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ABSTRACT

Purpose:

Photon counting arrays (PCAs), capable of measuring the spectral informatiodivaflual xray
phoons and ecerding that information digitally, provide a number of advantages compared to
conventional, energiptegrating active matrix flgpanel imagers- such as reducing the undesirable
effects of electroniceadout noise and Swank noise. While copterary PCAs are based on crystalline
silicon, our group has been examining the use of polycrystalline silpoly-%$i, a semiconductor
material bettesuited for the manufacture of largeea devices) for such arrays. In this study, a
theoretical investjation of the front-end amplifiers of array pixels incorporating photorcounting
circuits is described— building upon circuit simulation techniques developed in a previous .study
Resultsfor amplifier circuitdesignscorresponding to prototype PCAs currently under developrasnt
well as for hypethetical circuit designglentified in the study, are reportedin the simulations,
performance metrics (su@ssignal gain, linearity of signal response, and energy résojus well as
various measures of count rate are determined.

M ethods:

The simulations, employed various input energy distributions (i.e., a 72sk¥ptrum as well as
monoenergetic xays) in order to determine circuit performance. To make the results representative of
the properties of pohgi, the simulations incorporated transistor characteristics that were empirically
obtainedfrom test.devices. Optimal operating conditions for the circuits were deestrhy applying
criteria to thegperfoermance metrics and identifying which conditions minimized settling time ti@nc
optimal operating conditions were identified, trains of input pulses simulatrag #ux were used to
determingwo measures of count rate cesponding taleadtime losgsof 10% and 30%referred to as
CR10 andCRgp, respectively).

Results:

The best perfermingrototype amplifier design (implementatla pixelpitch of 1 mm) exhibitedCR;,
andCRg3 values(expressed in counts per second per pigkB.4 and 21.6 kcps/pixel, respectively. A
hypothetical amplifier design was derived by modifying transistor, resistor, andtoamhements of

the prototype amplifier designs. THigpotheticaldesign (impémentedat a pitchof 1 mm) exhibited

CR10 andCRg3p values ofl54 and381 kcps/pixelrespectively. When implemented at a pitch of 0.25
mm, the performance of that design increase?ll0 and491kcps/pixel, respectivelycorresponding to

couns perseconder unit area 08.4 and 7.9 Mcps/mf
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Conclusions:

The simulation methodology described in this paper represents a useful tool fdyimgmpromising
designs for the amplifier component of photon counting arrays, as welaasating the analog signal
and noise performancef those designs. The results obtained from dheent studysupport the
hypothesis that largarea, photon counting arrays based on {®lyransistors can provide clinically
useful count ratesEncouagedby theseesarlyresults, further development of the methodology to assist
in the identificationand evaluationof even more promising designs, along with development and

empiricalcharacterization of prototype designs, is planned.

Key words: photon counting arrays, count rate, polycrystalline silicon-filim transistors, circuit
simulations, medical-xay imaging

|. Introduction

In the 120 yeardollowing Roentgen’seminaldiscoveryof x rays x-ray imagesensos havecontinued

to evolveinto ever.morevaluable todd for medicalscreeningdiagnoss and interventionas well agor
radiotherapy .treatment guidancelThe most common form of-pay imaging isenergyintegration
whereby the gotal'energy deposited by the incident beam is collected to form one grojecgon
images (e.g., for*radiography or fluoroscopyr a volumetric image sete.g., for digital breast
tomosynthesis«er_corgeam CT). Currently, such imaging isommonly performedvith active matrix
flat-panel imagersAMFPIS). An AMFPI is based ora “backplane” coupled to some form ofray
converter material such as Csl: Tl (which generatemyxinduced signal in the form of optical photons)
or aSe (whichigenerates signal in the form of electrole pairs). The backplane consists of aa2iay

of pixels contéifiing circuits made of hydrogenatedamorphous silicon ¢8i:H).*? This thin-film
semiconductomaterialis notable by virtue of the fact that it lends itself to the creatidargearea
monolithic devicesof a sizecommensurate witthat of human anatomy with current arrays as large as
~43x43 cnt.’y Devices made from-8i:H also exhibit a very high degree of radiation damage
resistancé™® and=@ch arraypixel typically consists ofa single thinfilm transistor (TFT) connected to
some form ofpixel storage capacitor.When x-rays are delivered during an image frame, the total
energyabsorbed ireach pixelis integratedand storedn the pixel capacitor— and later readut via

addressing lineste,produce an output image.

A different form ofx-ray imaging, called photon countingsesfar more complexn-pixel circuitry to
measureand record information about the amount of signal generated in the converter by each

interacting x ray (referred to as awent). In the case of a relatively simple pixel circuit, theay
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induced signal is amplified, shaped, compared to a threshold (whose value is ketuser) and,
depending on the outcome of that comparison, the tally in a digital counter of events for that pixe
incremented by one unit. Increasingly complex pixel circuits can include morkdhli®snd counters.
Highly specialized features can also be introduced such as the ability to sense, and partially tsmpensa

for occurrences in which signal from a single event is deposited across several adjacetit pixels.

