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Abstract

Differentapproache the designof pixel sensordor variousexperimentsn par
ticle physicsarereviewed. A shortoutlook of potentialdevelopmentdirectionsfor
futureexperimentds alsogiven.

1 Introduction

Hybrid pixel detectorsconsistof a thin, segmentedsilicon sensomwith highly segmented
integratedreadoutchipsconnectedo it via the bump bondtechnique.The sensoris sey-
mentedinto pixels of about0.02 mm? areaandthe readoutchip is subdvided into pixel
unit cellsmatchingthe sensompixels. While the R&D effort is focusedmainly on the chal-
lengingreadoutelectronicsandbump-bondingechniquelessattentionwasinitially given
to the sensar For thefirst generatiorpixel detectorsthe proventechniqueof silicon strip
detectorsvas merelyadapted.The needof a very high level of radiationtolerancein the
LHC experimentshowever triggeredan extensve R&D programboth for strip and pixel
sensorswith the pixel sensorgequiring the highestdegreeof radiationhardness.This
paperreviews pixel sensorconceptdor variouservironmentsin high enegy physicsex-
perimentsn the pastandpresentanddiscusseghelimitationsof thedifferentapproaches.
Therequirement®f possiblefuture experimentsareshortly mentionedandsomefields of
presentesearclaresummarized.

2 First Generation Pixel Detectors

Thefirst generatiorpixel detectorse.g. the onesof WA97 [1] andDELPHI [2] usedDC-
coupled“p™ in n” sensorsassketchedin fig. 1. The pixelsarep*-implantsin an n-type
substratdorming a pn-junction. As the p*-sides metallizationis directly connectedo
pixel-implants,no costdriving featuredik e poly-resistorsor large areacapacitorshave to
be implemented. The backsideis connectedvia an ohmic contactrealizedby an overall
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Figurel: Crosssectionof apt in n pixel detector The effective dopingandthe electric
field atfull depletionvoltageis alsoindicated.Thedimensionglo not scalecorrectly

n*-implantandanaluminization.Thesesensorsequireonly four masklayersand— most
important— no photolithographicstepon the backside. Thereforethey are called single
sided.

Whenapplyinga positive backsidevoltagethe sensitve spacechage region startsto
grow from the pn-junctiononthestructuredsideof thesensowuntil it is stoppeddy the high
dosent-implantatthebackside Thefield createdy thejunctionin thefully depletedstate
is sketchedntheright sideof fig. 1. It' smaximumis closeto thecollectingelectrodenhile
it vanishesatthe backsidecontact.Thereforethedevice canbe operategartially depleted.
Thismightbecomenecessaryf thebacksideas mechanicalljdamagedndanextensionof
thedepletionzoneinto thedamagedegionwould leadto anunacceptableurrentincrease.

Sinceradiationhardnesss not anissuein the applicationsdiscussedn this section,
usuallyalow dopedfloat zonen-substratevith aresistanc®f severalkQ cm is used.This
leadsto a full depletionvoltagebelov 50 V. The high voltage stability of the devices
is not critical and guardring structureswith one or two rings are sufficient. Due to the
low operationvoltage,the small distanceof one bump diameterbetweenthe sensoredge
beingon backsidepotentialandthe groundededgeof the readoutchip is uncriticalandno
sparkingbetweerboth partshasbeenobseredin thiskind of devices.

2.1 Pixel Layout

A possibldayoutof apixel cellis sketchedn fig. 2. It consist®onarectangulapt-implant,
with the metalizationcoveringalmostthewholeimplantedarea,andabroadcontactopen-
ing. The padsfor bumpbondingarelocatedat the endof the pixel andareoftenarranged
in amirroredgeometryasindicated.

Whereaghepitchis givenby therequiredspatialresolutionandthe bumppadposition
by the designof the readoutchip, the implantwidth is a “layout decision”. It determines
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Figure2: Possibldayoutof a pixel cell.
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Figure3: IV-setupfor asimplep™ in nsen- Figure4: MeasuredV-characteristi¢4].
sor.

the capacitancéetweemeighboringpixels. The noisein the pixel preamplifieris mainly
determinedby it's capacitve load. The total capacitancef a pixel is dominatedby the
capacitancgowardsit’s neighbors. This can be decreasedy increasingthe gap width.

In orderto keepthe pitch unchangedthe implantwidth hasto be decreaseat the same
time. In “strip like” pixel geometriesith alarge aspectatio asshavn in fig. 2, only two

of the neighborscontribute significantlyto overall capacitancendthereforeonly the gap
indicatedin fig. 2 needgo be maximized.However if onetriesto pushthis approachoo

farthe chage collectionwill beaffectedandthesignalcouldbeoutof time[3].

