiographic pixel signal is re-
provided per frame by the LED was constant for all measureduced due to charge trapping, the corresponding fluoroscopic
ments and was chosen so as to ensure that the signal sipeel signal is acquired under conditions of equilibrium be-
never exceeded 50% of pixel saturation. For the reportetiveen charge trapping and release. Thus, the difference be-
pixel signal results, the dark signal component, acquired inween the two signalsQy.,,, represents the magnitude of
the absence of light but under otherwise identical conditionsgharge trapping relative to conditions of equilibrium. Finally,
has been subtractedThis dark component constitutes an the reported,, results are expressed as a percentage of the
offset due to the combined effect of the acquisition electroncorresponding(dark-subtracted)fluoroscopic pixel signal

ics, the pixel switching transient, and TFT and photodioddevel.

dark currents.The resulting(dark-subtractedpixel signal is In order to quantify the effects of charge release, data
denoted byQy - were acquired using a methodology involving a combination

of fluoroscopic pixel response curve measurements plus an
F. Pixel response and linearity additional dark measurement. For a given valueVgis,

S . . Tramer @nd light level, pixel signal size in fluoroscopic mode
funﬁgoixglfntw:tilr?:i dc:afn? rglgitatci);rgh; F:;F';ﬁg(ﬁﬁig ?;e?re_was determined from an average of the final image frames in

. gnal, € P a consecutive sequence, as described at the beginning of this
sponse curve, can clearly illustrate the influence of opera-

. ) . section. In addition, pixel data were acquired from the first
tional parameters and underlying phenomena on pixel perfor:

man Pixel r N ves were obtained under b {{J]ame following the last image frame of this sequefice.,
ance. FIxXel response curves were obtained under DO, g« frame for which the LED was not flashewhen the
fluoroscopic and radiographic conditions for a rang&/gf

. . . dark signhal component is subtracted from the signal from this
values. The curves were measured as a function of increasing, ;.. . . :
ditional frame, the remaining pixel Sign&,ejcasefepre-

llgr\]}vﬁli?en?r!gpi;(zels;aet:r?;osr; inevitably deviates from Iinear-sems the release of charge trapped during previous frames.
P P y %re|easewas measured as a function 8f;.s, Tame and in-

ity as saturation is approached, charge trapping may caus

- L cident light signal up to saturation. As in the caseQqf,,,
such Qe\/_|at|on to oceur significantly before satqraﬁ%f’ﬁA the presente®,qeascfe€Sults are expressed as a percentage of
guantitative examination of the shape of a pixel respons

L . ?he correspondin@dark-subtractedfiuoroscopic pixel signal
curve allows a determination of the range over which the b Gl o pic P 9

. S . size in order to quantify the effect relative to conditions of

response of the pixel remains linear as well as a comparanvg o
: quilibrium.

assessment of the effects of mode afgls. The technique
used in this investigation is similar to that used in previous
studies?®3* For each pixel response curve, a separate linea. X-ray sensitivity
fitis performed to the initial part of the curve up 0% of It is intrinsically interesting and important to measure the
pixel saturation. Then for each point along the curve up to y 9 P

saturation, the value given by the linear fit minus the mea>'*® of the pixel signal per unit x-ray exposure as this is a

sured signal is determined. This difference, expressed asfgndamental characteristic of an imager and such informa-

percentage of the saturation signal size, gives a measure $ﬁn Is hecessary for a signal-to-noise analysis Of. t.h.e system.
the deviation of the response from linearity. is quantity, which we refer to as x-ray sensitivity, was
examined as a function of beam energy and screen type for

both fluoroscopic and radiographic modes with a single set
of operational parameters. Data were obtained from 70 to
The trapping and release of charge from deep metastablE20 kVp for the three commercially available screens men-
states in the photodiode affect many of the signal and noisgoned in Sec. Il A. As there was no phantom or other mate-
properties of the pixels. For this reason, it is useful and in+ial placed between the source and the imager, the resulting
teresting to examine the magnitude and systematics dfensitivities correspond to the unattenuated beam. For a
charge trapping and release. The techniques used in this igiven beam energy, screen type, and mode, the x-ray sensi-
vestigation involved a combination of measurements in thdivity was given by the slope determined from a linear re-
dark, in fluoroscopic mode, and in radiographic mode. gression of pixel sighal measurements versus exposure. In

G. Pixel charge trapping and release
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order to assure that the sensitivities were determined under 1.4
conditions where the pixel response was highly linear, pixel
signal data were acquired for pixel signals not exceeding
~20% of saturation. The exposure at the array surface was
measured by means of a Keithley ion chamber, model 95035,
used with a Keithley 35050 A digital dosimeter. Given the
very limited control of exposure rate allowed by the x-ray
source in radiographic mode, the large differences in optical L1
gain between the three screens, and the requirement that the ]
pixel signal not exceed-20% of saturation, it proved nec- 1 S
essary to locate the surface of the imager progressively far- v
ther from the x-ray source for higher gain screens. Conse- 0.9 L
quently, for the fluoroscopic and radiographic measurements, 6 r 2 3 4 5 6 7 8
the source to imager distance involving Lanex Fine, Regular, Elasped Time (hours)

and Fast-B screens was 65, 80, and 123 cm, respectively.