Photon counting-detectors offer a number of advantagesBy virtue of the nature of their binary
recording of events per pixel, photon counting detectors offeptbential to diminish the contrast
reducing effeCts cdused by electronic readout noise and Swank‘nisissnergyintegration detectors.
This binary nature/can help to overcome another problem with emgegyating detectors that lower
energy x rays’ provide higher contrast but less signal per event than higher energy x raysy reduci
overall image €ontras?. In addition, multiplethresholds and couters in the pixel circuit allovevents

to be separated into multiple bins based on signalgmeviding a degree of separation of the spectral
components of.the-ray beam transmitted through the patieBuch advantages and capabilitoéger

the possibilitysof.dose reductidft*® Features such as those discussed above have been incorporated
into photon g¢ounting detectors for mammography and conventional (i.ebe&m) CT to facilitate
advancedmaging“techniques such as dealergy imaging”* material decompositiom CT ***®and k

edge imaging®*®

While a largearea, monolithicphoton counting imager thalso demonstrates high radiation damage
resistance would_be desirabtbjs will require development of a backplane containing the necessary
photoneounting pixel circuits, which is the focus of this paper. Outside of the scope of the present
study butalso“essential, is an-ray converter offering suitably high-ray quantum efficiency and
sensitivity, and sufficiently prompt signal response time. Converters based ofurcatefuride
(CdTe) or cadmium zinc telluride (CZT) have such favorable properties anted in photon counting
detectors for:CTw=Presently, while CZT detectors are relatively small in size and costly, methods to
reduce defectssand improve purity (problems which constrain the size and condwarie the expense

of largesize,.deectorgrade crystals) are under investigattofi: Other efforts to develop converters

for photonrcounting, based on materials which lend themselves to large area depositiorSg.ena

poly-perovskite), have been reportéd?

Given its demonstrated role in enabling the creation of large area, monolithicl Agdé#planes, -&i:H

would be a candidate for photon counting circuits. Unfortunatel$i:th has electron and hole
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mobilities that are simply too low (~1 and46n?/V-s, respectively) to allow creation of the complex
circuitry requiredfor photon counting circuits. Although contemporary photon counting imager

techno|ogiesl4,15,18,2537

employ crystalline silicon ¢Si), which has electron and hole mobilities of
~1000 criV-s, cSi is not welsuited to fabrication of very larggrea, monolithic arrays and is
relatively suseeptible to radiation damage. An alternative to both of these materials is polycrystalline
silicon (poly-Si)spreduced through lowemperature, lasemnnealing techniqué®. This form of wly-Si,

which has been.extensively developed for the display industry, utilizes-alrithiprocess that allows

the creation of lafgarea devices. The material also exhibits good radiation damage resiStande
provides electron and hole mobilities the order of 100 cffV-s —two and four orders of magnitude

greater than those 0f%i:H, respectively, and within an order of magnitude of that ®if c-

For these reasons, our group has been examining the possibility of photon cauaiisPCAs) based
on poly-Si TFTs. In'the spirit of exploring the potential development of pdlyphoton counting arrays
for use at fluorescopic and radiographicay energies, anumber ofearly prototype polySi PCAs have
been designed.and fabricaf@dind arecurrently undergoing characterizationA pixel pitch of 1 mm
was chosen to"féduce the number of challenges in the design of these initial prototyp€ afreys.
pixel circuit architecture of thegarototypearrays is comprised othe four componentschematically
illustrated in Fig.,1 anamplifier, comparator, clock generator, and courteith several designfor
each compenent.A recent theoreticabtudy investigate photon counting metrics such as energy
resolution and count ratéor the componentsised in those prototype arrdys. That study also
performed aniinitial exploration of the minimum pixel pitch that could be achieweduth arrays.
Count rate, in”particular, is an important metric since it deterntimeesapability of PCA circuits to
handle the xay*fluence encounteddn a given applicatianFor examplethe estimatedhput x+ay flux

for radiographic and fluoroscopic procedufegpressed in units of counts per seceys] per unit
detection areais insthe range ofl to 50 Mcpgmn?.*? In the previousheoreticalstudy, thehighest
count rate of the-latterthreecomponents of the circuit design (i.tne comparator, clock generator, and
counter) veredetermined to beufficient for thesgrocedures, althougihe count rate of the amplifier
component_was not examinedThe amplifief however,is of definite interest since, ashe first
component in the,signal chaithe degree to which its count rate performance can be maximized

influences desigdecisions affectingubsequent pixel circuit components.

In the present study, the count ratapabilitiesof amplifiers suitable for PCA pixel circuits, based on

poly-Si TFTs,areinvestigatedcat x-ray energies representative of those encountered in radiography and
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fluoroscopy To this end, circuit simulatiowas usedo estimate count rate for amplifier circuits in
photon counting pixelsnd used to explore the effects oWale range of circuit design variables

amplifier count rate

II. Methods

Ila. Overview

Circuit simulations.were performed texaminethe count rate performance die amplifier circuit
designsincorporated inthe pixels of thepreviously mentionedrototype polySi photon counting
arrays™ In addition, hypothetich variations of those prototype amplifier desighsat providehigher
count rates, ‘while' maintaining or improvirgignal gain, linearity of sgnal response and energy

resolution wereidentified and investigated.

