
Sensor Concepts for Pixel Detectors in High Energy
Physics

Tilman Rohe
Paul Scherrer Institut
5232Villig enPSI
Switzerland

Abstract

Differentapproachesin thedesignof pixel sensorsfor variousexperimentsin par-
ticle physicsarereviewed. A shortoutlook of potentialdevelopmentdirectionsfor
futureexperimentsis alsogiven.

1 Introduction

Hybrid pixel detectorsconsistof a thin, segmentedsilicon sensorwith highly segmented
integratedreadoutchipsconnectedto it via thebumpbondtechnique.Thesensoris seg-
mentedinto pixels of about

�����������
	
areaandthe readoutchip is subdivided into pixel

unit cellsmatchingthesensorpixels.While theR&D effort is focusedmainlyon thechal-
lengingreadoutelectronicsandbump-bondingtechnique,lessattentionwasinitially given
to thesensor. For thefirst generationpixel detectors,theproventechniqueof silicon strip
detectorswasmerelyadapted.Theneedof a very high level of radiationtolerancein the
LHC experimentshowever triggeredan extensive R&D programboth for strip andpixel
sensors,with the pixel sensorsrequiring the highestdegreeof radiationhardness.This
paperreviews pixel sensorconceptsfor variousenvironmentsin high energy physicsex-
perimentsin thepastandpresent,anddiscussesthelimitationsof thedifferentapproaches.
Therequirementsof possiblefutureexperimentsareshortlymentionedandsomefieldsof
presentresearcharesummarized.

2 First Generation Pixel Detectors

Thefirst generationpixel detectorse.g. theonesof WA97 [1] andDELPHI [2] usedDC-
coupled“p� in n” sensorsassketchedin fig. 1. The pixelsarep� -implantsin an n-type
substrateforming a pn-junction. As the p� -side’s metallizationis directly connectedto
pixel-implants,no costdriving featureslike poly-resistorsor largeareacapacitorshave to
be implemented.The backsideis connectedvia an ohmic contactrealizedby an overall
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Figure1: Crosssectionof a p� in n pixel detector. The effective dopingandthe electric
field at full depletionvoltageis alsoindicated.Thedimensionsdo notscalecorrectly.

n� -implantandanaluminization.Thesesensorsrequireonly four masklayersand– most
important– no photolithographicstepon the backside.Thereforethey arecalledsingle
sided.

Whenapplyinga positive backsidevoltagethe sensitive spacecharge region startsto
grow from thepn-junctiononthestructuredsideof thesensoruntil it is stoppedby thehigh
dosen� -implantat thebackside.Thefield createdby thejunctionin thefully depletedstate
is sketchedontheright sideof fig. 1. It’ smaximumis closeto thecollectingelectrodewhile
it vanishesat thebacksidecontact.Thereforethedevicecanbeoperatedpartiallydepleted.
Thismightbecomenecessaryif thebacksideis mechanicallydamagedandanextensionof
thedepletionzoneinto thedamagedregionwould leadto anunacceptablecurrentincrease.

Sinceradiationhardnessis not an issuein the applicationsdiscussedin this section,
usuallya low dopedfloat zonen-substratewith a resistanceof several � Ω 
 � is used.This
leadsto a full depletionvoltagebelow � ��� . The high voltagestability of the devices
is not critical andguardring structureswith oneor two rings aresufficient. Due to the
low operationvoltage,thesmall distanceof onebumpdiameterbetweenthe sensoredge
beingon backsidepotentialandthegroundededgeof thereadoutchip is uncriticalandno
sparkingbetweenbothpartshasbeenobservedin this kind of devices.

2.1 Pixel Layout

A possiblelayoutof apixel cell is sketchedin fig. 2. It consistsonarectangularp� -implant,
with themetalizationcoveringalmostthewholeimplantedarea,andabroadcontactopen-
ing. Thepadsfor bumpbondingarelocatedat theendof thepixel andareoftenarranged
in amirroredgeometryasindicated.

Whereasthepitch is givenby therequiredspatialresolutionandthebumppadposition
by thedesignof the readoutchip, the implantwidth is a “layout decision”. It determines
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Figure2: Possiblelayoutof apixel cell.
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Figure3: IV-setupfor a simplep� in n sen-
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Figure4: MeasuredIV-characteristic[4].

thecapacitancebetweenneighboringpixels. Thenoisein thepixel preamplifieris mainly
determinedby it’ s capacitive load. The total capacitanceof a pixel is dominatedby the
capacitancetowardsit’ s neighbors. This canbe decreasedby increasingthe gapwidth.
In orderto keepthe pitch unchanged,the implant width hasto be decreasedat the same
time. In “strip like” pixel geometrieswith a largeaspectratio asshown in fig. 2, only two
of theneighborscontributesignificantlyto overall capacitanceandthereforeonly thegap
indicatedin fig. 2 needsto bemaximized.However if onetries to pushthis approachtoo
far thechargecollectionwill beaffectedandthesignalcouldbeoutof time [3].

