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Abstract

The Medium Enegy Gamma-ray Astronomy (MEGA)
telescopeis a new instrument under developmentby the
gamma-astronomygroup at MPE. In MEGA, the primary
photoninteractionis recordedn a stackof double-sidedilicon
strip detectorgthetracker). A small prototypeof thetrackeris
currentlybeingassemble@t MPE with 11 detectodayerseach
consistingof 3x3 silicon wafersconnectedo low noiseVLSI
amplifiers. We reporton the design,statusandresultsof these
prototypedetectorsFor photonsof 122keV, enegy resolution
of 15 keV FWHM and trigger thresholdof 30 keV hasbeen
achieved.

. INTRODUCTION

Several new gamma-raytelescopesplan to uselarge-area
semiconductodetectorsand are currently underdevelopment
in various researchlaboratories. The Max-Planck Institut
fur extraterrestrischePhysik plans the Medium Enemy
GammaAstronomy telescope(MEGA). MEGA will be the
first astronomicalinstrumentable to form imagesfrom both
Compton-and pair creationevents. The goal of MEGA is to
improve sensitvity in the 0.5-50 MeV enegy range by an
orderof magnitudeoverthatof COMPTEL.

MEGA, sketchedin Figure 1, consistsof a silicon tracker
and a calorimeter The calorimeteris madeof pixelatedCsl-
crystalswith photodiodereadouf1]. In this paperwe describe
in detailthethesilicon strip detectorausedin thetracker.

In a Comptoninteraction,the incident photon scattersoff
anelectronof thetracker materialto which partof its enegy is
transferred. The recoil electronis tracked on its way through
several layers of the silicon stack. The track information is
usedto suppresshackgroundby restricting the measurement
uncertainty of individual photon detectionsto the “reduced
eventcircle” (seeFigurel) [2]. The scatterecphotonis then
stoppedin the calorimeterand the scatterangle ¢ can be
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determinedfrom the enegies of the recoil electronand the
secondaryphoton. The angularresolutionof the instrument
dependsamongother parametersieavily on the measurement
of theenepy of therecaoil electron[3].

In pair creationeventsthedirectionof theincidentphotonis
determinedirectly from thetrackinformationof thesecondary
particleg4]. Theenegy measuremeris usedasasecondrder
correctionif theenegiesarenotequallydistributedbetweerthe
electronandthe positron.
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Figure 1: Overvienv of the MEGA instrumentas plannedto be
mountedon a satellite. The tracler is a stackof 32 detectolayers,
eachlayer consistingof 4 smallermodulesasdescribedn this paper
The calorimetersurroundthe tracker to absorbthe scatteredohotons
or secondanyparticles. The anticoincidenceshield madefrom plastic
scintillator is usedto veto againstchaged particlesfrom the cosmic
radiation.

Anticoincidence shield

I[I. REQUIREMENTS FOR SILICON DETECTORS

USED IN A COMPTON/PAIRCREATION
TELESCOPE

For Compton-as well as pair creationtelescopessilicon
strip detectorsturned out to be the technology of choice,
becausethey can cover large areasand volumes with a
manageabl@aumberof readoutchannels.Comptontelescopes
pose several requirementsfor their detectorsnot commonly
foundin therequirementgor silicon detectorsisedin HEP:

e Comparedo the usualrequirementdor strip detectors,
only moderateposition resolution is necessary The



angular resolution of low enegy electron tracks is

limited by smallanglescatteringwithin thefirst detector
layer ratherthan by positionresolutionin the detectors.
Therefored.5 mm positionresolutionwith the possibility
of improvementby centroidingfor high enegy tracksis

sufficient.

e X andy positioninformationmustbe availablein each
detector volume, so doublesidedstrip detectorsare
mandatory

e Good enegy resolution needsto be achieved as it
translatesdirectly into the angular resolution of the
Comptontelescope.A valueof 15 keV FWHM enegy
resolutionin thetrackerintroducesanangularerrorof 1°
FWHM at an enegy of the incident photonof 1 MeV.
This is sufficient becausethe enegy resolutionof the
calorimeter[1] is limited to ~ 30 keV FWHM, which
introducesa similar angularuncertainty The enegy
measuremenin each layer is also usedto determine
the direction of motion of the tracks[2]. Becausethe
enegy lossis subjectto Landaufluctuations,an enegy
resolutionof 15keV is sufficientin this respecalso.