The simulations employettie Eldo SPICE circuit simulation softveapackage (Mentor Graphics, OR).
In thesimulations,.the transistors were modeled using version 2 of the RPSpoT model* and, to
make the results.representativetiod properties ofow-temperature pohsi, the model card parameters
required for theTET model werethe sameempirically-determined valuesised for the “standard”
transistorsin the earliertheoretical study” — including electron and hole mobilities of 134.5 and 78.1

cnt/V-s, respectively.

In the presentstudy,each signainput toan amplifier circuitwasassumed to bgenerated byn x ray
depositing allef.its energy ia direct detection-xay converter in the form of 800 pm thick CZT
detector —equivalent to the assumption of perfect quantum efficiency and ignoring attate¢dfects
exceptphotoeleetric absorptior: The energydistribution of theex rays was assumed to take one of
three forms 70 keV monoenergetic x ray4, to 200 keVmonoenergetic x rays, arh xray spectrum
(obtained from a 72 kVp beam with a W target and 21 mm of Al filtration) giving the lsalfavalue-
layer as the RQASsspectrum in IEC 6126lhis spectrum is representative of the type-ohy energy
distribution encountered in radiographic and fluoroscopic applicatibhs. assumed CZT thickness of
500 pm is suffiéient to convert ~92% of the incident radiation for the 72 kVp spettruam efficiency
comparable to that offered by othgmpes of converters used in various forms of projectionay
imaging. Each signal input to thamplifier drcuit took the form of arninput pulse with a height
corresponding to an-ray energysampledrom one ofthese distributios —resultingin the generation of

anamplifier output response.
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IIb. Deter mination of Energy Resolution
Energy resolutioror a givenamplifier circuit design was calculated the manner reported in reference

41 using the equation:

_ Enoisex2.35

AE x 100% [1]

whereE;, is the"energy of the input x ray (70 keV). For a given amplifier deRigi3 is the equivalent
input noise of that design, in units of keV, and is calculated through divisi&, by the signato-
noise ratio of the amplifier. The sigAatnoise ratio of the amplifier is calculated by dividing the
amplifier outputresponse by thatrinsic noise associated with the TFpsesentin that circuit. The
noise contributionsfromeach TFTwas obtained through simulatiorfperformed in the frequency
domain)emgoying the following equation for the noise power spectral density associated Mith

flicker noise

Sy—fiicker(f) = = (V¥Hz) 2]

CoxWLS
In this equation,k;.is the flicker noise constantempirically determined to b4.5x10%° and 7.&10%°
C’/m? for n-type.and prype TFTs, respectively) Co is the gate oxide capacitan(@345 fF/um), W
andL are the width and length dimensions of the TFT gatef Enilequency in HZ?

Theamplifieroutputresponse used in the calculation of energy resolution wasghalresponse ofhe
amplifier cireuit to an input pulse corresponding to78 keV x ray. Circuit simulations of signal

response were performed in the temporal domais described in the next section.

IIc. Deter minationtof Count Rate and Energy Response Profile

In the earlier™théoretical study,the signal response of the amplifiewas examinedvia circuit
simulations performedn the frequency domain. Howevaletailedinvestigation of the count rate
performance of amplifier circudesignsecessitateexamination of signalesponse eer time For that
reason, alsimulations of signalesponsen this study wergerformed in théemporal @main using the
adaptive timestep.feature of the Eldo packagie addition, knowledge of the amplifier output response
as a functiongsof incident-s)ay energy is also required and was obtained through 200 simulations. In
each of those simulations, a single input pulse corresponding to a 1 to 200 keV monoenergetasx ra
used to obtain an output response. The resulting plot of amplifier output response versaisxmaige

energy constitutes the calibration curve used to set the threshold in the nigtiemof count rate.
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In order toquantify thecount ratecapabilitiesfor a givenamplifier circuit trains of pulsesvereinput to
the circuit and detailed information generated by the simulations about the respdmeseiiuit to that
inputwas extracted and analyzed(This is the equivalent of empirically probing the signal operation of

an actual amplifier circuit, then performing-difie analysis of the measured data.)

A total of 10,000eurrentpulses,randomly generated over a time period, formed the input pase
Theinput pulsegeach. having a 20 ns rise time amdi8® ns fall time® hada pulse height distribution
that correspondd to the 72 kVp spectrum. In the simulations the input fluxfor this pulse train
(expressed in counts peecondper pixel) was varied from 1 to 2000 kcps/pikgl varying thetime
period over which the 10,000 pulses were input to the amplifier circuit from 10 s to 5 ms.

Once the simulations describabove were performedhe count ratefor a givenamplifier circuitwas
determined by taking the ratio of the numbetimies theamplifier output responsexceeded aelected
voltagelevel to,theduration of the input pulse tra{ne.,5 ms to 10 Using the calibration curvehat
voltagelevel was.chosen toorrespondo an energy threshold of 19.5 ke\so as to allovtheentire72

kVp spectrumi(whiclinas a minimum xay energy of ~20 keV) to contribute to the count rate.