2.2 Sensor Testing

Usuallypixel detectormodulesconsistof severalreadoutchipsplacedononesensor. After
this procedureall the pixel cells on the sensoraregroundedvia the bump bondsandthe
chips.As thechipsarethemostexpensivepartof apixel detector, it is of interestto testthe
sensorbeforeattachingit to severalreadoutchips.Theeasiestmethodfor testingsensorsis
to takeanIV-curve,sincealreadysmalldamagesleadto anincreaseof theleakagecurrent,
if they areinsidethe spacecharge region. In orderto fully depletethe sensor, all pixels
must be contacted. As it is impossibleto contacteven a small fraction of the roughly
50000 pixel cells in a highly segmentedsensorwith a probecard,e.g. in the DELPHI
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experimentonly the guardcurrentwasmeasuredassketchedin fig. 3. A measurement
performedduringtheDELPHI moduleproductionis shown in fig. 4 [4]. In thefirst partthe
currentdisplaystheusualsquareroot likebehavior asthedepletionzonegrows just below
thedirectly biasedguardrings. During themeasurementthedepletionzoneexpandsalso
laterallyandpunchesthroughto thefirst row of pixelsatabout , �-� . Fromthisvoltagethe
depletionzonealsogrowsbelow thesepixelsasindicatedin fig. 3 andthedepletedvolume
is much larger leadingto a highercurrentlevel asvisible in fig. 4. The punchthrough
between� �.� and �/� � to the next pixel row is lessclearly visible. The breakdown at
roughly , �/��� is probablynotdueto any sensordamagebut dueto highfieldsin thepunch
throughregions.As at , �0�.� only asmallpartof thesensoris depleteddueto lateralpunch
through,mostpixelsanda large fraction of the backsideremainuntested.However, this
methodis capableto detect“obviouslyfaulty” devicesthatshow amuchhighercurrentand
differentshapeof thecharacteristic.At theendof themoduleproductionof theDELPHI
pixel detectorabout8% hadto berejectedbecauseof high leakagecurrentand5% dueto
highnoise[5]. Which fractionof thosecouldhavebeenavoidedby moreadvancedsensor
testingis unknown.

3 Radiation Induced Effects in Silicon

In theexperimentsdiscussedup to now radiationhardnesswasnot required.This changes
whenmoving to high rateexperimentswith hadrons. In the context of LHC (andSSC)
radiationinducedeffectshave beensystematicallystudiedsincethe late1980s[6, 7, 8, 9,
10]. Usuallyadistinctionbetweencrystaldamagein thesensorvolume(bulk damage) and
effectsat theinterfaces(surfacedamage) is made.

3.1 Bulk Damage

As silicon andothersemiconductorsarecrystalsit is expectedthat they will suffer from
radiationdefects. High energetic particleswill not exclusively interactwith the electron
cloudproducingtheelectricalsignalbut alsowith thenucleioftendisplacingthemout of
thelattice. This producescrystalimperfectionsthatmaybeelectricallyactive andchange
the electricpropertiesof the material. In the inner regionsof high ratehadronicexperi-
mentsthe concentrationof crystaldefectswill after someyearsof operationexceedthe
initial substratedoping.At this momentthematerialpropertieswill bemainly determined
by thedefects.Eventhoughit is not yet possibleto correlateall changesin theoperation
parametersof thesensorswith specificmicroscopicdefects,thesechangeshavebeenstud-
ied in detail. This allows a predictionof all the importantsensorparametersfor a given
radiationscenario[8, 11,12, 13]. Themostimportantquantitiesinfluencedby bulk defects
areshortlysummarizedin thefollowing.
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[12].

Leakage current: The leakagecurrent increasesproportionally to the fluenceof the
chargedparticles.As theleakagecurrentis stronglytemperaturedependent,irradiatedsen-
sorshave to becooledduringoperationin orderto prevent thermalrunaway which might
bedestructive.

Full depletion voltage: The full depletionvoltagechangesduring irradiationasshown
in fig. 5. In the first part up to several , �V¹ 	 
 �½¼ 	

it is decreasingasthe processof donor
removal is dominant. At a higherfluencethe creationof radiationinduceddefectswith
negative spacecharge becomesdominant,leadingto a spacecharge sign inversion(also
calledtypeinversion).Thedepletionzoneafterthisfluencestartsto grow from then� -side
of thesensor. Thetotal spacechargemainly causedby theradiationinduceddefectsis re-
ferredto astheeffectivedopingconcentration.As it increasesproportionallyto thefluence,
thefull depletionvoltagealsoincreases.In orderto keepthesensitivevolumeconstant,the
appliedvoltagehasto besteadilyincreasedup to valuesof severalhundredvolts. As the
energy levelsassociatedto thosedefectsarelocateddeepin thebandgap,they donotcon-
tribute to the conductivity, and irradiatedsilicon featuresonly the intrinsic conductivity.
Theeffectivedopingconcentrationdisplaysacomplex annealingbehavior shown in fig. 6,
commonlydescribedby theHamburg model[12, 14]. After irradiationtheeffectivedoping
concentrationdecreasesto a minimum(stabledamage,¾0¿ÁÀ in fig. 6) reachedafterabout
oneweekat roomtemperature(beneficialannealing)andslowly increasesafterwards(re-
verseannealing).In orderto slow down this increase,irradiateddetectorshave to bekept
coolalsooutsiderunningperiods.