Fic. 4. Plot of pixel dark signal as a function of elapsed time illustrating the
temporal stability of this property. For photodiode reverse bias voltages,
Vyias: Of =2, —4, and—6 V, data are shown both for a pixel from an array
with an oxynitride passivation layétriangles, squares, and circles, respec-
In order to provide visual examples of the performance Ofively) as well as for a pixel from an array with a polyimide passivation

. . . . (solid lines). Note that for this plot, and for that shown in Figa)5 the
the imager, x-ray images of a variety of objects were ac-

absolute magnitude of the signal contains an unknown offset. Finally, the
quired. A qualitative illustration of the spatial resolution of polyimide results have been renormalized so that at the shortest elapsed time
the system was provided by images of a spatial resolutiorat —2 V, the polyimide and oxynitride data are equal.

0.05-mm-thick, lead line-pair pattefmodel 88548; Nuclear

Associates). These images were acquired both fluoroscopi-

cally and radiographically using the high-resolution LanexPassivation layer. For purposes of comparison, a small
Fine screen. The source-to-detector distance was 100 cm aAéhount of data are shown for an array of identical design but
the pattern was placed in direct contact with the screen. Udncorporating a polyimide passivation layer.

ing the maximum pixel block which could be addressed bya_ pixel dark signal drift

the present acquisition systeffil2<1920 pixels), an x-ray . ) .

image of the hand of one of the investigators was acquired 1€ behavior of the pixel dark signal over 4-8 h of con-
radiographically. In order to demonstrate images using th&nUous imager operation is shown in Fig. 4. Data are shown
full surface of the array, images were also acquired of arfor @ single pixel from the array with the oxynitride passiva-
anthropomorphic hand phantom both fluoroscopically andion layer as well as from the polyimide array. For each
radiographically. As only one-third of the array data lines/Tay, data are shown for values\4,; approximately span-
(i.e., 512)could be addressed at a time, each of these image¥nd the practical range. While the magnitude of the pre-
was produced by combining image frames acquired sepa?—ented results for a given array contains an unknown offset

rately from each third of the array. All hand images were(@s explained in Sec. Ill A the vertical scale correctly de-
obtained with the imager at86 cm from the x-ray source scribes changes over time as well as differences for different

using the Lanex Regular screen. The choice of this lowerY2/Ues 0fVias. The oxynitride array demonstrates extremely
resolution, higher-gain scre¢oompared to the Lanex Fipe ittle signal drift (less than 0.01 plover an 8 h period, aside
was driven by the desire to minimize the exposure Wh"efrom_fll_Jc_tL_Jatlons d_urlng the first few minutes after the volt-
maintaining the pixel signals at a level where the preamp@@€ is initially applied. Second, for an increasevig,s from
lifier noise did not significantly degrade the images. The only~2 10 —6 V the increase in dark signal was or#0.07 pC.
image processing performed to the images consisted of thEhis represents a very small fraction of the calculated pixel

application of a gain and offset correction to each pixel asignal capacity of-4.2 pC at—6 V [from Eq. (2) using the
well as the use of a median filter to partially remove theMeasured photodiode capacitance of 0.7$éc. IV F)]. By

distracting influence of pixel and line defe@® comparison, the polyimide array shows considerable drift
(up to 0.3 pC at-6 V) and a far larger increagap to ~0.35
pC) in dark signal from—2 to —6 V.

T T T T T T T T

Polyimide Passivation

131 Viias =-6V

Oxinitride Passivation

1.2 © Vpias=-6V

a =
VBIAS =-4v
A =
-av Viras=-2V

QPIX-DK ®C)