2.2 Sensor Testing

Usuallypixel detectomodulesconsistof severalreadoutchipsplacedon onesensorAfter
this procedureall the pixel cells on the sensorare groundedvia the bump bondsandthe
chips.As thechipsarethemostexpensve partof apixel detectoyit is of interestto testthe
sensobeforeattachingt to severalreadoutchips. Theeasiestmethodfor testingsensorss
to take anlV-curve, sincealreadysmalldamages$eadto anincreaseof theleakagecurrent,
if they areinsidethe spacechage region. In orderto fully depletethe sensorall pixels
must be contacted. As it is impossibleto contacteven a small fraction of the roughly
50000 pixel cellsin a highly segmentedsensorwith a probecard, e.g. in the DELPHI
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experimentonly the guard currentwas measuredas sketchedin fig. 3. A measurement
performedduringthe DELPHI moduleproductionis shovnin fig. 4 [4]. In thefirst partthe
currentdisplaysthe usualsquareoot lik e behaior asthe depletionzonegrows just below
the directly biasedguardrings. During the measuremerthe depletionzoneexpandsalso
laterallyandpuncheghroughto thefirst row of pixelsatabout12 V. Fromthis voltagethe
depletionzonealsogrows below thesepixelsasindicatedin fig. 3 andthedepleted/olume
is muchlarger leadingto a higher currentlevel asvisible in fig. 4. The punchthrough
between50V and 55V to the next pixel row is lessclearly visible. The breakdevn at
roughly100V is probablynot dueto any sensodamagebut dueto highfieldsin thepunch
throughregions.As at100 V only asmallpartof thesensois depletediueto lateralpunch
through,mostpixels anda large fraction of the backsideremainuntested.However, this
methodis capabldo detect‘obviously faulty” devicesthatshav amuchhighercurrentand
differentshapeof the characteristic At the endof the moduleproductionof the DELPHI
pixel detectorabout8 % hadto berejectedbecaus®f highleakagecurrentand5 % dueto
high noise[5]. Which fraction of thosecould have beenavoidedby moreadvancedsensor
testingis unknown.

3 Radiation Induced Effectsin Silicon

In the experimentdiscussedip to now radiationhardnessvasnot required.This changes
whenmoving to high rate experimentswith hadrons. In the context of LHC (and SSC)
radiationinducedeffectshave beensystematicallystudiedsincethe late 1980s[6, 7, 8, 9,
10]. Usuallyadistinctionbetweercrystaldamagen the sensowvolume(bulk damage) and
effectsattheinterfaceqsurfacedamage) is made.

3.1 Bulk Damage

As silicon and other semiconductorsre crystalsit is expectedthatthey will suffer from

radiationdefects. High enepetic particleswill not exclusively interactwith the electron
cloud producingthe electricalsignalbut alsowith the nucleioften displacingthemout of

thelattice. This produce<xrystalimperfectionghatmay be electricallyactive andchange
the electric propertiesof the material. In the inner regionsof high rate hadronicexperi-

mentsthe concentratiorof crystal defectswill after someyearsof operationexceedthe

initial substrateloping. At this momentthe materialpropertieswill be mainly determined
by the defects.Eventhoughit is not yet possibleto correlateall changesn the operation
parametersf the sensorsvith specificmicroscopiadefectsthesechangehave beenstud-
ied in detail. This allows a predictionof all the importantsensomparametergor a given

radiationscenarid8, 11,12, 13]. Themostimportantquantitiesnfluencedoy bulk defects
areshortlysummarizedn thefollowing.
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Figure5: Changeof thefull depletionvolt- Figure 6: Annealingbehaior of the effec-
ageof a300 um thick silicon sensof8]. tive spacechage afterirradiationwith aflu-
enceof 1.4 x 103 ecm=2 [12].

Leakage current: The leakagecurrentincreasegroportionallyto the fluenceof the
chagedparticles.As theleakagecurrentis stronglytemperaturelependentrradiatedsen-
sorshave to be cooledduring operationin orderto preventthermalrunavay which might
bedestructve.

Full depletion voltage: The full depletionvoltagechangeguring irradiationasshown
in fig. 5. In thefirst partup to several 10'? cm =2 it is decreasin@sthe processof donor
removal is dominant. At a higherfluencethe creationof radiationinduceddefectswith
negative spacechage becomesiominant,leadingto a spacechage sign inversion(also
calledtypeinversion).Thedepletionzoneafterthis fluencestartsto grow from then*-side
of the sensar Thetotal spacechage mainly causedy the radiationinduceddefectss re-
ferredto astheeffective dopingconcentrationAs it increasegroportionallyto thefluence,
thefull depletionvoltagealsoincreasesln orderto keepthe sensitve volumeconstantthe
appliedvoltagehasto be steadilyincreasedip to valuesof several hundredvolts. As the
enepy levelsassociatedo thosedefectsarelocateddeepin thebandgap,they do not con-
tribute to the conductvity, andirradiatedsilicon featuresonly the intrinsic conductvity.
The effective dopingconcentratiordisplaysa comple< annealingoehaior shavn in fig. 6,
commonlydescribedy theHamhurg model[12, 14]. After irradiationtheeffective doping
concentratiordecreasefo a minimum (stabledamagegc® in fig. 6) reachedafter about
oneweekat roomtemperaturébeneficialannealinglandslowly increasesfterwards(re-
verseannealing).In orderto slow down this increasejrradiateddetectorshave to be kept
cool alsooutsiderunningperiods.