Extensivework hasbeendoneto evaluatewhetherthepost-irradiationpropertiescanbe
affectedby specificimpuritiesotherthanboron,phosphoror arsenic.It wasfoundthatan
enrichmentof thesilicon substratewith oxygen,which is believedto capturevacanciesin
stableandelectricallyneutralpointdefects,leadsto asuperiorpost-irradiationperformance
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for samplesirradiatedwith chargedhadrons[13, 15]: The increaseof the full depletion
voltageafter irradiationinducedspacecharge sign inversionis reducedby abouta factor
of 4 comparedto non-oxygenatedfloat zonematerial. Furthermorereverseannealingis
sloweddown by a factorof two andits amplitudeis reduced.As themain fluencein the
innermostpartof theexperimentsathadroncolliders,wherepixel detectorsarecommonly
located,is dueto chargedpions,theuseof oxygenatedmaterialis recommendedthere.

Trapping Radiationinduceddefectsactalsoaschargetrappingcenters.Trapsaremostly
unoccupiedin thedepletionregion dueto the lack of freechargecarriersandcanhold or
trap partsof the signal charge for a time longer than the charge collection time andso
reducethe signalheight. The inversetrappingtime is proportionalto the concentration
of trapsand thereforeproportionalto the fluence. Trappingtimes in irradiatedsilicon
have beenmeasuredfor electronsandholes[16]. Holesaremoreproneto trappingthan
electronsandthereforethecollectionof electronsis preferredfor applicationsin veryharsh
radiationenvironment. A complex modelhasbeenbuilt to predictthedependenceof the
charge collectionefficiency on the trappingtime and the electric field inside the sensor
[11]. For most of the tracking devices usedin particle physicsthis effect is much less
of a problemthantheradiationinducedeffectsmentionedabove. However if theparticle
fluenceapproachesor evenexceeds, � ¹»Â 
 � ¼ 	

thechargecollectionefficiency degradedby
trappingwill bethelimiting factorof silicon devices[17].

3.2 Surface Damage

In siliconthesurfaceregionis alsosensitiveto radiation.Thetermsurfacedamagesumma-
rizesall defectsin thecoveringdielectrics,e.g.thesiliconoxideandtheinterfacebetween
thesilicon andthe dielectric. As thecrystalstructureof silicon oxide is highly irregular,
displacementof singleatomsdueto irradiationdoesnot leadto macroscopicchanges.Ion-
ization in the oxide however is not fully reversibleandmay causesteadychangesof the
interfaceproperties.Oneconsequenceof ionizationin theoxide is thebuild up of a pos-
itive fixedoxidecharge that saturatesafter somekGy at a valueof about ¶ ¸ , � ¹ 	ÄÃ�Å 
 �Æ	
[18, 19, 20]. This oxide charge changesthe electricfield in the silicon bulk closeto the
surfaceand inducesa compensatingelectronaccumulationlayer in n-type silicon anda
depletionlayerin p-typematerial.

A further effect of radiationis the generationof interfacestatesleadingto a surface
generatedcurrentwhenthespacecharge region reachesthesurface. This contribution to
thedarkcurrentis proportionalto theareanotcoveredby thepixel implants[20].
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4 Radiation Hardness of p È in n Sensors

In anunirradiatedp� in n device thedepletionzoneis growing from the junctionson the
structuredp� -side.After thespacechargesigninversionthedepletionzonestartsto grow
from the the unstructuredbackside.As long asthe depletionregion hasnot reachedthe
surface,all pixelson thep� -sideareconnectedvia the invertedundepletedbulk material.
As this materialhasa poorconductivity, it is transparentto fastsignals.This meansthat
“p� in n” sensorsirradiatedover the point of inversiondeliver spatialinformationeven
whenoperatedslightly under-depleted[21]. However thesignalsbecomevery smallwith
increasingunder-depletionand thereforeit is not advisibleto rely on this featurein an
experiment. The useof p in n sensorscan only be recommendedif the radiationand
temperaturescenariopredictsa full depletionvoltagewhich canrealisticallybe applied.
Thereforeradiationhardnessbecomesequivalentto high voltagecapability. In thecoming
sectionssomemeasuresto increasethehighvoltagestabilityarediscussed.

4.1 Guard Rings

Thepurposeof a multi guardring structureis to establisha gradualvoltagedropbetween
thesensitiveregionongroundpotentialandthecuttingedgeonbacksidepotential.It avoids
high fields andsubsequentbreakdown at the device edgeandpreventsthe spacecharge
region from reachingtheheavily damagededgeregion. Floatingringsbiasthemselvesvia
thepunchthroughmechanism.Thepotentialdropbetweentheringscanbeinfluencedby
their spacinganda metaloverlap. Field platesdirectedoutwardsreducetheelectricfield
at the implant edge. This is a techniqueusedin power electronicssincethe late 1960’s
[24]. However it alsoreducesthepunchthroughvoltagebetweentwo neighboringringsif
it coverstoo muchof thegap.Thereforetheseoverlapsareusuallykeptrelatively smallas
indicatedin fig. 7. A field platedirectedtowardsthesensitive regionsuppressesthepunch
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throughholecurrentandincreasesthepunchthroughvoltage[22]. Thiscanbeunderstood
in termsof ap-MOSFETwith thegate(largefield platedirectedinwards)connectedto the
source(theouterof eachtwo rings). Suchgeometriesarethereforepreferredover designs
usingoutwardsdirectedfield plates[23].

