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Abstract

The developmentof the ABCD chip for the binary
readout of silicon strip detectors in the ATLAS
SemiconductorTracker has entered a pre-production
prototypingphase Following evaluationof the ABCD2T
prototype chip, necessarycorrectionin the designhave
been implementedand the ABCD3T version has been
manufacturedin the DMILL process. Design issues
addressedn the ABCD3T chip and performanceof this
pre-productiorprototypearediscussed.

|. INTRODUCTION

The ABCD designis one of the two options of the
binary readoutarchitecturewhich have been developed
for the ATLAS SCT [1-3]. Recently, based on the
performanceof the ABCD2T prototype, this option has
beenchoserasabaselineThe ABCD chip developedand
manufacturedh theDMILL processomprisesn asingle
chip all blocks of the binary readoutarchitecture;the
front-end circuit, discriminator, binary pipeline,
derandomizingbuffer, data compressionlogic, and the
readoutcontrollogic, asrequiredfor the ATLAS SCT.

For the binary architectureone of the most critical
issuesis the uniformity of parametersof the front-end
circuit and matching of the discriminator threshold. A
major improvementof the ABCD2T performancehas
beenachievedby implementationof individual threshold
correction in every channel using a 4-bit digital-to-
analogueconverte(TrimDAC) perchannel.

The ABCD2T versionhasmetall basicrequirements
of the ATLAS SCT, however,detailedevaluationof the
ABCD2T chips, including extensive radiation testing,
pointed to some possible improvements. These
improvementswhich concernmainly improvemenof the
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radiationresistancendreductionof the designsensitivity
to variation of the process parameters,have been
implementedn the ABCD3T version.The later aspectis
importantfor large volume productionasit may impact
theproductionyield.

An overview of the ABCD architectureand of the
performanceof the ABCD2T prototypecan be foundin
earlier publications[1,4]. In this paperwe focus mainly
on the specificissueswhich have beenaddressedn the
ABCD3T design.

In the front-end circuit of the ABCD2T we have
identified two points which compromised slightly
performanceof that prototype, namely: (i) the internal
calibration circuitry showednon-linearity for low input
charges(ii) TrimDACs responsecurvesappearedo be
non-linear and exhibited large spreadfrom channel-to-
channel. The non-linearity of the calibration circuitry,
although not critical, makes the calibration procedure
more complicatedthan necessary. The sourceof the
non-linearity has been identified as parasitic charge
injection from CMOS switches employed in the
calibrationcircuit.

A non-linear responseof the TrimDAC is not a
seriousproblem as the trimming procedureis basedon
measuremenof the TrimDAC characteristicand using
theseresultsin a look-up table. A consequencef the
non-linearityis a slightly worst matchingof the threshold
comparedto what one can expect assumingperfectly
linear responsecurves of this circuit. More important,
however ,is that TimDACs in somechanneldbecomeso
non-linearthat those channelsfall outsidethe trimming
range.Sincefor goodchipswe requireall the channeldo
be within the specificationthat effect, if not corrected,
would impact significantly the yield in the production.
The sourceof the problem has been identified in the
designandan easycorrectionhasbeenfound.



[l. FRONT-END PERFORMANCE

Basic performanceof the front-end circuit in the
ABCD design,in particularthe noise,hasbeendiscussed
in previous papers.In this paperwe focus on the two
issueswhich havebeenimprovedin the ABCD3T design
comparedo the ABCD2T, i.e. linearity of the calibration
circuitandTrimDAC characteristics.

A. Internal calibration circuit

Internal calibration circuit is foreseento be used at
variousstepsof chip testingandmoduletestingaswell as
for threshold calibration in the experiment. A first
purposeof this circuit is providing testabilityof the chip.
It allows to take measurementsf analogueparameters;
gain, noise, offset, time walk and TrimDAC
characteristics for every channel during of wafer
screeningwithout supplyinga preciseanaloguesignal to
the chips. All thesemeasurementare then repeatedor
completemodulesequippedwith 12 ABCD chipseach.

For the binary architectureas implementedin the
ABCD designthelinearity of thefront-endcircuit is nota
critical issue. However, a good absolute precision is
required for setting the working threshold in the
discriminators which impact the efficiency and noise
occupancy. The threshold setting will be based on
calibration using internal calibration circuit and so the
precision of this circuit around the nominal threshold
setting,i.e. 1 fC, is a key issue.As mentionedbeforethe
calibrationcircuit in the ABCD2T designexhibitednon-
linear behaviourfor low input chargeswhich has been
identified as parasitic charge injection in the chopper
circuit.

The responsecurves for 128 channelsin one chip
measuredusing internal calibration circuit are shownin
Fig.1. The measurementsvere taken starting with an
input chargeof 0.5fC of theinput charge.The points at
0 fC obtainedfrom the noiseoccupancyscanareincluded
in the plot. The responsecurvesare satisfactorilylinear
within a rangebetween0.5 fC and4 fC which allows to
usesimplelinear fits when performingcalibrationof the
thresholdn therangearoundl fC.
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Figurel: Responseurvesfor 128channelsn oneABCD3T
chip beforethresholdcorrection.