e A trigger signal for eachdetectedhit must be created
which is usedin time-coincidencewith the calorimeter
to form afirst-level trigger. Thetrigger signalscanalso
be usedto form a second-lgel trigger which determines
thetrack-lengthandthusrejectslesssignificanteventsin
thecaseof high eventrates.

e The power consumptiorof the front endelectronicshas
to be lessthan 10W/(kg Si). This makesit feasibleto
build an astronomicainstrumentwith an effective area
of about100cm? @ 1MeV (correspondingo 5 kg Si).

[11. DETECTOR DEFINITION AND DESIGN

Following the requirementsnentionedabove, doublesided
silicon strip detectoraveredesignedn the MPI Semiconductor
Laboratory The boundaryconditionsfor the designwere the
following: An active areaof 60x60 mm? with 128 orthogonal
stripson eachsidewith astrip-pitchof 470 um. Thefabrication
wasto be doneon 4” wafersof 500 um thick material. As will
be explainedlaterin moredetail, therequirementor anenegy
resolutionof 15keV FWHM (resp.1763e~ ENC)restrictsthe
acceptabléeakagecurrentto 81 nA/channebr 3.4 pAlwaferif
3 wafersareconcatenated.

A. Device Smulation

To evaluatethe influence of the strip width on the strip
capacitanceand the depletionvoltage, numericalsimulations
using the 2D device simulatorTOSCA were performed. The
simulationgeometryusedis shovn in Figure 2. The n-strips
are separatedby a non-maslkd p-implantation (“p-spray”).
The effective implanteddose can be varied locally by either
keepingor removing a layer of silicon nitride on the wafer
beforeimplantation. The term “moderatedp-spray” refersto
a lower p-sprayconcentratioralong the border of the n-side

strips,thusreducingthe strip capacitancandthe electricfield.
The simulationsshaved that the capacitances lowered by
10%if thereis a 10 um gap betweenthe n-strip and the full

p-sprayimplant. The simulation results are summarizedin
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Figure2: Crosssectionof thewafergeometryusedin the simulation.

Tablel for variousstrip widthson p- andn-side. Thetotal strip
capacitance’;,; canbe separatednto the capacitanceo the
neighbouringstripsCheighbours, Of Which99%is relatedto the
first neighbourandthe backplanecapacitance.

Tablel
Resultsof detectorsimulationsfor p- andn-sidestrips. A strip pitch
of 470um andawaferthicknessof 500um wasusedin the simulated

Y
Wistrip—p 200um 300um 40Qum
Chreighbours | 11.5pF | 18.8pF | 23.0pF
Ciot 16.6pF | 24.4pF | 28.8pF
Vbep 108V 99V 91V
n-side
Wstrip—n 20Qum 300um 400um
Chreighbours | 18.0pF | 21.5pF | 27.3pF
Chot 23.4pF | 27.2pF | 33.1pF
B. Mask Layout

A width of 300 um for the p-sidestripsand200 pm for the
n-sidestripswaschoserfor productionbecausé shouldresult
in similar electronicnoise on both sides. The strips are AC-
coupledby metalstrips50 pm wide and 6-cmlong, separated
fromthestripimplantby insulatinglayersof silicon oxide(1500
A) andsilicon nitride (900A). For diagnosticeasonsvery 8th
strip on eachsidehasanadditionalohmiccontact.

Biasing of strips is achieved with the punch-through
principle. The punch-througltontactsaareformedacrossa gap
betweerthe endof eachstripandacommonbiasring. Thegap
width is 8 um for the p-siderespectie 12 um for the n-side.
The p-sidebiasring is againsurroundecdy ten narrov guard
rings designedto bring down the bias voltage appliedto the
innermostguardring to zeroat the crystal cut edge. Figure 3



shaws the layout of the p-sidewith the biasring andthe guard

ring structure.
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Figure3: Plotof thelayoutof the p-si

IV. PROPERTIES MEASURED ON WAFER LEVEL

These measurementsvere performedon a probe station
beforethewaferswerediced.