Thenumberof guardringsnecessarydependson themaximalbiasvoltagetargeted.If
a uniform potentialdropbetweentherings is aimedfor, thespacinghasto increasefrom
theinnerto theouterregions.Althoughthereis alwayssomepressureto haveasmalledge
regionin orderto minimizedeadmaterial,ausefulrule-of-thumbis to foreseeadistanceof
roughlythreetimesthewaferthicknessbetweenthecuttingedgeandthesensitiveregion.

It hasto bementionedthata reliableedgeterminationcanalsobeobtainedwith only
two guardrings,oneverycloseto theedgeonbacksidepotentialandoneverycloseto the
sensitive region on ground.Both ringshave to beconnectedvia a highly resistive (but not
perfectlyisolating)passivationcovering thewholeoxidesurfacein betweento guarantee
a well definedand gentlepotentialdrop. However sucha passivation is not offeredby
mostsensorvendorsandtheuseof sucha concepthasto becarefullydiscussedwith the
processingfoundry.

4.2 Module Concept

Thehigh voltagecapabilityis not only determinedby thesensoritself but alsoby system
aspects.In mostmoduleconceptsfollowedfor hybrid pixel detectors,thewire bondpads
of readoutchipsoverlapthesensoredgesasindicatedin fig. 8, andthechipapproachesthe
sensorto a distanceof about

�0�.�
µ. Thesizeof this gaplimits thehigh voltagecapability

of thedeviceasthebreakdown voltageof air (of theorderof , ���-�ÉÅ µ � [25]) caneasilybe
reached.This is oneof thereasonswhy in applicationsrequiringhigh voltageoperationa
doublesidedconceptwith guardringson thebacksideis chosen.

4.3 Limits in Radiation Hardness

Dueto their simplicity, p� in n sensorsarethefirst choicefor mostdetectorapplications,
especiallythosewhereradiationdamageis notanissueasfor exampleWA97 [1], DELPHI
[2] or Alice [26].

In thesesystemshigh resistive silicon is usedandthe operatingvoltageis alwaysfar
below 100V. However, if onewantsto exploit thelimits in radiationhardnessof thissensor
typeasdoneby silicon strip detectorse.g. in theCDF layer00 [27], ATLAS [28] or CMS
[29], oneneedsoperationvoltagesof ¶ �/�ÉÊ � �/��� andis facedwith the limitationsgiven
by the moduledesignas mentionedabove. This problemmight be solved by avoiding
overlappingchips or addingon top of the sensorsa dielectric layer that standsseveral
hundredvolts. The MCM-D technique[30] seemsa goodcandidatefor sucha solution
(section6). If it is foundto bepractical,operationof p� in n sensorscaneasilybeextended
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into therangeof
�ËÊ ¶ ¸ , � ¹�ÌÄÍÏÎ�Ð Å 
 � 	

. Thelimitation for suchdevicesis givenfirstly by
theriseof thefull depletionvoltageandsecondlyby signallossdueto trapping.

5 High Luminosity Experiments with Hadrons

Therequirementsof theLHC experimentsATLAS [31] andCMS [32], andof BTeV [33]
atFermiLabin termsof radiationhardnesscannotbefulfilled with thepreviouslydiscussed
p� in n sensors.At theendof thetargetedlifetime of thedetector, a full depletionvoltage
of morethan , �/�/��� is expected.As themaximumbiasvoltageforeseenis in theorderofÑ/�0�ÒÊÔÓ0�/���

, anunder-depletedoperationof thesensorsis requiredfor asignificantpartof
their lifetime. To copewith thisproblem,all experimentsmentionedhavechosenthen� on
n conceptfor their pixel sensors.Thepixelsconsistof n� -implantationsin high resistivity
n-typesilicon while the pn-junction is locatedon the sensor’s backside,surroundedby a
multi guardring structureasindicatedin fig. 9. After radiationinducedspacechargesign
inversion,thedepletedregionstartsto grow fromthen� -sideandthedevicecanbeoperated
partially depleted,if full depletioncannotbereachedany more. Furthermore,thedouble-
sidedprocessingof n� in n detectorsallows a guardring conceptwhich keepsall sensor
edgesat groundpotentialandavoids the risk of disruptive dischargesto the very closely
spacedfront-endchip. This canbeachievedby placingthemulti-guardring structureon
thep-side,i.e. thesensor’s backside.Theouterregion of then� -sidecontainingthepixel
cells is coveredwith a largen� -implant,groundedexternallyvia thereadoutchip. For the
designof theguardringstheconsiderationsfrom section4.1arestill valid.

In comparisonwith standardp� in n sensors,n� in n sensorsareroughly twice asex-
pensivedueto theneedfor doublesidedprocessingandinter-pixel isolation.Furthermore,
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Figure10: Isolationtechniquesfor adjacentn� -implants. Fixed( Õ ) andfree( Ö ) charge
carriersareindicated.Thefield maximaarelocatedat thelateralpn-junctions

a lower yield comparedto singlesideddeviceshasto beexpectedandaneffective sensor
testingbeforebump bondingis very important. As a direct probingof all pixel cells is
not possible,somebiasingstructurehasto be integratedonto the sensoritself. Possible
implementationsarediscussedin thecontext of thepixel designsin section5.2.