I. X-ray images

IV. RESULTS

The results reported in this section correspond to singlg' Pixel dark signal
pixel measurements and array images acquired in the manner The variation of the pixel dark signal with frame time for
outlined in Sec. lll. For each property studied, data werehe oxynitride and polyimide arrays is shown in Fig. 5(a).
obtained for a number of pixels in the selected pixel blockOnce again, for a given array, while the magnitude of the
and representative results, usually from a single pixel, arsignal contains an unknown offset, the vertical scale cor-
shown in the following figures. Except where noted, all re-rectly describes changes with,;, and T mne- IN Order to
sults correspond to an array incorporating the new oxynitrideninimize the influence of dark current drifsee Fig. 4,
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Fic. 6. Plot of the pixel switching transient presented to the preamplifier as
0.06 a fun_ction of TFT-on voltagg\/TFT_on. Data are shown for values ®fer.on
5 ranging from 2 V, a value slightly above the TFT threshold voltage, to 10 V.
2 0.03 The line represents a least-squares fit to the data.
o ]
SN’
%
oy Ly in Fig. 5b). For the oxynitride array, the dark current
003 ] BIAS 10 changes from a value of-0.065 and —0.061 pA at
<— QOxinitride Passivation Thrame=35 ms t0—0.013 and—_0-008 PA atTfame=1.11 s for
-0.06 Vypias=—2 and —6 V, respectively. Thereafter, the dark cur-
1 L L 1 1 0.1 .
® 0 P 10 15 20 25 30 rent increases only very sloyvly up to values-00.0008 an(_j
T 0.0020 pA at~29 s, respectively. In the case of the polyim-
rravs (8) ide array, much larger dark current and dark current variation

is observed. While the polyimide dark current is comparable

Fic. 5. (a) Plot of pixel dark signal as a function of frame timg,, for h f oxvnitri verv short frame tim A
the oxynitride array aVy,;,s values of—2 and—6 V and for the polyimide to that of oxynit de at ve y short frame t €s0.050 pA at

array at—6 V. Through the application of an additive offset, the polyimide 74 ms), It CIUICk|¥ increases to 0.29 pA at 0.50 s before
results have been renormalized to coincide with eV oxynitride data at ~ gradually decreasing to 0.07 pAaB0 s. AtT ;=150 ms,
the shortest frame timeb) Plot of the pixel dark current as a function of 1 s and~30 s, the magnitude of the dark current for the

Tirame derived from the Fig. &) data. For both plots, the oxynitride data 1, \vimide array is about 2.7, 33, and 29 times larger than for
correspond to the open triangles and circles and the left vertical scale whil

the polyimide data correspond to the solid line and the right vertical scaletN€ OXynitride array.

measurements for a givaf,,s were performed only after the C. Pixel switching transient

array was continually read out for 1 and 3 h for the oxyni- The magnitude of the switching transient presented to the
tride and polyimide arrays, respectively. For the oxynitridepreamplifier when the gate line voltage is switched from
array, at—2 V the dark signal shows a steady decay towardVtgr.ont0 Vrer.oif IS plotted as a function of g1, in Fig. 6.
an asymptotic limit. At—6 V there is an initial decay up to a The data exhibit a linear dependence upgp.,,. At values
Tiame Of ~5 s followed by a slow, linear increase in dark of Vg1, Closer to the threshold voltage-1 V), the behav-
signal. This behavior most likely reflects the competing ef-ior of the TFT is highly nonlinear and practical operation of
fects of the TFT transient currefiivhich apparently domi- the array is precluded. Perhaps the most interesting aspect of
nates at—2 V) and the photodiode dark currewhich is  these data is the magnitude of the transient which ranges
larger at—6 V and which eventually dominates over the from 0.4 to~1 pC forV gro,=2 to 10 V, respectively. This
decaying TFT transient current). In the case of the polyimides found to agree with theoretical estimates to within a factor
array, photodiode dark current is considerably greater andf 2. Given that a switching transient of comparable size is
thus the dark signal exhibits a large, monotonic increaséelieved to be injected into the photodiode when the TFT is
(representing a substantial fraction of the pixel signal capacturned off, and since this signal represents a large fraction of
ity) before appearing to approach an asymptotic limit at largehe pixel signal capacity which ranges froni.4 to~4.2 pC
values of Ty me. Overall, the polyimide array exhibits for V,,=—2 to —6 V, respectively, it is expected that the
changes in dark signal witfi;,me Up t0 ~36 times larger effect of this charge injection should be manifest in the op-
than for the oxinitride array at6 V. eration of the pixels. This is indeed the case as reported in
Using the data of Fig.(®), the absolute magnitude of the Sec. IV E. Finally, it is interesting that, as a result of design
pixel dark current was determined and the results are plottedhanges incorporated into the array, including those outlined
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Fic. 7. Measurements and calculations for pixels nedsédid symbolsend  Fic. 8. Plot illustrating the relative efficiency of light detection by a pixel.