B. TrimDAC

The TrimDAC circuit as implemented in the
ABCD2T chip hasbeenprovedto be an efficient solution
to correctthe thresholdspread.The functionality of this
circuit has been demonstrated [1], however, its
performance could still be improved. First, the
characteristicsof the TrimDACs exhibited large non-
linearity. The source of the non-linearity has been
identified and a simple correction,without changingthe
concept of the circuit, has been implementedin the
ABCD3T design.Second radiationtestsshowedthat the
spreadof the discriminatoroffset increasedsignificantly
after irradiation and exceeded the range of the
TrimDAC:s. In orderto not compromisethe precisionof
threshold correction for non-irradiated chips and to
guarantedhat for fully irradiatedchips all the channels
canbe correcteda setof rangeshasbeenimplementedn
the ABCD3T design.

Fig. 2 showsthe characteristic®f the TrimDACs for
128 channelsin one ABCD3T chip for the minimum
range set. One can see that the characteristicsare
satisfactorily linear given the 4-bit resolution of the
TrimDAC. The minimum range of the TrimDAC is
sufficient to cover the discriminator offset spread.
Fig. 3. showsthe characteristicof the TrimDAC in a
singlechanneffor 4 differentrangesets.
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Figure2: Typical characteristicef the TrimDACs for 128
channelsn the ABCD3T chip

Trim Dac characteristics - Channel 32 |

)

o
(=3
o

z F
=450
o YE
= =
S 4001
o C >
£ 350F
Q £
[} E // >
300 .
250 e / /"/./‘ ,
200 E _/4?‘/"/ ,
g ’/"/*/4.——0——4’—"—_"——.___‘
15
100}
50
0 E L L L - L L L L L L - L L L L L
0 2 4 6 8 10 12 14

Trim DAC Correction

Figure3: Characteristicef the TrimDAC in asinglechannel
for four differentrangesets.



In orderto confirm the functionality and performance
of the TrimDACs we performedthe trimming procedure
asit is foreseerin the experimentThedistributionof the
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ABCDS3T chip beforethresholdcorrection.

Matching 1fC - Trimmed 1 fC |

MM [ P U U e e P L e, oy |

N
o
o

\\\*—PF\

®
o

50 % point (mV)

@
o

N
o

20

100 120
Channel number

0 20 40 60 80

50 % point spread 1 fC - Trimmed 1 fC M Nent= 128

35 Mean = 105.7
RMS = 1.455
Chi2 /ndf =2.136/5
Constant = 33.97 +- 3.398
Mean =105.7 +- 0.1359
|_sigma = 1.476 +- 0.06967

30

25

20

15

—

V
\
AL

P AR RPN AR L P P
85 90 95 100 105 110 115 120 125 130
50% point (mV)

10

00
o

Figure5: Distribution of thresholdfor 128 channelsn one
ABCDS3T chip afterthresholdcorrection.

thresholdin 128 channelsin one chip for 1 fC input
chargeis shownin Fig. 4. Thermsvalueis 7.4 mV. The
samedistribution after thresholdcorrectionis shown in

Fig. 5. Thespreachasbeenreducechow downto 1.5mV

rms which is the value one can expect given the
TrimDAC stepof 4 mV. The spreadof the thresholdis

equivalentto ENC of 180 € rms, which is completely
negligible comparedto the typical noise of 1400 € rms
for a modulewith long silicon strips, asforeseenfor the
ATLAS SCT.

[Il. RADIATION EFFECTS

Theradiationeffectsin the DMILL technologyandin
the ABCD design have been discussedn the previous
paper [4]. The DMILL technologyis qualified as a
radiation resistant one, however, the radiation levels
expectedor the SCT detectorin the ATLAS experiments
exceedhe upperlimits of thosespecifiedfor the DMILL
process,i.e. 10 Mrad of the ionising dose and
1x10" n/cn? 1 MeV eq. neutronfluence.In addition, if
one takes into account very advanced requirements
regardingthe noise,speedand power consumptiorof the
ABCD chip, it becomesbviousthat radiation effectsin
thebasicdevices althoughlimited, cannot beignored.

A. Total dose effects

Theradiationhardnes®f the ABCD designhasbeen
evaluated in numerous tests in various radiation
environmentsThe performancef the front-endcircuit is
affected by the major radiation effect in bipolar
transistors,.e. degradationof the currentgain factor 3.
As a resultsthe parallelnoisein the front-endincreases.
This effect has been taken into account from the
beginningof the ABCD project.