5.1 Inter Pixel Isolation

In contrastto the p-side, were the isolation of the adjacentp� -implantsis provided by
the omnipresentelectronaccumulationlayer, exactly this accumulationlayer electrically
connectsthe n� -implantsof the n-side if no precautionsare taken. Isolation is usually
providedby a boronimplantbetweenthepixelsforming a lateralpn-junction. Depending
on thedosethis isolationimplantis calledeitherp-stopor p-spray.

5.1.1 p-Stop Isolation

In doublesidedstripdetectors,acommontechniqueis to introduceahighdosep� -implant
betweenthe stripsasshown in fig. 10a. This is doneby an additionalphotolithographic
step.Thealignmentof thep-stopmaskwith respectto then� -pixelsis critical asanover-
lappingof the two high doseimplantswould result in Zenerbreakdown. The minimum
spacingbetweentwo n� -implantsis thereforelimited by the necessaryalignmenttoler-
ances.Theadvantageof this techniqueis thata typical doseof about , � ¹�Ì boronionsper
squarecentimeterwill in any caseguaranteegoodisolationalsoaftertheradiationinduced
build-up of a positivesurfacecharge,andtheadjustmentof theimplantationdoseis not at
all critical.

Theelectricfield closeto thelateralpn-junctionwasnumericallycalculatedusingatwo
dimensionaldevice simulationpackage[34]. Theun-irradiateddevice hasa very low ox-
ide charge,resultingin a low electricfield. Thevalueof theoxidechargeincreasesaftera
smallirradiationdoseof below

�0� ��×ËØ to its saturationvalue,resultingin anaccumulation
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of electronscloseto thesurfaceandconsequentlyin a strongincreaseof theelectricfield.
The potentialof the p-stopdependson the implant geometry, the backsidebiasand the
substratedoping. As thetwo lattervaluesalsoarevery high in a highly irradiatedsensor,
thepotentialdifferencebetweenn� -pixelsandthep� -stopsincreaseswith ongoingirradi-
ation,leadingto anadditional,but lessdrastic,increaseof theelectricfield. Theoperation
of devicesfeaturingp-stopsin a strongradiationfield is limited by their decreasinghigh
voltagecapability.

5.1.2 p-Spray Isolation

If thedoseof theboronimplantis matchedto thesaturationvalueof theoxidechargewhich
is of theorderof ¶ ¸ , �V¹ 	 Ã�Å 
 �½¼ 	

, theboronconcentrationis sosmall, thatanoverlapof
theboronimplantwith thepixel’s n� -implantdoesnot leadto breakdown. Thereforethe
maskseparatingboth implantationscanbeomittedandthewholesurfaceis thencovered
by themediumdoseboronimplant. At theplacesof thepixels thehigh dosen� -implant
is not compensated.Becauseof themissingmaskthis techniqueis calledp-sprayisolation
[34]. Theabsenceof a photolithographicstepis a costadvantageandalsopermitsnarrow
spacingbetweenneighboringn� -implants,asthereareno alignmenttolerancesbetween
two differentmasksto bekept.

The point of maximal electricalfield is the lateralpn-junction betweenthe isolating
boronimplantandthe n� -pixelsasindicatedin fig. 10b. Theun-irradiateddevice shows
thehighestelectricalfield andthereforethelowestbreakdown voltagein its life cycle. With
theincreaseof theoxidechargeto its saturationvaluetheshallow p-spraylayermovesinto
thedepletedstateandtheelectricfield decreases.Thelowestelectricfield is reachedwhen
theboronimplantmatchesexactly thesaturationvalueof theoxidecharge.However if the
implantationdoseis too low the isolationmight not be sufficient. Thereforeoneusually
choosesanimplantdoseabit higherthannecessaryto preventfailurein caseof fluctuations
in theproductionprocess.With thefollowing increaseof theeffectivesubstratedopingthe
electricfield shows anuncritical increase.Thereforethesedevicesarecharacterizedby an
improvedhighvoltageperformanceafterirradiation.

In order to improve the pre-radiationhigh voltagestability of p-spraydeviceswhile
keepingtheir good post-irradiationbehavior, the moderated p-spraytechnique[35] has
beendeveloped. Here the p-sprayimplant is performedlater in the productionprocess.
A topographyon the wafer’s surface,asfor exampleobtainedwith a nitride layer shown
in fig. 10c,will thenbe reproducedin thedopingprofile asindicated.Theborondosein
themiddleof thegapbetweentwo pixelscanbechosenhigh enoughto ensureinter pixel
isolation,e.g. twice theexpectedsaturationvalueof thesurfacecharge. At thesametime
theborondosein thesurroundingof the lateralpn-junctioncanbeoptimizedfor thebest
high voltageperformancewhich is reachedwhenthe doseis closeto the expectedsatu-
ration valueof the surfacecharge. As the nitride layer is a standardstepin the process
of many detectorvendorsthis technologyin mostcasesdoesnot needan additionalpho-
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tolithographicstep. However, the freedomto designvery small gapsbetweenthe pixel
implantsis limited in themoderatedp-spraytechnologyasthemoderationis only effective
if thelayerof themoderatedp-spraydosehasaminimumwidth of about ¶ Ê � µ

�
.

5.2 Pixel Layouts

Thelayoutof thepixel cell dependsstronglyon then-sideisolationtechnique.Therefore
bothmethodsarediscussedseparately.