far from (open symbolspate driver circuitry. Left-hand scale: plot of pixel Dark-subtracted pixel signaQ,y , is plotted as a function of the magnitude

time constantz,, , VS Vieron- The solid line is the result of a fit to the near of the photodiode reverse bias voltage for fluoroscopic mode and radio-

pixel data. Right-hand scale: Plot of the maximum theoretical frame rategraphic mode. Data are shown for TFT-on voltagégsr.o,, of 5 and 10 V

implied by the measured time constants. The dashed line represents frarag indicated by the connecting solid and dashed lines, respectivglynit

rates corresponding to the time constants represented by the solid line.  andT;,,. were fixed at 10 s and 33 ms, respectively. The left vertical scale
gives the pixel signal size in units of charge while the right vertical scale
gives the signal size expressed as a percentage of the asymptotic fluoro-
scopic signal size af,s—=—6 V.

in Sec. Il A, the switching transient for the present array has
been red_uced by over g factor of 6 compared to that of earlieé_ Relative pixel efficiency
arrays with a 45Qum pitch.

The measurements of relative pixel efficiency as a func-
tion of Vpias, V1eT-0n» @Nd mode reveal an interesting variety
of behaviors. These are illustrated in Fig. 8 which shows
plots of (dark-subtractedpixel signal versud/y;,s. For each
measurement set, the pixel exhibits only a limited response

Using the technique described in Sec. 11l D, pixel chargeat low Vy,,s, rises steeply starting fromr—0.5 to~—1.0 V,
was sampled as a function of preamplifier integration timeand nears its asymptotic value at-1.5 to ~—3.0 V. For
for pixels at both ends of the gate lines. In this way, dataeach mode, the relative efficiency curve ¥f-1.,,=10 V is
were gathered both for pixels very close to the gate drivingshifted ~0.6 V relative to theVigr.,,=5 V curve as mea-
circuitry and maximally distant from this circuitry. All the sured by comparison of the 50% points between curves. In
data were found to exhibit the exponential behavior de-addition, the radiographic curves exhibit a slower increase
scribed by Eq(4). Each set of data was fit with a function of with V,,;,c and asymptotically approach a slightly lower sig-
the form of Eq.(4) to determine a pixel time constant,, . nal level than the fluoroscopic results. Finally, while the re-
The values ofr,, thereby measured are plotted as a functionsults shown in Fig. 8 correspond to specific valuesTipyye
of V1er.on IN Fig. 7. The far pixel data exhibit a slightly and T,,q.init, NO significant variation from the presented re-
larger time constant than the near pixel data, which is mossults were observed when these parameters were varied over
likely a result of the increased resistive and capacitive loadhe ranges given in Table IV.
between the drivers and the far pixels. The solid line corre- The behavior observed in Fig. 8 in fluoroscopic mode for
sponds to a fit of the near pixel data using E§gand(3). In  V1gr.,,=10 V is distinctly different from that from an earlier
this fit, the photodiode capacitanc€,y, was fixed at the array (512x560 pixels, 45Qum pitch) having considerably
empirically determined value of 0.7 gBee Sec. IV Fwhile  larger photodiodes and pixel signal capacitfzor the earlier
the field effect mobility,u;. and TFT threshold voltag&/,  array, the relative efficiency increased very steeply from 0 V
were allowed to vary. Except at values ®hpr,, near and neared its maximum at—0.5V, i.e., the data exhibited
threshold where the response of the transistor is not as prenly a~0.25 V shift relative tov,;,c=0 V. The present array
cisely described by Eq3), the near pixel data are well fit exhibits much largeV,;,s shifts due to the comparatively
using typical values fogy, andV (0.75 cnf/Vs and 1.0 V,  large size of the pixel switching transient relative to the pixel
respectively—Table II). Using these empirically determinedsignal capacity. Interpreting these shifts as the result of in-
values of 7, , the maximum theoretical frame rate for the jected charge and given the measured photodiode capaci-
entire 127um array may be calculated using E@§b) and tance of ~0.7 pF, the ~0.8 and ~1.4 V shifts in the
the results are also plotted in Fig. 7. These calculations indi¥g1.,,=5 and 10 V fluoroscopic curves with respect to 0 V
cate that, despite the reduced time constants of the far pixelsnply an injected charge of0.6 and~1 pC, respectively.
the properties of the array allow readout-aBO fps under This is in good agreement with the measurements of charge
typical operational conditions. injected into the preamplifie(Fig. 6). Thus, data such as

D. Temporal behavior of pixel sampling
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Fic. 9. Dark-subtracted pixel signaQ, plotted as a function of incident
light signal, in units of number of LED flashes. Data are presented fg¢
values of—2, —4, and—6 V for both fluoroscopic and radiographic modes.
T ad-init aNd Tame Were fixed at 10 s and 33 ms, respectively.

those shown in Fig. 8 illustrate the effect of the switching
transient and quantify both the reduction in the effective re-
verse bias voltage applied across the photodiodes and the
corresponding reduction in relative pixel efficiency. !