Extensvework hasbeendoneto evaluatewhetherthepost-irradiatiorpropertiescanbe
affectedby specificimpuritiesotherthanboron,phosphoror arsenic.lt wasfoundthatan
enrichmenbf thesilicon substratevith oxygen,whichis believedto capturevacanciesn
stableandelectricallyneutralpointdefects)eadsto asuperiompost-irradiatiorperformance
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for samplesrradiatedwith chagedhadrong[13, 15]: The increaseof the full depletion
voltageafterirradiationinducedspacechage signinversionis reducedby abouta factor
of 4 comparedo non-oxygenatedloat zonematerial. Furthermorereverseannealingis
slowed down by a factorof two andits amplitudeis reduced.As the mainfluencein the
innermostpartof the experimentsat hadroncolliders,wherepixel detectorarecommonly
located,is dueto chagedpions,the useof oxygenatednaterialis recommendethere.

Trapping Radiationinduceddefectsactalsoaschagetrappingcenters.Trapsaremostly
unoccupiedn the depletionregion dueto the lack of free chage carriersandcanhold or
trap partsof the signal chage for a time longer than the chage collectiontime and so
reducethe signal height. The inversetrappingtime is proportionalto the concentration
of trapsand thereforeproportionalto the fluence. Trappingtimesin irradiatedsilicon
have beenmeasuredor electronsandholes[16]. Holesare more proneto trappingthan
electronsandthereforethecollectionof electrongs preferredor applicationsn very harsh
radiationervironment. A complex modelhasbeenbuilt to predictthe dependencef the
chage collection efficiengy on the trappingtime and the electric field inside the sensor
[11]. For mostof the tracking devices usedin particle physicsthis effect is muchless
of a problemthanthe radiationinducedeffectsmentionedabove. However if the particle
fluenceapproachesr evenexceedsl 0*° cm 2 thechagecollectionefficienoy degradedby
trappingwill bethelimiting factorofsilicondevices[17].

3.2 Surface Damage

In siliconthesurfaceregionis alsosensitveto radiation. Thetermsurfacedamagesumma-
rizesall defectsin the coveringdielectrics,e.g.thesilicon oxide andtheinterfacebetween
the silicon andthe dielectric. As the crystal structureof silicon oxideis highly irregular,
displacementf singleatomsdueto irradiationdoesnotleadto macroscopichangeslon-
izationin the oxide however is not fully reversibleand may causesteadychangeof the
interfaceproperties.One consequencef ionizationin the oxide is the build up of a pos-
itive fixed oxide chage that saturatesfter somekGy at a value of about3 x 10'? ¢/cm?
[18, 19, 20]. This oxide chage changeghe electricfield in the silicon bulk closeto the
surfaceandinducesa compensatingelectronaccumulationayer in n-type silicon anda
depletionlayerin p-type material.

A further effect of radiationis the generationof interface statesleadingto a surface
generatecturrentwhenthe spacechage region reacheshe surface. This contribution to
thedarkcurrentis proportionatlto theareanot coveredby the pixel implants[20].
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4 Radiation Hardnessof p* in n Sensors

In anunirradiatedp™ in n device the depletionzoneis growing from the junctionson the
structuredot-side. After the spacechage signinversionthe depletionzonestartsto grow
from the the unstructuredackside. As long asthe depletionregion hasnot reachedhe
surface,all pixelsonthe p*-sideareconnectedria the invertedundepletedulk material.
As this materialhasa poor conductvity, it is transparento fastsignals. This meansthat
“pt in n” sensordrradiatedover the point of inversiondeliver spatialinformation even
whenoperatedslightly underdepleted21]. However the signalsbecomevery smallwith
increasingunderdepletionand thereforeit is not advisibleto rely on this featurein an
experiment. The useof p in n sensorscan only be recommendedf the radiationand
temperaturescenariopredictsa full depletionvoltagewhich canrealistically be applied.
Thereforeradiationhardnes®ecomegquialentto high voltagecapability In thecoming
sectionssomemeasure$o increasehe high voltagestability arediscussed.

4.1 Guard Rings

The purposeof a multi guardring structureis to establisha gradualvoltagedrop between
thesensitveregionongroundpotentialandthecuttingedgeon backsidgpotential.lt avoids
high fields and subsequenbreakdavn at the device edgeand preventsthe spacechage
region from reachingthe heavily damageddgeregion. Floatingringsbiasthemselesvia
the punchthroughmechanismThe potentialdrop betweerthe rings canbe influencedoy
their spacinganda metaloverlap. Field platesdirectedoutwardsreducethe electricfield
at the implant edge. This is a techniqueusedin power electronicssincethe late 1960's
[24]. However it alsoreduceghe punchthroughvoltagebetweertwo neighboringringsif
it coverstoo muchof thegap. Thereforetheseoverlapsareusuallykeptrelatively smallas
indicatedin fig. 7. A field platedirectedtowardsthe sensitve region suppressethe punch
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throughhole currentandincreaseshe punchthroughvoltage[22]. This canbe understood
in termsof a p-MOSFETwith the gate(largefield platedirectedinwards)connectedo the
source(the outerof eachtwo rings). Suchgeometriesrethereforepreferredover designs
usingoutwardsdirectedfield plates[23].