From the valties,of count rate obtained from the simulatisrsspecific measures of count ratere
determined.for each amplifier circuit design. The measures are referred to;@adRCRy and
correspond to the rates obtained when 10% and 30% of the input flux fail to be counted due to dead time
loss (Dead time.refers to the time period after one or more input pulses when the amplifier circuit

observes the fiextinput pulse as part of the last detected pulse due to pulse*pile-up.)

The simulation methodology described above was also used to detenaigg response profiles for
eachamplifierycircuitdesign —providing a means to visualize how accurately a given design reproduces
the input energy=distribution. Energy response profiles were determined for two input energy
distributions =the«72 kVp spectrum and 70 keV monoenergetic x rays. For a given input energy
distribution, _.the energy response profiles were obtained through simulations in whiemetggy
threshold appliedsto the amplifier output response was increased in 1 keV sted®fsoup to 199.5

keV. For a given threshold, the number of times the amplifier output response exceetieéshatd

was tallied. A histogram of the differences of the tallies for consecutive thresholds formed the energy

response profile.
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I1d. Definition of Performance Metrics and Optimal Operating Conditions

Simulations were performed to investigate the followpegformance metrics of the various amplifier
circuit designs examined in this study: (i) the magnitude of the amplifipubrgsponse generated by
an input pulse corresnding to a 70 keV x ray; (ii) the degree of dimearity of the amplifier output
response over the input signal range of interest in this study (i.e., from 20 to 100 ke\the @nergy
resolution; and=(iv) theettling time of that circuit in reponse to an input pulse corresponding to a 70
keV x ray. Follewing.the convention described in referefiGenonlinearity was calculated by finding

the maximum deviation of the amplifier output response from a straight line connecting the amplifier
output response at 20 keV to the response at 100 keV. For a given case, the degréieexritpns
expressed as a percergaand was calculated by dividing the maximum deviation from that line by the
maximum value©fithe line (i.e., by the response at 100 keV). Energy resolution was detesitige

the methodology described in Sec. IIb. In addition, settling time is dedimélue time required after an
input pulse for the amplifier output response to essentially return to its baselohgan—i.e., return to

and stay within,1% of its peakas llustrated in Fig. 2 Shorter settling times are generally associated

with higher count.rates since they allow the amplifier circuit to resolve more input pulses.

For a given amplifier circuit design, performance metrics (i) through (iv) and, ultimately, coyrareate
strongly affected,by the values of the bias voltages appieeach amplifier stage. The values of these
voltages (Meé, Ve and Vg, shown in Fig. 8) are collectively referred to as tbgerating conditions

of the circuit. In the study, these voltage values were systematically varied so as to idenpfyrisle
operating conditions defined as that set of values which minimized settling time as well as satisfied a
pair of criteria’related to performance metrics (i) and (ii). For the first criterion, in order to ensure that
the amplifier output response is sufficiently large so as to be well above thelooisa the subsequent
component in the pixel circuit (i.e., the comparator), a minimum response of 1.25 xéquaed—
consistent with a similar criterion used in the earlier theoretical study oftywetamplifier design$:

For the second=egriterion, the deviation of the amplifier output response fromn bebavior was
required to besnedarger than 10%.

Ile. Amplifier Designs
The names and technical descriptionstloé amplifier circuit designgxamined in this study are
summarized in Table &nd the circuit diagrams for thoskesigns, all of which employ a-2age

architecture, are illustrated in Fig. 3
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Designs SPCtampl and SPCamp2 are 1st order and 2nd order bandpassuit designsthat
correspond tahe prototypeamplifier designs' and are illustrated iffigs. 3a and 3b, respectively.
Design Newamp-a is a hypotheticaBrd order bandpasegariation ofthe first twocircuit desgns and is
illustrated in Fig. 8. These three designs werewssed tobe incorporated in a pixel withgtch of 1

mm —i.e., the,same as that dfet prototype array¥ Design Newampb also corresponds the circuit
diagram in Fige8pbut was assumed to becorporated ira pixelwith apitch of 0.25 nrm —resulting in

a decrease innfethe.capacitancef the CZT detector (see Figd)3 The choice of this pitch was
motivated by_grevious studywhich estimated that, through layout optimization as well as progressive
improvement in the manufacture of peédy circuits, the pixel pitch of the prototype arrays could
potentially be reduced to 0.25 nifh.This pitch approaches those used in radiographic and fluoroscopic

applications.