Fig. 6a. shows evolution of the parallel noise vs.
particle fluence during irradiation of a hybrid with 6
ABCD3T chipsin 24 GeV proton beam. Each curve
representshe averagefor 128 channelsn onechip. The
resultsof neutronirradiation performedin a reactorare
shownin Fig. 6b. In both casesve observean increaseof
the parallelnoisewhich is dueto the increaseof the shot
noiseof the basecurrentwhenthe input stageis operated
with aconstantollectorcurrent.As discussedn previous
paper[1], the increaseof the parallel noise hasa small
effect on the total noisewhenthe chipsare connectedo
long stripsandthenoiseis dominatedoy the seriemoise.

Another effect, which was not expectedfrom the
beginning but has been observedsystematicallyin all
radiationtests,is an increaseof the offset spreadin the
discriminator. The source of this effect has been
identified as worsening of resistor matching. The
evolution of the offset spreadvs. proton fluence(a), and
neutron fluence (b), for 6 irradiated ABCD3T chips is
shownin Fig. 7. The offset spreadincreasedy a factor
3-4 after protonirradiation and by a factor about2 after
neutronirradiation. The sameeffect was observedbefore
for the ABCD2T chips.
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A major total doseeffect expectedn the digital part
of the ABCD designis slowing down. The post-radiation
drifts of the parameterof MOS devicesas well asthe
variationof the procesgarameterfiavebeenanticipated
and a sufficient speedmargin has been foreseenin the
design. Typical degradationof the maximum clock
frequencyvs. total ionising dose for ABCD3T chip is
shownin Fig. 8. Sincethetestwasdonewith a high dose
rate the standard high temperature annealing was
performedn orderto simulateirradiationwith a low dose
rate. After full dose of 10 Mrad the maximum clock
frequencyis 52 MHz at nominal supply voltageof 4 V,
comparedto the required 40 MHz. Comparedto the
ABCD2T designthe speedmargin hasbeenimproved by
about10 MHz by tuning the timing in various blocks of
thecircuit.

In the ABCD2T chipsexcessivdeakagecurrentwas
observedafter irradiation. The sourceof the leakagehas
beentraceddownto a particularlatch structurewhich was
usedin various block of the chip. The designhas been
correctedin the ABCD3T version. The evolution of the
digital supply currentafter irradiation up to the nominal
doseof 10 Mrad and annealingis shownin Fig. 9. A
rapid increase of the supply current is observed
immediately after irradiation with high dose rate. The
excessivecurrentannealshen very quickly down to the
ultimatelevel, which is evenbelowtheinitial value.
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B. Sngle event effects

Since the ABCD chips will be exposedin the
experimentmainly to high energychargedparticlesand
neutronssingleeventeffects(SEE) are equallyimportant
as the total dose effects. Given the architectureof the
ABCD chip thereare two major types of digital blocks
which may be affectedby SEE, namelythe pipelineand
the staticregisterswhich containinformation about chip
configuration and settingsof operatingpoints. Any bit
flip in the pipeline causesa single dataerror andthusto
be comparedwith the noiserate expectedrom the front-
endcircuit. Sucherrorswill not requireany intervention.
Theerrorsin staticregisteramayleadto changef static
biasedn thefront-end,settingof thethresholdor changes
of operationmode.In orderto recoverfrom sucherrorsit
will beneededo reloadthe chip configuration.

Thesensitivityof the ABCD chip to the SEEhasbeen
testedin 24 GeV proton beamand in 200 MeV pion
beam.The resultsfrom both testsare fully consistentas
onecanexpectassuminghat for the DMILL procesghe
energytransferthresholdfor SEEis well below200MeV.
An exampleof datais shownin Fig. 10. The plot shows
the numberof SEE countedin the pipeline of one chip
while the beam was scannedacrossthe hybrid with
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Figure10: Measuremendf SEEin the pipelineduring
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6 ABCD2T chips. The upperplot showsthe SEE counts
performed within the beam spills and the lower plot
showsthe SEE countsoutsidethe beamspills.

From suchmeasurementse haveestimatedhe cross
sectiondor two typesof memorycellsusedin the ABCD
design.For the pipelinein which dynamicmemorycells
areusedthe SEE rate hasbeenmeasurecs 5x10/bit/s.
For the staticregistergshe SEEratehasbeenestimatedas
1x107/bit/s. None of thesenumbersseemsto createa
problemfor operationof the SCTin the particlefluxesas
presentlyestimated.

V. SUMMARY

The ABCD3T chip is the final versionof the binary
readout for the ATLAS Semiconductor Tracker. It
incorporatedixes of minor imperfectionsdentifiedin the
previous prototypes.The ABCD2T and ABCD3T chips
have been used extensivelyfor building completeSCT
modulesusedthenin the beamtestsandthe multi-module
systemtest. About 100 ABCD2T and ABCD3T chips
havebeenirradiatedin varioustestsup to thetotal doses
asexpectedn the ATLAS SCT. All thesetestsshowed
consistentresults. An efficient wafer screeningsystem
has been developedand used for testing wafers from
prototypebatches.
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