Thenumberof guardrings necessargepend®n the maximalbiasvoltagetargeted.If
a uniform potentialdrop betweentheringsis aimedfor, the spacinghasto increaserom
theinnerto the outerregions. Althoughthereis alwayssomepressureo have asmalledge
regionin orderto minimize deadmaterial,a usefulrule-of-thumbis to foreseea distanceof
roughlythreetimesthe waferthicknessbetweerthe cuttingedgeandthe sensitve region.

It hasto be mentionedthata reliable edgeterminationcanalsobe obtainedwith only
two guardrings,onevery closeto the edgeon backsidepotentialandonevery closeto the
sensitve region on ground. Both rings have to be connectedvia a highly resistive (but not
perfectlyisolating) passvation covering the whole oxide surfacein betweerto guarantee
a well definedand gentle potentialdrop. However sucha passvation is not offered by
mostsensovendorsandthe useof sucha concepthasto be carefully discussedvith the
processingoundry.

4.2 Module Concept

The high voltagecapabilityis not only determinedby the sensoiitself but alsoby system
aspectsln mostmoduleconceptdollowedfor hybrid pixel detectorsthe wire bondpads
of readoutchipsoverlapthe sensoredgesasindicatedin fig. 8, andthe chip approachethe
sensotito adistanceof about20 mp. Thesizeof this gaplimits the high voltagecapability
of thedevice asthe breakdavn voltageof air (of theorderof 1.2 V/um [25]) caneasilybe
reached.Thisis oneof thereasonsvhy in applicationgequiringhigh voltageoperationa
doublesidedconceptwith guardringsonthe backsidds chosen.

4.3 Limitsin Radiation Hardness

Dueto their simplicity, p* in n sensorsarethe first choicefor mostdetectorapplications,
especiallythosewhereradiationdamages notanissueasfor exampleWA97 [1], DELPHI
[2] or Alice [26].

In thesesystemshigh resistive silicon is usedandthe operatingvoltageis alwaysfar
belov 100V. However, if onewantsto exploit thelimits in radiationhardnessf this sensor
type asdoneby silicon strip detectorse.g. in the CDF layer00 [27], ATLAS [28] or CMS
[29], oneneedsoperationvoltagesof 300 — 500 V andis facedwith the limitations given
by the module designas mentionedaborve. This problemmight be solved by avoiding
overlappingchips or addingon top of the sensorsa dielectric layer that standsseveral
hundredvolts. The MCM-D technique[30] seemsa good candidatefor sucha solution
(sectione). If it is foundto be practical,operatiorof p* in n sensorganeasilybeextended
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Figure9: Guardring concepf n' in n sensorsThebiasvoltageis appliedonthesensors
junctionside. This sideof the sensorcontainsalsothe multi-guardring structureproviding
a controlledpotentialdrop towardsthe edge. The whole sensorside facing the readout
electronicxcanbeheldat groundpotential.

into therangeof 2 — 3 x 10" ne,/cm?. Thelimitation for suchdevicesis givenfirstly by
theriseof thefull depletionvoltageandsecondlyby signallossdueto trapping.

5 High Luminosity Experimentswith Hadrons

Therequirement®f the LHC experimentsATLAS [31] andCMS [32], andof BTeV [33]
atFermiLabin termsof radiationhardnessannotbefulfilled with the previously discussed
p* in n sensorsAt the endof thetamgetedlifetime of the detectora full depletionvoltage
of morethan1000V is expected.As the maximumbiasvoltageforeseeris in the orderof
600 — 700 V, anunderdepletecbperationof the sensorss requiredfor a significantpartof
theirlifetime. To copewith this problem,all experimentamentionechave choserthen™ on
n concepffor their pixel sensorsThe pixelsconsistof n*-implantationsn high resistvity
n-typesilicon while the pn-junctionis locatedon the sensors backside surroundedy a
multi guardring structureasindicatedin fig. 9. After radiationinducedspacechage sign
inversion thedepletedegion startsto grow from then*-sideandthedevice canbeoperated
partially depletedjf full depletioncannotbe reachedary more. Furthermorethe double-
sidedprocessingf n' in n detectorsallows a guardring conceptwhich keepsall sensor
edgesat groundpotentialand avoids the risk of disruptive dischagesto the very closely
spacedront-endchip. This canbe achiered by placingthe multi-guardring structureon
the p-side,i.e. the sensors backside. The outerregion of the n*-side containingthe pixel
cellsis coveredwith alarge n*-implant,groundedexternally via the readoutchip. For the
designof theguardringsthe considerationfrom section4.1 arestill valid.

In comparisorwith standardp™ in n sensorsn™ in n sensorareroughly twice asex-
pensve dueto the needfor doublesidedprocessin@ndinter-pixel isolation. Furthermore,
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aloweryield comparedo singlesideddeviceshasto be expectedandan effective sensor
testingbeforebump bondingis very important. As a direct probing of all pixel cellsis
not possible,somebiasingstructurehasto be integratedonto the sensoiitself. Possible
implementationgsrediscussedn the context of the pixel designsn section5.2.