The transistor dimensiongesistancealuesand capacitancealues corresponding to the varidusTs,
resistors and capacitors appearimghie circuit diagrams of Fig. 3 are given in Tdlbleln the case of
SPClampl and.SPCamp2, these values are the nominal specifications used diesign and layout
of those protatypamplifier designs. The valuesof parasitic capacitances@ppearing in the table are
estimats based othe areaf overlapbetweerthe CZT detector and underlying metates in the pixel
circuit, as wellraghe dielectric constar@ndassumedhickness of the passivation laybat separates
the detectorandires In the case of Nevampa and Newampb, the values appearimg the tablefor

these hypotheticalmplifier designsvere determineds described ithe next section

I1. Results

Illa. Smulation*Results for Performance Metrics

Table Il shaws the values of the optimal operating conditions for SP@il and SPCamp2,
identified through simulations, along with the corresponding values of performmagices. In the
simulations Vase:was varied frsm 0 to 6 V in 0.1 V steps, ¢/was varied from 0 t6é V in 0.25 V steps,
and Vcc was varied from 0 to 8 V in 0.5 V step$he resulting values of optimal operating conditions,
along with theesorresponding values performance metricare shown in TablBl. For bothprototype
amplifier designspthe resulting value for amplifier output response is well ahevequired minimum
of 1.25 Vwhile the degree of nehnearity isslightly belowthe upper limit ofL0%. Interestingly while
SPCZlamplis seen to exhibibetter energy resolutipPCtamp2demonstratebetter settling time.
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In the spirit of exploring the degree to whigdductions irsettling timecould be achieved compared to
thosereported above for SP&mpl and SPGamp2 a varietyof alternativeamplifier circuit designs
were explored.Startirg from thoseorototypeamplifier desigrs (and maintaining a pixel pitch afmm),

this explorationinvolved modification othe transistor dimensionsf theresistance and capacitance of
the circuit elements, and of the configuration of the feedback loop. For each variation g desi
examined, thesoptimal operating conditions were determined using the same methodologgafoploy
SPClampl and.SPC1-amp?2.

A promising design identified ithis exploration(referred to as Nevamp-a) is the circuit shown irfrig.

3c —the circuit element values for which agwenin Table 1l. Newampa differs from theprototype
amplifier designs™hy virtue o& change in dimension for transistor,Mhe removal of resistor Rand
capacitor G, and a change in theonfiguration of thefeedback loop. Specifically, the new feedback
loop is comprised solely of a resistorsjRvith significantly lower resistance values than thaésistors
employed in the mtotypedesigns.

The values ofthe optimal operating conditions, along with the corresponding values of performance
metrics for New-ampa are shown in Table IlIResults are also shown fhlew-ampb, the same circuit
implemented-at.a pixel pitch 6125mm, thecircuit element values favhich are given in Table II.

In Table lll, the optimal values for VAcc, Vs and Vg for hypotheticalamplifier designsNew-ampa
and Newampb,are all well within the range of values examined in the simulatiassis also the case
for the prototypeamplifier designs SPGampl and SPGamp2 Compared to the prototype designs,
the anplifier output responsef the hypothetical designs is seen to be very sinaitat thedegree of
nondinearity Is seen to begenerally better Furthermore Newampa and Newampb exhibit
significantly bettersenergy resolution astiortersettling timesthan SPCtampl and SPGamp2 —
largely due tahe-new feedback loop. For example, the impnomet inenergy resolution ipatially a
result ofthe changed frequey bandwidth, now spanning fewer decadedibited by thehypothetical
designswhichscausesa reductionin flicker noise(as expected from Eq. [2])Note that compared to
New-ampa, Newsampb has a smaller Ccapacitance thaesults in a larger signal the input of the
amplifier for the sane input pulse, further improving the energy resolution of that dedtgrally, the
improved gttling time of the hypothetical designeflectsmore rapid disspation ofamplifier output

responsafter an input pulse spplied.
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The operating conditions shown in Table Ill welso used toobtain theresultsreported in the next

section.

I11b. Simulation Results Related to Count Rate

Count rats obtainedrom the simulation®f the prototypeamplifier designsand hypotheticaamplifier
designsare shewn,in Fig. 4s a function of input flux.When input flux is low each of theamplifier
circuitsis abletoresolve every input pulseas seen from the close overlafthe count rate curves with
the dashed line representimgal behavior. As input flux increases, SP&iApl and SPGamp2are
seen todeviate from the dashed line (due to dead time loss) at consideraldyitput fluxes than
New-ampa and Newampb — anexpectedutcomegiven the improvement in settling timmeportedfor
the hypothetical designis Table .

A summary of esultsobtainedfor count rates withl0% and30% dead time lossCRio and CRso,
respectively)js.shown in Table IV. For each of the famplifier circuit designs, the values reported for
CRg are ~2 ton2.5.times higher than that for;g:RAs expectedfor a given measuref count rate, the
count rate values for the four desigreroughly correlatd with the settling timeseported in Table 11l

— a correlation' which validates the selection of minimum settling time in the determination of optimal
operating conditions (Note that settlingite, which is depicted in Fig., 2nly represents the ideal
amount of time desired between input pulses in the pulse-tsaice that amount of time would allow
the amplifier output to almost completely return to its baseline valuswetbr, input pulses spaced
closer together.in.time can still be resolved by the ampliialbeit wih some degradation in energy
resolution.) Im”addition, forboth measures of count rattlewampa and Newampb exhibit much
higher values than SP&impl and SPGamp2 by a factor of ~20 to 30a result that can be largely
attributed to the new feedbabtbop. Furthermore, Nesampb exhibitshigher count rates than New
ampa due tojts smaller input capacitance; G- which allows for the selection of optimal operating

conditions with-a-faster, more favorable settling time.