5.2.1 Layouts with p-Stops

Whendesigninga p-stopisolateddevice, mostattentionis paid to thegeometryof thep-
stops.For strip detectorsnumerousgeometrieshave beenevaluated[36, 37]. However in
pixel devices“atoll” like structuresarepreferredin orderto avoid local defectsaffecting
thewholearray[38]. Ù -stopsprovide a very goodisolation.However, in somesituations
ahigh resistiveconnectionbetweenthepixelsis desirable,for exampleto performIV-tests
of thedeviceson wafer level, or to hold unconnectedpixelscloseto groundwhenthefull
depletionvoltageis exceeded.In caseof anohmicconnectionbetweenneighboringpixels,
themaximumvalueis determinedby themaximumacceptablevoltagedropbetweenpixels
andtheleakagecurrent,leadingto avalueof theorderof ,Ú× Ω. Thelowerlimit of theinter-
pixel resistanceis givenby the requirementof preventinga significantsignaldistribution
to the neighborchannelswithin a typical shapingtime of 25ns. This leadsto a lower
limit of the resistanceof about ,ÚÛ Ω. Resistorscanbe implementedby openingsin the
p-stopimplantssurroundingevery pixel cell, which leave room for a conductive electron
accumulationlayer. Thevalueof theresistancedependsonthelengthandthewidth of this
path. Dif ferentpossibleresistorgeometriesshown in fig. 11 have beenevaluated[39, 40,
41].

Thevalueof theresistancedependsvery stronglyon thebacksidevoltageasshown in
fig. 12. At low voltagesthecurrentflows mainly throughtheundepletedbulk. Whenthe
spacecharge region reachesthe n-side, the pixels areseparatedfrom eachotherandthe
currenthasto passthroughtheelectronaccumulationlayerformingtheresistor. This leads
to an increaseof the resistanceasseenin fig. 12 around ,R� ��� (onep-stopring). When
the bias voltageis increasedfurther the resistancefirst grows slowly for a while before
increasingvery steeplyabove

�0�/���
. This is indication of pinch-off, sincewith further

over-depletionthepotentialdifferencebetweenp-stopsandthen� -implantsincreasesanda
field is growing from thepn-junctionbetweenp-stopsandbulk alsoin thelateraldirection.
Thewidth andheightof the“plateau”region between150and

�®�/���
dependsstronglyon

thep-stopgeometry. In the“one-ring-design”(fig. 11(b))it is well developedwith awidth
of almost � ��� at roughly ,ÚÛ Ω. Consequentlyit is possibleto over-depleteall pixelsby
� ��� usingtwo probeneedles,oneplacedon thep- sidediodeandtheotheron then-side
guardring. This allows for a reliablesensortesting. In the “two ring design”shown in
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(a)Two p-stoprings (b) Onep-stopring (c) One p-stop ring plus a
cross

Figure11: Layoutof pixelswith threedifferentopenp-stopgeometries[40, 41]

fig. 11(a)thewidth of thepathis muchnarrowerandthepinchoff appearsmuchearlier. A
plateauof the inter pixel resistanceis hardlyvisible andthereforesucha designdoesnot
allow testing[41].

After irradiationthe inter-pixel resistancesaturatesat valuesof several × Ω almostin-
dependentlyof thedesign.Althoughunbondedpixelsfloat to high potentialswith respect
to their neighbors,no harmful effectshave so far beenobserved. Thereis no correlation
betweenmissingbumpbondsandnoisypixelsin irradiatedsamples[40, 41].

At biasvoltagesof severalhundredvoltsasrequiredin theLHC environmentthecurrent
usuallystartsto departfrom thesquarerootlikebehavior [42]. At thesametimethenumber
of noisy channelsstartsto increasedramaticallyto unacceptablelevels [43, 41]. This is
probablydueto avalanchebreakdown at the p-stopedgesandhasalsobeenobserved in
strip detectors[44]. Severalmeasuresto improve this behavior have beenproposed.The
designwith only onep-stopring (seefig. 11(b))shows lessdramaticcurrentincreasethan
theotherstested[45] whichcanbeexplainedby thesmallergapsbetweenthen� -implants.
As the inter-pixel resistanceis alsomatchesthe requirementsfor sensortesting,similar
designsareusedfor further studies[46]. Otherpossibilitiesto improve the high voltage
capabilityarefield plates[47, 48] or a reductionof thep-stopdose[41].

5.2.2 Layouts with p-Spray

Due to 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
couldbeinterpretedasa p-sprayisolatedn in n device if the implantwould be labeledas
n-type. However, theconductingp-spraylayer, not shown in the layoutdrawings,covers
theinter-pixel regionandmustbekeptin mind.