5.1 Inter Pixd Isolation

In contrastto the p-side, were the isolation of the adjacentpt-implantsis provided by

the omnipresenelectronaccumulationayer, exactly this accumulatioriayer electrically
connectsthe nt-implantsof the n-side if no precautionsare taken. Isolationis usually
provided by a boronimplantbetweerthe pixelsforming a lateralpn-junction. Depending
onthedosethisisolationimplantis calledeitherp-stopor p-spray

5.1.1 p-Stop Isolation

In doublesidedstrip detectorsacommontechniques to introducea high dosep™ -implant
betweenthe stripsasshown in fig. 10a. This is doneby an additionalphotolithographic
step. The alignmentof the p-stopmaskwith respecto the n*-pixelsis critical asanover
lapping of the two high doseimplantswould resultin Zenerbreakdevn. The minimum
spacingbetweentwo n*-implantsis thereforelimited by the necessaralignmenttoler-
ances.The advantageof this techniques thata typical doseof about10'* boronions per
squarecentimetemill in ary caseguarantegoodisolationalsoaftertheradiationinduced
build-up of a positive surfacechage, andthe adjustmentbf theimplantationdoseis not at
all critical.

Theelectricfield closeto thelateralpnjunctionwasnumericallycalculatedisingatwo
dimensionadevice simulationpackagg34]. The un-irradiateddevice hasa very low ox-
ide chage, resultingin alow electricfield. Thevalueof the oxide chageincreasesftera
smallirradiationdoseof below 20 kGy to its saturatiorvalue,resultingin anaccumulation
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of electronscloseto the surfaceandconsequentlyn a strongincreaseof the electricfield.

The potentialof the p-stop dependon the implant geometry the backsidebias and the
substratedoping. As thetwo latter valuesalsoarevery highin a highly irradiatedsensoy
the potentialdifferencebetweem™-pixelsandthe p*-stopsincreasesvith ongoingirradi-

ation,leadingto anadditional,but lessdrastic,increaseof the electricfield. The operation
of devicesfeaturingp-stopsin a strongradiationfield is limited by their decreasindiigh

voltagecapability

5.1.2 p-Spray Isolation

If thedoseof theboronimplantis matchedo thesaturatiornvalueof theoxidechagewhich
is of theorderof 3 x 102 ¢/cm™2, the boronconcentrations so small,thatan overlapof
the boronimplantwith the pixel’'s n*-implantdoesnot leadto breakdevn. Thereforethe
maskseparatindoth implantationscan be omittedandthe whole surfaceis thencovered
by the mediumdoseboronimplant. At the placesof the pixelsthe high dosent-implant
is not compensatedBecausef the missingmaskthis techniquds calledp-sprayisolation
[34]. Theabsencef a photolithographicstepis a costadvantageandalsopermitsnarrav
spacingbetweenneighboringnt-implants,asthereare no alignmenttolerancesetween
two differentmasksto be kept.

The point of maximal electricalfield is the lateral pn-junction betweenthe isolating
boronimplantandthe n*-pixels asindicatedin fig. 10h The un-irradiateddevice shavs
thehighestelectricalfield andthereforehelowestbreakdevn voltagein its life cycle. With
theincreasef the oxidechageto its saturatiornvaluetheshallov p-spraylayermovesinto
thedepletedstateandthe electricfield decreasesl helowestelectricfield is reachedvhen
theboronimplantmatchesxactly the saturationvalueof theoxide chage. Howeverif the
implantationdoseis too low the isolationmight not be sufficient. Thereforeone usually
chooseanimplantdoseabit higherthannecessaryo preventfailurein caseof fluctuations
in the productionprocessWith thefollowing increaseof the effective substratelopingthe
electricfield shavs anuncriticalincrease Thereforethesedevicesarecharacterizedby an
improvedhigh voltageperformancefterirradiation.

In orderto improve the pre-radiationhigh voltage stability of p-spraydeviceswhile
keepingtheir good post-irradiationbehaior, the modeated p-spraytechnique[35] has
beendeveloped. Herethe p-sprayimplantis performedlater in the productionprocess.
A topographyon the wafer’s surface,asfor exampleobtainedwith a nitride layer shovn
in fig. 10c, will thenbe reproducedn the dopingprofile asindicated. The borondosein
the middle of the gapbetweenwo pixels canbe choserhigh enoughto ensureanter pixel
isolation,e.g. twice the expectedsaturatiorvalue of the surfacechage. At the sametime
the borondosein the surroundingof the lateralpn-junction canbe optimizedfor the best
high voltage performancewhich is reachedvhenthe doseis closeto the expectedsatu-
ration value of the surfacechage. As the nitride layeris a standardstepin the process
of mary detectorvendorsthis technologyin mostcasesloesnot needan additionalpho-
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tolithographicstep. However, the freedomto designvery small gapsbetweenthe pixel
implantsis limited in themoderateg-spraytechnologyasthe moderatioris only effective
if thelayerof the moderateg-spraydosehasa minimumwidth of about3 — 5 pm.