The resultingenergy respongarofilesfor each of the four amplifier circuit designs are showRigs. 5

and 6. In eachfigure, results are shown for four input fluke$0, 100 and 1000 kdfpsxel. Figure5
corresponds to resultbtained with the 72 kVgpectrum.For SPClampl(which had a Ck value of

5.03 kcps/pixel), when the input flux is 1 kfgpgel, the energyesponseprofile largely overlaps with

the input energy distribution demonstrating good fidelity. However, as input flux increases, the energy

responseprofiles increasinglydeviate from the input energy distributienreflecting the progressive
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inability of the SPCtamplcircuit to urambiguously resolve, or correctlgtantify the energy of,input
pulses that are more closely spaced in tifibe same pattern dfehavioris exhibited by each of the
other amplifier circuit designs with significantdeviations from the input energy distributibacoming
appareniat progressively higher input fluxésr SPCtamp2,followed by New-ampa andthen New-
ampb. Note, that,the area under the curve for the input energy distribution is 160008s —
correspondingsterthe number of pulses used in the simulaBgrcomparisonfor all amplifier circuit
designs, whilesthe‘area under the curve for the energy response profile is ~«du0Gat lower input
fluxes, the arealecreases at higher input flux valuespproaching a lower limit of Xount dueto

progressivelgreaterdegree®f dead time loss.

Figure 6corresponds to results obtained with 70 keV monoenergetgs. While the figure exhibits
behaviors similar to those observed in Figit Bnore clearly illustrates how the energy response psofile
changeas a function of input flux. For all designs, as input flux increases, the number of coants bel
or above 70 keV.increases due to pulse-ygat least until the input flux is so high that dead time
losses result in.only a small fraction of pulsesibgeaiesolved). Interestingly, compared to Nampa

and Newampb, SPCiampl and SPCamp2 more strongly shift the monoenergetic, 70 keV input
energy towards lower energies. This is a result of the prototype amplifier designs providing anramplifie
outputresponsesthat more severely undershoots compared to that provided by the hypathplitar
designs. Anexamplef undershoot appears in Figwhere the amplifier output response falls below

the initial baseline value affecting subsequent pulsdmt start during the undershoot.

V. Discussionfand‘Conclusions

Circuit simulations have beesmployed toinvestigatethe potential performancef amplifier circuit

desigrs based othin-film, poly-Si transistordor use in largearea, monolithigghoton counting arrays
The simulations enabled detailed examinatioerargy resolution andountratefor existing prototype
amplifier designgSPCtampl and SPGamp2) as well ador a pair ofhypotheticalamplifier designs

(New-ampa and-Newampb) offering a number oddvantages.

Compared to SPEampl and SPGamp2, the number artimensions of theircuit elemerd (i.e.,the
resistors, cagcitors andtransistors)in Newampa and Newampb have been reduced This
simplification allows the Nevampb design to fit in a pixel pitch of 0.25 mm (after shrinkage of the
comparator, clock generator and counter components through the improvements-8$ piotyit

manufacture described in referemd.
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A secondadvantage ighat the significant increase inount ratecapability offered by Newampa
(whichis over an order of magnitude greater thiaat ofthe prototype amplifier desighapproachksthe
ratesassociated with radiographic and fluoroscopic imaging applicatibos example, the C8 value

for New-ampa (which was implemented at a pixel pitch of 1 mm) is within an order of magnitude of the
range of countratesssociated with radiography anddioscopy(1 to 50 Mcps/mrf). Moreover,New-

ampb (which cerresponds to implementation of #maplifier circuit design of Nevampa at a pitch of

0.25 mn) not_only providesfurther improvement in the count rate per pixel, but alswesponds ta

CRyo value of 3.4 Mcps/mf+ a highly encouraging resuilt.

Furtherimprovenent ofamplifier performancemay be possible.In particular, vinile the hypothetical
amplifier designsgxamined in this studwere limited to the same folded cascode architecture as the
prototype amplifier designsexploration of alternative amplifier architectures may lead to further
improvements,in.count rate. For exampidjle the threestages for a given desigvere identtal (i.e.,
employedcircuits.with identicatransistor dimensionsgxpanding the exploration diesigngo account

for different transistor dimensiorisr each stage may lead to new circuit designs exhibiting even higher
count rates. A"second example would be employing a mix of amplifier architectures for each stage
(other than thesfelded cascode)achieve higher count rates.

A simplifying assumptiorused in this study- that theinput energy distributionpresented tohie
amplifier circuits.weragiven by the incident-xay energy spectrawas choseso as to result in simpler
and easielto interpret energyresponse profiles such as those shown in Figs. 5 and 6. While not
accounting for'more realistabsorbed energy distributisrs believedo have had relatively little effect
upon thecount rate results, extending teaudyto do so(as well as to account for effects such as
detector shotgnoisayould produce moreealisticenergy response profilesallowing, for example, the
degree to whieh:the amplifier reproduces interesting features of the absosygy distribution, such as
k-edges, to besstudied as a function of input flux.