Moreover, the slower increase in relative efficiency and o e . .
the lower efficiency ultimately achieved in the radiographic o 20 40 60 80 100
results of Fig. 8 may be attributed to the effect of charge
trapping. Whereas the fluoroscopic measurements are made
under conditions where equilibrium is established betweer[} - o . o .

. e . 1. 10. Plot of deviation from linearity as a function of pixel signal size for
the trapplng and relegse of gharge, such equilibrium is no(t_a)ﬂuoroscopic andb) radiographic modes, respectively. The results shown
present during the radiographic measurements. Thus, theredsrrespond to an analysis of the data shown in Fig. 9. Note that positive
a net loss of signal due to trapped charge affecting both thealues of deviation correspond to a sublinear pixel response. See the text for
shape and asymptotic magnitude of the relative efficiency/®@"s:
curves.

Deviation from Linearity (%)

b Pixel Signal (% Saturation)

,-\
=

strained and the fluoroscopic and radiographic mode data
converge. As in the case of the relative pixel efficiency mea-
Pixel signal as a function of incident light signal is plotted surements, these differences may be attributed to the effect
in Fig. 9 for a range oV, values for both fluoroscopic and of charge trapping in radiographic mode which, unlike fluo-
radiographic mode. Each pixel response curve initially ex+oscopic mode, is not compensated for by charge release.
hibits highly linear behavior before progressively deviating While the fluoroscopic results shown in Fig. 9 were ob-
from linearity and saturating. The saturation levels are foundained with Ty, fixed, additional investigations indicated
to increase linearly witV,,;,sas per Eq(2). With Eq.(2) and  that for a given light level, the fluoroscopic signal size was
using saturation data including those shown in Fig. 9, amrelatively independent of frame time over at least the range
empirical determination of the photodiode capacitarieg, of values given in Table IV. For example, fot,,=—2 V
yields a value of 0.7 pF. This implies a value-el.0 um for (=6 V), no variation withT;,,. was observed up te-60%
the nominal thickness for the intrinsic layer of the photodi- (~80%) of saturation and deviations of onk5% (1%) at
ode [using Eq.(1)], which is consistent with the range for ~95% of saturation were observed. Moreover, for a given
this parameter due to processing variations during array falight level and a fixed value Of ,4.init» the radiographic sig-
rication. nal size was found to be independent of frame time for val-
It is particularly instructive to compare pixel responseues of Tsyme ranging from 33 ms to 1 s. However, radio-
curves obtained using fluoroscopic and radiographic modegiraphic signal size was found to decrease with increasing
As illustrated in Fig. 9, for a given value &y, the re- T ,q.init @S reported in Sec. IV G.
sponse of the imager in radiographic mode is lower than in Following the method outlined in Sec. Il F, an analysis of
fluoroscopic mode. Initially, as the incident light signal in- the pixel response data of Fig. 9 yields the results shown in
creases, the absolute difference in response between the tWays. 10(a) and 10(b) for fluoroscopic and radiographic
modes systematically increases. However, as pixel saturatianodes, respectively. In these figures, the deviation of pixel
is approached, the size of the pixel signal becomes corresponse from linearity is plotted as a function of the size of

F. Pixel response and linearity
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Fic. 11. Trapped charge,,, plotted as a function of fluoroscopic pixel
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missing charge from a radiographic mode measurement relative to the size IS
of the pixel signal under conditions of equilibrium between charge trapping ‘L; 20k
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the pixel signal, expressed as a percentage of saturation. In
both modes, the deviation from linearity increases with in- 16 ——————————T—————T——
creasing signal size and decreasMg, as a result of de-
creasing electric field across the photodiode. Perhaps the
most notable aspect of these data is the degree to which the
behavior of the imager in fluoroscopic mode differs from that
in radiographic mode. Generally, the fluoroscopic data dem-
onstrate a greater range of highly linear behavior than the
radiographic data. For example, whereas the fluoroscopic
data exhibit deviations from linearity below the 1% level up
to ~64% to~75% of the signal range fovy;,—=—2 to —6