5.2 Pixel Layouts

The layoutof the pixel cell dependsstronglyon the n-sideisolationtechnique.Therefore
bothmethodsarediscussedeparately

5.2.1 Layoutswith p-Stops

Whendesigninga p-stopisolateddevice, mostattentionis paid to the geometryof the p-
stops. For strip detectorsmmumerouggeometriehave beenevaluated 36, 37]. Howeverin
pixel devices“atoll” like structuresare preferredin orderto avoid local defectsaffecting
thewholearray[38]. P -stopsprovide a very goodisolation. However, in somesituations
ahighresistve connectiorbetweerthe pixelsis desirablefor exampleto performlV-tests
of the deviceson waferlevel, or to hold unconnectegbixels closeto groundwhenthefull
depletionvoltageis exceededIn caseof anohmicconnectiorbetweemeighboringpixels,
themaximumvalueis determinedy themaximumacceptabl&oltagedropbetweerpixels
andtheleakagecurrenteadingto avalueof theorderof 1 GQ. Thelowerlimit of theinter-
pixel resistancas given by the requiremenbf preventinga significantsignaldistribution
to the neighborchannelswithin a typical shapingtime of 25ns. This leadsto a lower
limit of the resistanceof aboutl MQ. Resistorscanbe implementedoy openingsin the
p-stopimplantssurroundingevery pixel cell, which leave room for a conductve electron
accumulatiorlayer. Thevalueof theresistancelepend®nthelengthandthewidth of this
path. Differentpossibleresistorgeometrieshown in fig. 11 have beenevaluated 39, 40,
41].

Thevalueof theresistancelependwery stronglyon the backsidevoltageasshavn in
fig. 12. At low voltagesthe currentflows mainly throughthe undepletedulk. Whenthe
spacechage region reacheghe n-side, the pixels are separatedrom eachotherandthe
currenthasto passhroughtheelectronaccumulatiorlayerforming theresistor Thisleads
to anincreaseof the resistanceasseenin fig. 12 around150 V (onep-stopring). When
the bias voltageis increasedurther the resistancdirst grows slowly for a while before
increasingvery steeplyabove 200 V. This is indication of pinch-of, sincewith further
over-depletionthepotentialdifferencebetweem-stopsandthen™ -implantsincreasesinda
field is growing from the pn-junctionbetweem-stopsandbulk alsoin thelateraldirection.
Thewidth andheightof the “plateau”region betweenl50and200 V dependstronglyon
the p-stopgeometry In the“one-ring-design’{fig. 11(b))it is well developedwith awidth
of almost50 V atroughly 1 MQ. Consequentlyt is possibleto over-depleteall pixels by
50V usingtwo probeneedlespneplacedon the p- sidediodeandthe otheron the n-side
guardring. This allows for a reliable sensortesting. In the “two ring design”shown in
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fig. 11(a)thewidth of the pathis muchnarrover andthe pinchoff appearsnuchearlier A
plateauof the inter pixel resistances hardly visible andthereforesucha designdoesnot
allow testing[41].

After irradiationtheinter-pixel resistancesaturatest valuesof several GQ almostin-
dependenthyof the design.Althoughunbondedixelsfloat to high potentialswith respect
to their neighborsno harmful effects have so far beenobserned. Thereis no correlation
betweemissingbumpbondsandnoisy pixelsin irradiatedsampleg40, 41].

At biasvoltagesof severalhundredvoltsasrequiredn theLHC ernvironmentthecurrent
usuallystartsto deparfrom thesquareootlikebehaior [42]. At thesamdimethenumber
of noisy channelsstartsto increasedramaticallyto unacceptabléevels[43, 41]. Thisis
probablydueto avalanchebreakdevn at the p-stop edgesand hasalsobeenobseredin
strip detectord44]. Several measureso improve this behaior have beenproposed.The
designwith only onep-stopring (seefig. 11(b)) shawvs lessdramaticcurrentincreasehan
theotherstested45] which canbeexplainedby the smallergapsbetweerthent-implants.
As the inter-pixel resistancas also matchesthe requirementdor sensortesting, similar
designsare usedfor further studies[46]. Otherpossibilitiesto improve the high voltage
capabilityarefield plates[47, 48] or areductionof the p-stopdose[41].

5.2.2 Layoutswith p-Spray

Dueto the “missing” maskfor the inter pixel isolation, the designsof p-sprayisolatedn
in_n pixels look quite similar to thoseof p in n devices. So the designshown in fig. 2
could beinterpretedasa p-sprayisolatedn in n device if theimplantwould be labeledas
n-type. However, the conductingp-spraylayer, not shavn in the layoutdrawings, covers
theinter-pixel region andmustbekeptin mind.