The inter-pixel capacitancecan be decreasedby increasingthe gapsbetweenpixel,
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Figure 12: Bias dependenceof the inter pixel resistancefor the two designsshown in
fig. 11(b)and11(a)[40, 41].

however otherconsiderationsfavor small gaps. Sincethe mostimportantrequirementto
n� in n sensorsis radiationhardness,the deviceshave to be optimizedfor high voltage
operation.In orderto achieve this, theelectricfieldshave to bekeptassmallaspossible.
Thereforethe potentialdifferencebetweenthe p-spraylayer and the pixel’s n� -implant
mustbelimited, asthelateralpn-junctionis themostcritical spotin thesedevicesin terms
of electricalbreakdown. Thepotentialof thep-sprayis determinedby thelargestdistance
betweenneighboringn� -implantsanywhereon thedevice. Theseareusuallythediagonal
gapsin theregionswherefour pixels join. In conclusiontheuseof thesmallestgapsstill
compatiblewith noiserequirementsis recommended(typically 15 -

�0�
µ
�

).
Thetechnologicalpossibilityto realizeevensmallergapsbetweenthen� -implants(typ-

ically � µ
�

) canbeusedto implementa punchthroughbiasgrid asshown in fig. 13. In an
un-irradiatedsensorall pixelsareconnectedwith eachotherandto thebiasgrid through
thebulk, aslong asthebiasvoltageappliedis below full depletion.Whenthefull deple-
tion voltageis exceeded,all n� -implantsareisolatedby thep-spraylayerandthe leakage
currentof eachpixel hasto flow to the biasgrid throughthe depletedbulk via thermo-
ionic emission.Dueto thenarrow spacingthepotentialdifferencebetweena pixel andthe
biasgrid cannotexceedmorethana few volts andthegrid canbeusedto biasall pixels.
An IV-curve takenwith two probeneedlesis capableto detectmostfrequentfailures,e.g.
scratchesor spikesanywherein the sensitive volume. After bump-bondingthe biasgrid
is out of function becausethe pixels arebiasedvia the readoutchip. For this reasonno
additionalnoisehasbeenobservedin pixel detectorsusingthis featurein contrastto irradi-
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Figure13: Two possibleimplementationsof apunchthroughbiasgrid [43].

atedsiliconstripdetectorswith punch-throughbiasing[49, 21]. In caseof amissingbump
bondtheunconnectedpixel is keptcloseto groundpotentialby thebiasgrid andwill not
affect theneighbors.Thebus line of thebiasgrid will collect somesignalcharge,which
will be lost, andtheparticledetectionefficiency will bereduced.It is thereforedesirable
to minimizetheareacoveredby thebiasstructure.

Theimplementationshown in fig. 13ais themostsimpledesignwith leastrequirements
to theproductionprocess.Thereareno smallstructuresthatcouldapproachthe limits of
thetechnologyandall metalareasareunderlayedwith animplant.Soevenpinholesin the
oxidewould not causeharm. In thedesignshown in fig. 13btheareaaffectingthecharge
collectionis minimized. The implantationof thebiasstructureis shrinkedto a smallbias
dot placedinside the pixel. Surroundingthe bias dot with the pixel implant guarantees
that the signalgeneratedin the region betweenthe pixels is not lost to thegrid. The bus
in-betweenthe pixels is just a metal line. Testbeammeasurementswhich suchdevices
show a particledetectionefficiency above 99% in the un-irradiatedstate[50] andabove
95% after irradiationwith , � ¹»Â ÍÏÎ�Ð Å 
 �Ü	

[51]. However, sucha designis moredemanding
concerningthefabricationprocess.

For devicesfeaturingmoderatedp-spraythedesignconsiderationsaresimilar. Dueto
the alignmenttolerancesandin orderto effectively reducethe electricfield with a lower
boronconcentration,a certainminimal distancebetweenthe pixel’s phosphorusimplant
andthenitride edgehasto beprovided. If onetriesto implementa biasgrid accordingto
fig. 13aonewouldobtainatoo largepunchthroughvoltagebetweenthegrid andthepixels
becauseof this limitation. However thedesignshown in fig. 13bcanbe translatedinto a
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moderatedp-spraydesign.Thegapbetweenthepixel implantandthebiasdotmustbefilled
completelywith thefull dosep-spray. This is possiblebecausetheconductingboronlayers
betweenthepixelsandin thebiasstructureareelectricallyisolatedandcanhave different
potentials. In the region betweenthe pixels the potentialdifferencebetweenthe p-layer
andthepixels’ n� -implant is higherdueto thelargergapbut “buffered” by themoderated
p-spray. Thegapbetweenthebiasdotandthepixel is verysmallandthereforethepotential
differencebetweenthep-layerandthepixel-implantis muchlowerandmoderationin this
areais notnecessary. Thepre-radiationbreakdown voltageis stronglyimprovedcompared
to thestandardp-spray[43, 52] while thegoodpost-irradiationbehavior is maintained.

5.3 Limits in Radiation Hardness

The limit of radiationhardnessis givenby the reductionof signalheight. As this degra-
dation is a steadyprocessit is not possibleto give a strict rule whena sensorbecomes
unusable.For thereadoutelectronicsusedin ATLAS andCMS typically a signalof about
5000electronsperm.i.p. is requiredto detecttheparticlewith anefficiency of above95%.

Thereductionof thesignalis causedby theincreaseof theeffective spacechargeand
trapping.Theformercanbecompensatedup to a certainlevel by increasingtheoperating
voltage.Herethelimit is givenmoreby practicalconsiderations.In principleit is possible
to build sensorswith a high voltagecapabilityof more than ,Ý� � . Trappingcanbe re-
ducedby collectingelectrons,whicharelessproneto trappingthanholes,andby highbias
voltagescausingshortercollectiontimes.But ultimatelytrappingwill limit thelifetime of
silicondetectors.