V, respectively, the radiographic data exhibit such variations 0 S T S S S T T
only up to ~32% to ~63%. As previously mentioned, it is 0 10 20 30 40 S0 60 70 80 90 100

likely that this is a manifestation of a net charge trapping (© Pixel Signal (% Saturation)

effect in radiographic mode. On the other hand, once the

response starts to deviate from linearity, the rate at which it 12. Released charg®,e.ss plotted as a function of fluoroscopic pixel
does so with increasing signal size avigl,s appears to be signal size folVy;,svalues of(a) —2 V, () =4 V, and €) =6 V. QejeaseiS
greater in the case of fluoroscopic mode. Since fluoroscopie BT S0 RS e B e e e . For each valus o
mOde_ does_ not b‘?g'” FO exhibit significant deviation fr_Omeias’ FZjata we?re acquired for seven valuesTgf. (20, 33; 100, 200, 500,
linearity until the pixel signals are much closer to saturation,;000, and 2000 ms These data are labeled in the figure in terms of the
this enhanced rate of deviation may simply be the result oforresponding frame rate as given by the invers&gf,. The convention
more sharply decreasing pier efficiency as saturation is apfpr the horizontal scale is the same as for Fig. 11. For each plot, results for

hed d th fecti It bi th hot individual frame rates are joined by solid lines for reasons of clarity. For
proached an € ereclive voltage bias across the photo urposes of comparison, the dashed line superimposed on Fi@s.atl

ode diminishegsee Sec. IV E and Fig. 8). 12(b) represents previously reported results from 8@ pixel, 900um
pitch array operated at3 fps (Ref. 36).

VBIAS =-6V

QreLEasE (%)

G. Pixel charge trapping and release

In Fig. 11, charge trapping in plotted as a function ofborne out in theQ,,,data shown in Fig. 11. The dependence
pixel signal for a range o¥,;,s values. As discussed in Sec. on pixel signal size is particularly evident %;,=—2 V.
I1C 4, it is generally anticipated that the trapping of charge(The apparently anomalous decreas®jp,, with increasing
should increase with decreasing sensor bias voltage and/pixel signal observed near saturation is simply an artifact of
increasing pixel signal size. This expectation is generallythe methodologif—the size of the average pixel signal be-
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TABLE V. Sensitivity measurements, in units of pC/mR, obtained from individual imaging pixels. Results are
shown for fluoroscopic and radiographic modes for three screens.

Lanex Fine Lanex Regular Lanex Fast-B

Energy(kVp) Fluoroscopic Radiographic Fluoroscopic Radiographic Fluoroscopic Radiographic

70 0.023 0.023 0.084 0.076 0.163 0.136
80 0.026 0.024 0.091 0.081 0.168 0.150
90 0.027 0.026 0.098 0.085 0.184 0.163
100 0.029 0.027 0.102 0.087 0.195 0.169
110 0.030 0.027 0.105 0.089 0.203 0.170
120 0.030 0.024 0.106 0.091 0.208 0.174

comes increasingly constrained as saturation is approachegctions. The fluoroscopic results for the Lanex Regular and
while the amount of trapped charge is not similarly con-Lanex Fast-B screens show a dependence on energy and
strained.)in addition, for each value of s, the variation in ~ screen type similar to that observed with an earlier array
Quap OVer a range of values foF, 4., is shown(see figure (560512 pixels at 45G:m pitch)3* However, the magni-
caption). Generally, longer radiographic initialization timestude of the present results, when normalized to unit optically
result in increased trapping, particularly at lower values ofsensitive area of the photodiode, ar&0%—20% larger than
Vypias- Finally, the advantage in operating the array at largeesults for the earlier array. While the reasons for this en-
Vyias (€.9., —6V) is apparent given tha,,, remains below hancement are unclear, better quantum efficiency of the pho-
~5% throughout most of the signal range. todiodes for the present array is at least partially responsible.
Charge release is plotted as a function of pixel signal folThe sensitivity data agree well with the results of theoretical
a range of values of,,cand frame rate in Figs. 12-12c).  calculations®
Since theQ,¢easeesults correspond to the charge released
during only a single frame after the pixels have been brought X-ray images
to a charge trapping—charge release equilibrium in fluoro-
scopic mode, while th@.,, results represent missing charge . o . AL )
for a single radiographic frame, the magnitudes of the effect§® shown_ in Fig. 13. The Image was acquired in ﬂgoroscopm
shown in Figs. 11 and 12 are not expected to corresponcﬁnodf3 with the long dimension of the patf[ern oriented ap-
However, as in the case of th@y,, data, the amount of Erqmmatgly parallel to th_e da.ta address lines of the array.
released charge generally decreases with increagjggand aint horizontal and vertical line artifacts due to defective

decreasing pixel size—reflecting the relative amount ofJat€ and data address lines are evident in the image. Al-

trapped charge available to be released. Furthermore, the oW—Ough such a tool is of limited use in characterizing the

served trend of 1arged) e eaceWith longer Tyome (decreasing spatial resolution properties of a pixelated imaging system,
frame rate)corresponds to the expectation that a longer
frame time provides greater statistical probability for charge
to be released from the trapping statesinally, for pur-
poses of comparison, results at a frame rate-8ffps from

an earlier, more limited, study performed with a small array
produced on a 4 in. reactSrare superimposed on the2

and —4 V data of Figs. 1) and 12(b), respectively. Com-
pared to the results obtained from the present array which
was produced with a large-area process, these earlier results
indicate a significantly lower level of charge release. Given
the expectation that the quantity of released charge scales
with the amount of trapped charge, it is likely that lower
levels of charge trapping and release than those exhibited by
the present large-area array can be realized through further
improvements in the fabrication process.