In the examination,of energy resolution, fimulation of noise was performed in the frequency domain

— basedon a framework developed in a previous stlfdyAs a result, while the flicker noise
contribution from transistors in the circuits was accounted for, the contribution from transistor thermal
noise (whichwill become a dominant noise source at sufficiently high frequencies) was not. However,

the designs of the amplifier circuits examinedhe study(combined with the operational conditioofk
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those circuity are such that the contribution of thermal noise is relatively minas demonstrated
through analytical calculations presented in Appendix A.

Future work could improve the accuracy of the energy resolution simulations by performingstine noi
simulations using more sophisticated p8IyTFT noise models in the temporal doméimilar to the
methodology deseribed in referend®). In addition, simulating noise in the temporal domain would
enable the examination of energy resolution as a function of input—flsixce energy resolution
generally decreases when input flux increases, as can be seen in Fig. 6. Sudlorssmwabaild also
allow quantification of the proportion of energy resolution loss that is duertosiotnoise or due to
pulse pileup—= providing valuable insight that is not easily obtainable through empirical meesuse

In summary, the”simulation methodologynployed in this study providea poweful means for
identifying new amplifier designghat offerimproved performance The encouraging resultdtained
from simulations.of the hypothetical amplifier desigaported in this papeupport the hypothesthat
poly-Si -basedjargearea photon counting arratfsat exhibitclinically useful count rateare feasible.
Use of simulation‘techniques to further improve the energy resolution and couof théeeamplifier
component, as well as to characterize angrave the other componentse(, conparator, clock
generator, andwcountegf photon counting pixels for large area arrays is planné&thally, it is
interesting 4o"note that, while the design of the other pixel circuit componentsh@ecomparator,
clock generator and counter) for a given application will depend on requiremsotsated with that
application (e.g.,.pixel pitch, number of thresholds and counters, countempthi} eke.), those circuit
designs will also be influendeby the performance and signal output characteristics of theenohnt

amplifier component.
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Appendix A:

Estimates of therelative contribution of the TFT thermal noise based on analytic calculations

The frequency domain circuit simulations performed in this study, which facilitate relatively straight
forward computation of TFT flicker noise, account for the complexity of the shapemfsponse of the
circuit in frequeney space. Estimates of the relative importance of the TFT thermal noise contribution

were obtained-from the analytic calculations described below.

The power speétral density for the flicker noise contribution of a transistor, irfiMtgHz, is:

k
Sv—flicker(f) = ngl/];/Lf . [Al]
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This equation was introduced as Eq. [2] in the main text (along with a description of its pesharete
is repeated here for convenienc&€he power spectral density ftine thermal noise contribution of a

transisto?’ in units of Vf/Hz, is:
8 1
Sv—thermal = ngTﬂ [A2]

In Eq. [A2], gmiisthe transconductance of the TFT (which varies for each TFT in a design as a function

of operating ¢onditionskg is the Boltzmann constant (13822 J/K) andT is temperature (298 K).

Integration of Egs. [Al] and [A2was used to provide estimates of noise for each TFT in each of the
amplifier circuit designs. For a given TFT in a given design, the integration limits were determine
through frequency domain simulations of the folded cascaodait at that design’s optimal operat
conditionsusing/the methodology outlined in referedde— yielding goair of frequencied|, andfy;, at
which the gaiffefthat TFreferred to the output of the foldedscade circuit)is 1/+/2 of its maximum
value, known*as‘the 3 dB points. Those simulations also provide the vajuef@fthe TFT. With

these values, taking the integral of Eq. [Al] provides an expression for an estirtegtdlicker noise in

units of Volt:

k fhi
Oy—flicker — nga/L In (Fhol) , [A3]

while taking the integral of Eq. [A2] provides an expression for an estimate of theath@ige in units
of Volt:

8 1
Oy—thermal = \/5 kBTa(fhi - flo) . [A4]

Each of the four amplifier circuit designs examined in the study has three ftddeodestages and

each stage consisté four TFTs: M, M2, M3 and My, as shown in Fig..3(When present in a circuit,

the Ms and Mg TETs did not contribute significantly to the nofSe. Due to the effect that the gain of

each subsequentieascading stage has on noise from the previous stage or stages, the noise associa
with the first sstage was found to bey far, the dominant contributor of noiserendering the noise

contribution.efthe second and third stagegligible.
Using Egs. [A3] and [A4], the noise contribution due to flicker noise and thermal noissador

transistor of the first stage of &lur amplifier circuit designs was examined. For all transistors, flicker

noise wagound to be significantly (2.7 to 25times) largethan thermal noise.
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Since, for a given transistor, the combined flicker and thermal noise is given by:

— 2 2
Oy—total = \/av—flicker + Oy—thermal » [AS]

the combined noismcrease by only 0.% t06.6% compared to flicker noise alorglemonstrating the

relatively minor contribution of thermal noise.