The inter-pixel capacitancecan be decreasedy increasingthe gapsbetweenpixel,
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however otherconsiderationgavor small gaps. Sincethe mostimportantrequiremento
n* in n sensorgs radiationhardnessthe devices have to be optimizedfor high voltage
operation.In orderto achiese this, the electricfields have to be keptassmallaspossible.
Thereforethe potential differencebetweenthe p-spraylayer and the pixel's n*-implant
mustbelimited, asthelateralpnjunctionis the mostcritical spotin thesedevicesin terms
of electricalbreakdevn. The potentialof the p-sprayis determinedy thelargestdistance
betweemeighboringn™ -implantsanywhereon the device. Theseareusuallythe diagonal
gapsin the regionswherefour pixelsjoin. In conclusionthe useof the smallestgapsstill
compatiblewith noiserequirementss recommendedgtypically 15 - 20 um).
Thetechnologicapossibilityto realizeevensmallergapsbetweerthent-implants(typ-
ically 5 um) canbeusedto implementa punchthroughbiasgrid asshovniin fig. 13. In an
un-irradiatedsensorall pixels are connectedvith eachotherandto the biasgrid through
the bulk, aslong asthe biasvoltageappliedis below full depletion.Whenthefull deple-
tion voltageis exceededall n*-implantsareisolatedby the p-spraylayer andthe leakage
currentof eachpixel hasto flow to the bias grid throughthe depletedbulk via thermo-
ionic emission.Dueto the narrav spacingthe potentialdifferencebetweenra pixel andthe
biasgrid cannotexceedmorethana few volts andthe grid canbe usedto biasall pixels.
An IV-cune takenwith two probeneedleds capableto detectmostfrequentfailures,e.g.
scratcheor spikesanywherein the sensitve volume. After bump-bondingthe bias grid
is out of function becausehe pixels are biasedvia the readoutchip. For this reasonno
additionalnoisehasbeenobseredin pixel detectoraisingthisfeaturein contrasto irradi-
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Figure13: Two possibleimplementation®f a punchthroughbiasgrid [43].

atedsilicon strip detectoravith punch-througtbiasing[49, 21]. In caseof amissingbump

bondthe unconnectegbixel is keptcloseto groundpotentialby the biasgrid andwill not

affect the neighbors.The bus line of the biasgrid will collectsomesignalchage, which

will belost, andthe particle detectionefficiency will bereduced.lt is thereforedesirable
to minimizethe areacoveredby the biasstructure.

Theimplementatiorshovn in fig. 13ais themostsimpledesignwith leastrequirements
to the productionprocess.Thereareno small structureghat could approactthe limits of
thetechnologyandall metalareasareunderlayedvith animplant. Soevenpinholesin the
oxidewould not causeharm. In the designshown in fig. 13bthe areaaffectingthe chage
collectionis minimized. The implantationof the biasstructureis shrinkedto a small bias
dot placedinside the pixel. Surroundingthe bias dot with the pixel implant guarantees
thatthe signalgeneratedn the region betweerthe pixelsis not lost to the grid. The bus
in-betweenthe pixelsis just a metalline. Testbeammeasurement&hich suchdevices
show a particle detectionefficiency above 99% in the un-irradiatedstate[50] andabove
95% afterirradiationwith 10'° n., /cm? [51]. However, sucha designis moredemanding
concerninghefabricationprocess.

For devicesfeaturingmoderateg-spraythe designconsiderationgaresimilar. Dueto
the alignmenttolerancesandin orderto effectively reducethe electricfield with a lower
boronconcentrationa certainminimal distancebetweenthe pixel's phosphorusmplant
andthe nitride edgehasto be provided. If onetriesto implementa biasgrid accordingto
fig. 13aonewould obtainatoo large punchthroughvoltagebetweerthegrid andthepixels
becausef this limitation. However the designshawn in fig. 13b canbe translatednto a
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moderateg-spraydesign.Thegapbetweerthepixelimplantandthebiasdotmustbefilled
completelywith thefull dosep-spray Thisis possiblebecause¢he conductingooronlayers
betweerthe pixelsandin the biasstructureareelectricallyisolatedandcanhave different
potentials. In the region betweenthe pixels the potentialdifferencebetweenthe p-layer
andthepixels’ n*-implantis higherdueto thelargergapbut “buffered” by the moderated
p-spray Thegapbetweerthebiasdotandthepixelis very smallandthereforethe potential
differencebetweerthe p-layerandthe pixel-implantis muchlowerandmoderatiorin this
areais not necessaryT he pre-radiatiorbreakdaevn voltageis stronglyimprovedcompared
to the standardp-spray[43, 52] while thegoodpost-irradiatiorbehaior is maintained.

5.3 Limitsin Radiation Hardness

Thelimit of radiationhardnesss given by the reductionof signalheight. As this degra-
dationis a steadyprocessit is not possibleto give a strict rule whena sensorbecomes
unusable For thereadoutelectronicausedin ATLAS andCMS typically a signalof about
5000electrongperm.i.p. is requiredto detectthe particlewith anefficiengy of abose 95%.

Thereductionof the signalis causedy theincreaseof the effective spacechage and
trapping. The formercanbe compensatedp to a certainlevel by increasinghe operating
voltage.Herethelimit is givenmoreby practicalconsiderationsin principleit is possible
to build sensorswith a high voltage capability of morethan1kV. Trappingcanbe re-
ducedby collectingelectronswhich arelessproneto trappingthanholes,andby high bias
voltagescausingshortercollectiontimes. But ultimately trappingwill limit thelifetime of
silicon detectors.