An x-ray image of a line-pair pattern acquired at 70 kVp

H. X-ray sensitivity

Measurements ofdark-subtractedpixel signal per unit
exposure are given in Table V. Data are presented as a func-
tion of x-ray energy, phosphor screen type, and m@de-
roscopic or radiographjcThe magnitude of the radiographic Fic. 13. X-ray image at 70 kVp of a line-pair pattern acquired with the

results are generally smaller th_an th_e fluorosc_opic reSUItS_ d%t—panel imager operated in fluoroscopic mode. The manufacturer’s values
to the effects of charge trapping discussed in the previousf Ip/mm are listed on the right-hand side.
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(b) (c)

(a)

Fic. 14. X-ray images ofa) a human hand acquired in radiographic mode and of a hand phantom ac@pimediuoroscopic mode an¢t) radiographic
mode. All three images were acquired at 70 kVp with exposures of 3.0 and 3.5 mAs for the fluoroscopic and radiographic images, respectively.

loss of contrast is observed in the region of the group labeletechnology, the contrast in the finger tips is the same as in
3.50 Ip/mm when the image is examined on a high resolutiorthe vicinity of the wrist, which is consistent with the expec-
computer monitor. This result is generally consistent with thetation of an absence of the blooming problem that plagues
spatial resolution expected given the choice of x-ray conimage intensifier systems.
verter and the sampling frequency of the array. Furthermore,
virtually identical results are achieved when the orientatio
of the pattern is rotated by-90° with respect to the array r\/ DISCUSSION
and when images are acquired radiographically. The AMFPI described in this article represents an early
An x-ray image of a human hand acquired with a 512prototype of an emerging technology. As such, many aspects
x1920 pixel portion of the array is shown in Fig. 14(a). of both the physical makeup of the imager as well as its
X-ray images of an anthropomorphic hand phantom acquirefunction and performance fall short of that required for prac-
in fluoroscopic and radiographic modes with the full arraytical use in a clinical setting. However, a variety of interest-
are shown in Figs. 1) and 14(c), respectively. While the ing implications for the future development and clinical ap-
upper portion of all presented images in the region of theplication of this technology can be made based on the
distal phalanges suffers from blurring as a result of less thaexperience gained in developing this imager, from the results
optimal contact between the screen and the array, the goqatesented on the empirical studies of its signal performance,
spatial resolution properties of the imager are neverthelessnd from the various considerations outlined for radiographic
demonstrated by the fact that the cortical margins and thand fluoroscopic operation.
joint spaces are well defined in the carpal and metacarpal The considerable improvement in the dark signal behavior
regions of each image. However, by virtue of fact that trabe-of the pixels over that of earlier arrays is the result of exten-
culation is not evident, the spatial resolution of the system isive efforts both to characterize the origin and nature of the
certainly less than that of a typical film-screen system. In theohotodiode leakage curréfhtand to improve the quality of
case of the human image, the joint spaces between the carghk array fabrication process. The excellent stability of the
bones are well defined and the entire image is as sharp as thark signal(Fig. 4) resulting from these efforts should help
phantom images, demonstrating that the human image coutd ensure that, once acquired, the pixel-by-pixel gain and
be taken in a clinically practical exposure time. The spatialoffset constants required for image processing remain valid
and contrast information content of the fluoroscopic and rafor at least a day. In addition, the relatively small changes in
diographic phantom images appear to be virtually indistinthe dark signal level with increasing frame r4f&g. 5(a)]
guishable. Finally, as would be expected for this flat-paneblong with the observed independence of fluoroscopic pixel
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response with frame rate suggest that, for a given imagearray read(but with no reduction in pixel resolutignor
only a few sets(and perhaps even a single sef)image through simultaneous readout of consecutive gate lines and
processing constants may suffice for fluoroscopic operationombination of data from neighboring data lines with a loss
across a large range of frame rates. Given the observed if pixel resolution(but with no further loss of argalnves-
dependence of radiographic pixel response with frame ratégations into the feasibility of such an array and its associ-
for a given radiographic initialization time, the same may beated readout modes, including an examination of the poten-
true for radiographic mode. A high degree of stability andtial signal-to-noise properti€s,are currently underway.