A. Depletion Voltage

The voltage necessaryto fully deplete the wafer was
determinedn two ways:

e Thecapacitancef reversebiasedtestdiodessaturatess
soonasthedevice is fully depleted.

e The currentbetweenone of the DC-coupledstrips and
the biasring on the n-sideis measuredvhile applying
a fixed voltage. This currentis supressedand finally
switchedoff whenthe waferis fully depletedfrom the
p-side(Figure4).

Both methodsgave valuesbetween40 and 60 V for all tested
wafers. This correspondso a very satisfyingresistvity of the
bulk materialof 16 to 24 kQ2cm.

B. Punch-through Biasing

The characteristicsof the punch-throughbiasing were
measuredy applying a voltagedifferenceand measuringthe
currentbetweeroneof the DC-coupledstripsandthebiasring.
The effective bias resistancedependson the leakagecurrent
flowing to thatstrip. It canbe calculatedfrom the slopeof the
[-V-curve shawvn in Figure5 to be ~ 16 M2 on the p-sideand
~ 40 M$2 onthen-sideat aleakagecurrentof 1A perwafer

V. PRODUCTION AND YIELD

The productionof the Waferswas done at EURISYS. A
total of 171 Waferswere deliveredto the MPI semiconductor
laboratoryfor testingand qualification. Eachstrip wastested
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Figure4: Supressiorof the currentbetweenn-strip and n-sidebias
ring atfull depletion.
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Figure5: Punchthroughchararcteristicof the MEGA strip detector
p- andn-sidebiasrings.

on a probe stationto standa voltage of 100 V acrossthe
coupling capacitors. 22% of the wafers had more than 2
shortedcapacitorsper wafer and were not usedfurther. The
leakagecurrent of eachwafer was measuredby applying a
voltagerampfrom 0 to 100V at~ 25° C ambienttemperature.
Figure6 shows the distribution of the leakagecurrentsat 60 V
bias.14%of all testedwafersshavedleakagecurrentsof more
than3.5 uA andwerenot usedeithet

VI. READOUT ELECTRONICS

Eachstrip on the detectoris connectedvia fan-in lines on
a hybrid boardto one channelof a frontendASIC. This ASIC
(TAL.1), which wasdevelopedby IDE , is a 128 channellow
noise/lav power chage sensitve preamplifiershapercircuit
with simultaneoussample and hold, multiplexed analogue
readoutandcalibrationfacilities. Eachchannelhasin addition

6Integrated Detector& Electronics,Veritasweien 9, Box 315, N-
1323Hgvik, Norway E-mail: ide@ideas.no
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Figure6: Leakagecurrentsof all testedwafersat ~ 25°C and60 V
bias. Only waferswith leakagecurrentsbelov 3.5 A weremounted
in thedetectors.

its own level-sensitve discriminatorfollowing the shaper It
providesatriggereachtime thesignalin thegivenchannerises
above the externally pre-settabléhresholdof the discriminator
The trigger outputsfrom all channelsare OR’ed togetheron
a commontrigger output. Througha loadablebitmaskit is
possibleto suppresshetriggerof individual channels.

TheTA1 shavsabaselinenoiseof ENCp,se =165€~ and
anoiseslopeof EN Cyjope = 7 € /pFatashapingime of 2 us.
The power consumptiorhasbeenmeasuredo be only ~ 0.5
mW / channel. Themaximumlinearrangeis 22 fC (500keV in
Si) if thefull rangeis usedfor singlepolarity signals.

The ASICs on eitherside of the detectorgeferto different
ground potentials. Therefore the analog data and digital
controlsignalsaretransmittedhroughoptocouplergo the data
acquisitionsystem.

VIl. RESULTS

In the final configuration, each detectorconsistsof a 3
x 3 matrix of waferswith a borderlength of 18.6 cm. This
arrangementequiresthe lowest possiblenumberof readout
channeldor doublesidedstrip detectors.The wafersareglued
with epoxyresinon a carrierstructuremadefrom PEEKwhich
allows accesdo all bondingcontactson both sides. The two
sidesof the detectorsare connectedo identicalhybrid boards
of which oneis mountedupsidedown asshawn in Figure 7.
The strips are concatenatedy bond wires on the top and
bottom sidesto form a nearly continuoussensitve surface.
Biascontactsarealsoconcatenated.