For the LHC experimentscurrently underconstructiona radiationhardnessup to a
fluenceof , ¸ , � ¹»Â ÍÏÎ�Ð Å 
 �Ü	

wastargetedandreached.Thisnumberis currentlyconsidered
to bethe“limit of silicon”. Howeverthereis nofundamentalreasonsupportingthisnumber
andthereis interestto pushthis limit asdiscussedin thefollowing section.

6 Future Experiments

At the momenttwo optionsof future machinesare discussed,a linear electroncollider
anda very high luminosityhadroncollider, e.g. a LHC upgrade.They leadto completely
differentrequirementsandarediscussedseparately.

6.1 Very High Luminosity Hadron Collider

FutureveryhighluminositycollidersorapossibleLHC upgradeto aluminosityof , �0ºPÂ 
 �Þ¼ 	àß ¼á¹
will requirea radiationhardnessfor tracking devicesplacedat radii below , � 
 � of up
to the orderof , � ¹»â ÍÏÎ�Ð Å 
 �Æ	

. In addition the areaof deviceshaving to withstandup to
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, � ¹»Â Í�Î»Ð Å 
 ��	
will increaseby at leasta factorof threecomparedto themulti purposeex-

perimentscurrentlyunderconstruction.Thereforeacosteffectivealternativeto then� in n
pixel detectorsmustbefound.

Both problemsare addressedby the CERN-RD50collaboration[53]. Several ap-
proachesto improve radiationhardnessof silicon devicesarefollowed [54]. The change
of thematerialpropertiesdueto irradiationcanbeinfluencedby “defectengineering”.For
thisthecrystaldefectsleadingto degradationof theperformancemustbeunderstoodonthe
microscopicallevel. Enrichingthesilicon bulk materialwith certainimpurities,e.g. oxy-
gen,caninfluencethe formationof crystaldefectsandalter the post-irradiationmaterial
properties.Furthermoretheoperatingconditionscanbechangedconcerningtheoperating
temperature[55] or thepolarity of theoperationvoltage[56]. Otherdevice structurese.g.
3-D detectors[57, 58] or ultra thin detectorsareconsideredin orderto minimize thedrift
pathof thesignalchargewhich reducestrappingandthevoltageneededfor full depletion.
Othermaterialslikediamond[59] or compoundsemiconductorsarealsoinvestigated.

Very high luminosityhadroncollider will not only entaila demandfor “ultra radiation
hard”trackingdevicesbutalsoheavily increasetheneedfor devicesoperatingin thefluence
rangeup to , �V¹»Â ÍÏÎ�Ð Å 
 � 	

currentlycoveredby hybridpixel detectorswith n� in n sensors.
As thesedevicesaremuchtoo expensive to equip tensof squaremeters,otherconcepts
must be found. The most cost driving featuresin the presentpixel technologyare the
full coverageof the sensitive areawith readoutelectronicsand the doublesidedsensor
processing.The MCM-D techniqueproposedfor integratingthe HDI on the sensor[60]
canin additionbeusedto routesignalsfor thecaseof differentpitchesonreadoutchipand
sensor[30]. It is conceivableto build “macropixel” or “mini strip” detectorswith asensor
cell sizeof theorderof , ��� 	

[61, 62]. They couldbereadoutby asmallnumberof pixel
chipswith amuchsmallercell sizein theorderof

��� , ���
	
. Theroutingbetweenthesensor

cellsandthe inputsof thereadoutchipscouldbeperformedusingtheMCM-D technique
which alsoallows the integrationof othercomponentsof a module.As thereadoutchips
canbeplacedcompletelyinsidetheactive areaof thesensorthesensoredgesneednot be
kepton groundpotentialanda singlesidedsensorwould bepossible.Bestcandidatesfor
sucha singlesidedsensorareprobablyn-pixels in a p-substrate.Sucha sensorcollects
electrons,would bemuchcheaperthanthecurrentlyusedn� in n sensors,andwould not
undergoaspacechargesigninversion.Howeverasdonorremoval is not importantin these
devices,theirpost-irradiationfull depletionvoltagewill behigher.

6.2 Future Linear Collider

At linear collidersthebeamscomein “trains” of closley spacedbuncheswith large gaps
in-between,offering enoughtime for readout.Contraryto hadroncolliders,simultaneous
datarecordinganddatareadoutis notnecessary, andtheinstantaneousdatarateis modest.
Thesearethe ideal conditionsfor the applicationof CCD’s, which have previously been
usedverysuccessfullyatSLD [63]. MostR&D effort for vertex detectorsat linearcolliders
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is put into sucha solution[64, 65]. During the time gapsthe primary charge signalsare
transferredto the edgeof the CCD rows, wherethey areamplified for further treatment
andreadout. Thusa one-to-onecoverageof thesensorareawith readoutchips,asusedin
hybrid pixel detectorsat hadroncolliders,canbeavoided.This allows theconstructionof
extremelythin detectormoduleswith anambitiousgoalof

�Ï� ,-ãåäçæ or below [64], mainly
determinedby thesmallestachievablesensorthickness.

OtheroptionsareintegratedCMOS detectors[66] which combineparticledetection,
first signalprocessinganddatasparsificationonastandardCMOSwafer, andDEPFET/DEPMOS
detectors[67, 68], whichareprocessedonhighresistivesensormaterialandintegrateonly
thefirst amplificationstagein everypixel cell.
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