wide range of applicability of image processing constants Generally, it is desirable to minimize charge trapping in
would be of significant practical benefit in a clinical setting radiographic mode in order to improve the ratio of signal to
as this would reduce the amount of time, effort, and computnoise and thus image quality. While the amount of charge
ing resources necessary to acquire, maintain, and implemeldst to trapping in a radiographic exposure can be quite large,
them. Moreover, the relatively minor changes in the darkcareful optimization of thea-Si:H fabrication process to
signal level at extended frame timgsig. 5(a)]suggest that minimize the density of trapping states as well as operation
imagers of this design might facilitate studies involving long of the imager at a sufficiently large value \6f;,s can reduce
exposure times at low exposure levels in applications as dithe effect to~5% (Fig. 11). Comparison of charge release
verse as nuclear medicine, autoradiography, and astronomglata from the current array with that from earlier arréys).

The investigation of the temporal behavior of pixel sam-12) strongly suggests that further significant reductions in
pling demonstrates that ar24 cm array with a 127um charge trapping should be possible. Furthermore, charge
pixel pitch can be designed to permit fluoroscopic operatiortrapping significantly reduces the linearity of the pixel re-
up to ~30 fps (Fig. 7)—consistent with the results of an sponse curve for radiographic mode compared to that for
earlier, more general theoretical analy$isEven higher fluoroscopic modéFigs. 9 and 10). Since a linear response
frame rates should be achievable through the use of TFT-ofunction involves only two image processing constants per
voltages larger than those used in the present study. Thigixel, requiring relatively straightforward dark and flood
requires that the increased size of the switching transierfield measurements, strategies which reduce trapping and
(Fig. 6) be compensated for both in the design of the preamthereby extend the range of linearity decrease the overhead
plification circuit and by adjusting/,i,s SO as to maintain and complexity associated with these constants. Overall,
good efficiency of light detectiofiFig. 8). However, given given the relatively low levels of pixel dark signal and the
the modest optical fill factor of the present array and thenear absence of dark signal drift, operating the array at
desirability of higher fill factorgwhich increase the photo- higher values oW, appears to be favorable for reasons of
diode capacitance and the pixel time constant thereby reducainimizing charge trapping and maximizing the light detec-
ing the maximum frame ratemaintaining video frame rates tion efficiency, pixel charge capacity, and range of linearity.
while increasing fill factor could present future design chal-Moreover, the observed dependence of charge trapping on
lenges. Vpias @llows the interesting possibility of deliberate real-time

The high degree of electrical isolation between neighborenhancement or reduction of the magnitude of image lag in
ing pixels and the fact that the gate lines of the AMFPI canfluoroscopic applications through control of this operational
be read out in any arbitrary sequence allows for modes oparameter.
operation in which all or part of the array is read out at full or  Despite a variety of limitations which constrain the per-
reduced resolution. As a result, it is conceivable that a flatformance of the current imaging systdmg., high acquisi-
panel imager based on a large-area array with-400 um  tion system noise, limited optical fill factor, suboptimal
pixel pitch could be developed which would allow both high- screen-array contact), it is encouraging that the phantom and
resolution radiographic imaging as well as a variety of fluo-human radiographic hand images demonstrate reasonable
roscopic readout modes. For example, by reading out pairs afpatial and contrast information content under clinically rel-
gate address lines simultaneously and combining the datvant exposure conditions. It is also encouraging that the
from neighboring data lines digitally in the acquisition elec- radiographic and fluoroscopic phantom images, acquired un-
tronics, the device would deliver fluoroscopic imadesy., der similar conditions, provide similar information content.
at 30 fps with 200 um pixel resolution—a resolution objec- More detailed examinations of the image quality involving a
tive currently under examination by other groups developingvariety of anatomical sites under a range of conditions are
AMFPIs1%3 Furthermore, for the same data bandwidthplanned.

(bytes per secondrequired to read out the entire array at Though seemingly mundane, the mechanical and electri-
half-resolution(i.e., 200um), any contiguous quarter of the cal design of the arrays and their acquisition systems, as well
array surface could be read out at full resolutioe., at 100 as the packaging of the entire system, remain major chal-
um) at the same frame rate. Thus, the device would delivetenges in the development of this technology. A few of the
higher resolution fluoroscopic images of a smaller regionmost difficult and outstanding issues will be mentioned. The
This would constitute a form of digital zoom and would give creation of high resolution arrays with larger optical fill fac-
the imager a capability analogous to the magnification modewrs is generally desirable and even necessary in some
on x-ray image intensifier systems. Moreover, for a givenapplications:® However, for the present pixel design, in-
data bandwidth, even higher frame rategy., 60 fps)could  creases in fill factor involve the reduction of feature sizes
be realized either through further reduction in the area of thée.g., the widths of lines and gaps between strucjurgss
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