A. Readout Noise and Energy Resolution

One of the mostimportantdetectorparameterdor MEGA
is the readoutnoise becauseit determinesboth the enegy
resolutionand the angularresolutionof the instrument. The
noiseis expectedo be:
kT)
—)T
qR
with thefilter coeficient A = 1.3 for semigaussiashaping5]
and the filter time constantr = 2 us. We find the average

Ileak

ENC? = (ENCpase+EN Cyope*Crot)” +2.A( +

Figure 7: Photographof one detectorlayer. P-sideis on top with
stripsrunningfrom left to right which are connectedo the hybrid on
theright side. The seconchybrid (top left) is flipped upsidedown and
bondedto the stripson thebottomside.

leakagecurrentof thefirst 4 layersto be30 uA perlayerwith all
wafersmounted,glued andbonded. We make the assumption
of a homogeneouslistribution of currentsover all strips and
the assumptiorthat 1/3 of the currentis collectedby the guard
rings. Thisleadsto 52 nA/stripif 3 wafersareconcatenateend
a contribution of 1592 e~ ENC of this currentto the overall
noise. To evaluatethe influenceof strip length on noise, in
onelayeronly oneandtwo waferswereconcatenatetly bond
wireson eachside. Figure8 shows the expectedandmeasured
ENC valuesfor the threestrip lengths. While the numbersfit
reasonablyvell for the p-side theincreasedoiseonthen-side
remainsunexplained. While all datafrom both sidesis used
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Figure8: Equivalentnoisechage for p- andn-sidestripsfor asingle
wafer, two wafersconcatenatednd threewafersconcatenatedThe
error barsindicatethe standarddeviation of the distribution over the
strips.

to find matchingenegy depositsin the caseof multiple hits,
only the datafrom the p-sideis usedfor enegy measurements.
Figure9shavs a spectrunof a%” Co calibrationsource(122and
136 keV). The commonmodenoisehasbeensubtractedrom
the databeforethe noisewascalculated.The averagevalue of
thecommonmodenoiseis only ~5 keV. It is very importantto
keepthe commonmodenoiselow if self-triggeredelectronics



areused becauseéhecommonmodenoisecannotbesubtracted
ontheinputof thetriggercircuits.
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Figure9: Spectrumof a *”Co calibrationsource(122 keV). X-ray
Flourescencénesat~ 35keV (from Csandl) aredetectedalso.

B. Time Resolution

Time resolution is important for Compton telescopes
becauseit determinesthe ratio of true coincidenteventsto
chancecoincidences.In the TA chips (versionl1.1) a simple
level discriminatoris usedto derive thetriggerfrom the shaped
analoguesignals. Thereis no compensatiorfor pulseheight
variations. Time resolutionwas measuredelative to a plastic
scintillatorwith constanfractiontiming with a positronemitter
(?2Na) placed betweenthe two detectors. Figure 10 showvs
the time distribution of trigger signalswhich is dominatedby
time-walk. The next versionof the TA-chips will include a
secondshapeffor eachchannelwith afastershapingtime of ~
100 nsto ) reducethetimewalk variations.
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Figure10: Time resolutionfor all stripsof 4 layers.Thethick lineis a
fit of the pulseheightdistribution (Comptondistribution) transformed
into thetime domainby the outputfunction of the CR-RCshaping.

C. Position Resolution

The relatively large strip pitch of these detectorsdoes
not allow centroiding for most low enegy events. If no
interpolationis used, a picture suchas in Figure 11 can be
obtainedwith 122 keV photons. A small numberof stripsare
insensitve due to higher noise level and their triggers have
beenblocked.

Figure11: Projectionof ®”Co source(122keV) throughaleadmask.
A window of 100-150keV hasbeenappliedto the pulseheighsignal.
The trigger of some strips with increasednoise levels have been
switchedoff.

VIIl. CONCLUSIONS

Large area silicon strip detectorsfor spaceapplication
have beendesigned producedandtested. Equippedwith self
triggering readoutelectronics,X- and gamma-rayphotonsas
well aschagedparticlescanbe detectedCalibrationresultsof
the MEGA instrumentwill be publishedn a separateaper

The methodof concatenatingy- and n-side strips did not
causeproblemsof arny kind exceptfor moredifficult mounting
andbonding.
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