Figure 1. Schematic diagram of the mkcircuit architecture of the photon counting arrays under
developmentiby:-the authors. The amplifier component serves to magnifyahénxiuced signal to the
level required to=allow proper operation of the subsequent comparator component. The toompara
component generates an output if the input signal exceeds-dafsed threshold. That output signal

is shaped by the.clock generator component into pulses that cause the counter compomentdntinc
its tally by ones Note that the figure also includes the number of TFTs per compondrat varibus

circuit designs incarporated in our early prototype filyPCAs.

Figure 2. Schematic illustration of the concept of settling time. The solid curve represents the amplifier
output response-t@ an input pulse corresponding to an interacting x ray. Note that the edgad v

line on the lefticarresponds to the introduction of an input pulse. See main textHer tetails.

Figure 3. Circuit"diagrams for the amplifier circuit designs described in Table I: (a)-8Rp1, (b)
SPClamp2, and (c) Nevampa and Newampb. In these diagrams, transistors are labeleddWs,
capacitors are labeled; @ Cs and G, and resistors are labeled ® R;. Other circuits depicted in the
figure include.«(d),the circuit corresponding to the circle symbol at the iom#dh of the designs; and
(e) a folded cascade circuit corresdomy to the triangle symbols in each of the designs. Note that | is
the current source for the input pulses, i€ the capacitance of the CZT detectop, i€ a parasitic
capacitance, Xsc, Vs and Vg are bias voltages, andpV is a power rail (which is $¢o 8 V in the

study).

Figure 4. Countsrate as a function of input flux for the four amplifier circuit designs. For eagm,des
results are plotted up to that value of input flux beyond which less than 2% of the flusivedesThe
solid lines aredrawn to guide the eye while the dashed line corresponds to the ideal oft@oome

correlation of count rate and input flux.
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Figure 5. Energy response profiles for the four amplifier circuit designs. For each design, results are
shown for input flux values ranging from 1 to 1000 kcps/pixel. For a given design and flux, the grey
and black lines in a graph represent the input energy distribution (corresponding to the 72 kV

spectrum) and the resulting energy response profile, respectively. Noteuhtt are plotted for a bin

size of 1 keV; See main text for further details.
Figure 6. Energy.response profiles for the four amplifier circuit design®llowing the same

conventions used in Fig. 5 but where the input energy distribution correspomds70 keV

monoenergetic X rays.
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Tablel: Design name, circuit description and pixel pitch for each of the amplifier circuit
designs examined in this study.

Design Name Circuit Description Pixel Pitch
SPCl-ampl 3-stage, 1st order bandpass 1 mm
SPCl-amp2 3-stage, 2nd order bandpass 1 mm
New-amp-a 3-stage, 3rd order bandpass 1 mm
New-amp-b 3-stage, 3rd order bandpass 0.25 mm

Table Il. Transistor width/length dimensions, as well as the resistance and capacitance of the
other circuit elements, for the various amplifier circuit designs examined in this study. The

symbols for=the circuit elements listed in the table correspond to those appearing in Fig. 3.
Instances wherea particular circuit element is not present in a given design are denoted by “n/a”.

Note that/the design specifications for New-amp-a and New-amp-b are identical, except for the

value of the input detector capacitange C

SPCl-ampl SPCl-amp2 New-amp-a New-amp-b

Transistor dimensions (um/pm)

M1 50/10 50/10 50/5 50/5
M3 10/10 10/10 10/10 10/10
M3 20/10 20/10 20/10 20/10
My 20/10 20/10 20/10 20/10
Ms 10/10 6/6 n/a n/a
Me 10/10 n/a n/a n/a
Resistor valueeMQ)
Ry 200 200 10 10
R, 10 10 n/a n/a
Rs 200 200 15 15

Capacitor values (fF)
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G
G
G
Cy

100
195
500
100
100
10

100
195
500
100
n/a
10

100
195
500
n/a
n/a

n/a

100
12
500
n/a
n/a

n/a

Tablelll."Summary of the values for the optimal operating conditions (columns 2 to 4)

identified for @ach amplifier circuit design examined in this studjong with the values of the

corresponding performance metrics (columns 5 to 8).

Amplifier Output  Non- Energy Settling
Vace Vs Vee . . . :
Response Linearity Resolution Time
SPCl-ampl [ 20V 575V 45V 2.7V 7.51% 6.78% 143 ps
SPCl-amp2 21V 350V 10V 28V 9.23% 14.9% 53.3 us
New-amp-a 2¢.V 275V 35V 29V 5.34% 5.88% 5.56 ps
New-amp-b 34V 150V 3.0V 29V 8.11% 2.76% 3.11 ps

Table 1V.Results for the two measures of count rate (@GRd CR) for each amplifier circuit

design. See.text for further details.

SPC1l-ampl
SPC1-amp2

New-amp-a

New-amp-b

CRuo CRso
(kcps/pixel) (kcps/pixel)
5.03 13.9
8.36 21.6
154 381
210 491
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