For the LHC experimentscurrently underconstructiona radiationhardnesaup to a
fluenceof 1 x 10" n,/cm? wastargetedandreachedThis numberis currentlyconsidered
to bethe“limit of silicon”. Howeverthereis nofundamentateasorsupportinghis number
andthereis interestto pushthis limit asdiscussedn thefollowing section.

6 Future Experiments

At the momenttwo optionsof future machinesare discusseda linear electroncollider
anda very high luminosity hadroncollider, e.g. a LHC upgrade.They leadto completely
differentrequirementsndarediscussedeparately

6.1 Very High Luminosity Hadron Collider

Futureveryhighluminositycollidersor apossible.HC upgradeo aluminosityof 10*®> cm=2s~!
will requirea radiationhardnesdor tracking devices placedat radii belov 10 cm of up
to the orderof 10* n.,/cm?. In additionthe areaof devices having to withstandup to
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10" ne,/cm? will increaseby at leasta factorof threecomparedo the multi purposeex-
perimentscurrentlyunderconstructionThereforea costeffective alternatve to then™ in n
pixel detectorsmustbe found.

Both problemsare addressedy the CERN-RD50collaboration[53]. Several ap-
proachedo improve radiationhardnes®f silicon devicesarefollowed[54]. Thechange
of the materialpropertiesddueto irradiationcanbeinfluencedby “defectengineering” For
thisthecrystaldefectdeadingto degradatiorof theperformancenustbeunderstoodnthe
microscopicalevel. Enrichingthe silicon bulk materialwith certainimpurities, e.g. oxy-
gen, caninfluencethe formation of crystaldefectsandalter the post-irradiationmaterial
properties Furthermorehe operatingconditionscanbe changedconcerninghe operating
temperaturg55] or the polarity of the operationvoltage[56]. Otherdevice structurese.g.
3-D detectorg57, 58] or ultra thin detectorsareconsideredn orderto minimize the drift
pathof the signalchagewhich reducedrappingandthe voltageneededor full depletion.
Othermaterialdik e diamond[59] or compoundsemiconductorarealsoinvestigated.

Very high luminosity hadroncollider will not only entaila demandor “ultra radiation
hard”trackingdevicesbut alsoheavily increaseheneedfor devicesoperatingn thefluence
rangeupto 10'° n,/cm? currentlycoveredby hybrid pixel detectorswith n* in n sensors.
As thesedevices are muchtoo expensve to equiptensof squaremeters,otherconcepts
mustbe found. The mostcostdriving featuresin the presentpixel technologyare the
full coverageof the sensitve areawith readoutelectronicsand the double sidedsensor
processing.The MCM-D techniqueproposedor integratingthe HDI on the sensorff60]
canin additionbe usedto routesignalsfor the caseof differentpitchesonreadoutchipand
sensof30]. It is concevableto build “macropixel” or “mini strip” detectorswith a sensor
cell sizeof theorderof 1 mm? [61, 62]. They couldbereadoutby asmallnumberof pixel
chipswith amuchsmallercell sizein theorderof .01 mm?. Theroutingbetweerthesensor
cellsandthe inputsof the readoutchipscould be performedusingthe MCM-D technique
which alsoallows the integrationof othercomponent®f a module. As the readoutchips
canbe placedcompletelyinsidethe active areaof the sensotthe sensoredgeseednot be
kepton groundpotentialanda singlesidedsensomvould be possible.Bestcandidategor
sucha single sidedsensorare probablyn-pixels in a p-substrate.Sucha sensorcollects
electronswould be muchcheapethanthe currentlyusedn™ in n sensorsandwould not
undego aspacechagesigninversion.Howeverasdonorremoval is notimportantin these
devices,their post-irradiatiorfull depletionvoltagewill behigher

6.2 FutureLinear Collider

At linear collidersthe beamscomein “trains” of closley spaceduncheswith large gaps
in-between pffering enoughtime for readout.Contraryto hadroncolliders,simultaneous
datarecordinganddatareadouis not necessaryandtheinstantaneoudatarateis modest.
Thesearethe ideal conditionsfor the applicationof CCD’s, which have previously been
usedverysuccessfullyat SLD [63]. MostR&D effort for vertex detectorstlinearcolliders
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is put into sucha solution[64, 65]. During the time gapsthe primary chage signalsare
transferredo the edgeof the CCD rows, wherethey are amplifiedfor further treatment
andreadout. Thusa one-to-onecoverageof the sensorareawith readoutchips,asusedin
hybrid pixel detectorsat hadroncolliders,canbe avoided. This allows the constructionof
extremelythin detectormoduleswith anambitiousgoalof 0.1 %X, or below [64], mainly
determinedy the smallestachiazablesensothickness.

Otheroptionsare integratedCMOS detectord66] which combineparticle detection,
first signalprocessin@nddatasparsificatioronastandardcCMOSwafer, andDEPFET/DEPMOS
detectorg67, 68], which areprocessedn high resistve sensomaterialandintegrateonly
thefirst amplificationstagein every pixel cell.
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