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SOME RECENT SILICON DETECTOR SPECTROSCOPY APPLICATIONS
AT THE LAWRENCE BERKELEY LABORATORY

J. T. Walton
EngineeringScience Department, Engineering Division

" Lawrence Berkeley Laboratory
Universityof California,Berkeley,CA 94720

, Abstract

The development and fabrication of specialized silicondetectors have long been an
integral part of the LBL experimental capabilities. This silicon detector expertise uti-
lizes two basic technologies, oxide-passivated diffused junction and lithium-ion drift.
These technologies are complementary, with detectors of 10 _m to 500 I_mthick fabri-
cated using the diffused junction process and detectors 500 I_mto 10,000 I_musing
the lithium-ion technique. Particle spectroscopy applications at LBL typically employ a
thin diffused, dE/dx, detector followed by a thick lithium drifted, E, detector. Novel posi-
tion-sensitive dE/dx and E detectors recently employed in two separate experiments
conducted at LBL are described. In addition, the requirements for employing thick
lithium drifted detectors in an ongoing LBL double beta decay experiment and a LBL
dark matter search are also presented.

Introduction

The LawrenceBerkeleyLaboratory (LBL) has for over thirtyyears maintainedstaff and
facilitiesto developand providespecializedsemiconductorradiationdetectors often
requiredfor novelexperimentsconductedat the Laboratoryor elsewhere.For silicon
radiationdetectors,experimentalrequirementsled,very early, to the adoptionof two
fabricationtechnologies---oxidepassivateddiffusedjunction1and lithium-iondrift.2We
are stillare still usingthese technologiestoday to providean ever-wideningarray of
silicondetectors for spectroscopyapplications.

Good descriptionsof semiconductorp-njunction radiationdetectorsare inthe litera-
ture.3-5Figure 1 illustratesa few basic concepts that are needed in the followingdis-
cussion.As noted in this figure, the detectordepletiondepth depends on the applied
bias and semiconductorimpurityconcentration.This dependence of the depletion
depth on impurityconcentrationfor p-type siliconis shownfurther in Fig.2.

. Presently, high purity poly-silicon ingots, from which the silicon single crystals are
grown by the float-zone process, can be obtained with impurity concentrations of 0.004

o to 0.06 ppb.6 Consequently from Fig. 2 it can be seen that, with these silicon purifica-
tion limits, the maximum detector depletion depth is restricted to about 1 - 2 mm. This
thickness limitation, if real, would greatly reduce the possible applications for silicon
radiation detectors. However, by using the lithium ion drift process, it is possible to
reduce substantially the net acceptor concentration, thereby making feasible thicker
silicon detectors.
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Lithiumis an interstitialdonor that pairswith acceptor ions present in silicon to form
lithium-acceptorion pairsthat are electricallyneutral.As indicated in Fig. 2, the net
acceptorconcentrationin a siliconcrystalcan be loweredto about 0.5 -1.0 x 101o
acceptors/cm3by thispairingprocess.This low net acceptorimpurityconcentration
allowsthe fabricationof detectorswithdepletiondepthsof 10 mm or more.

The twotechnologiesin use at LBL are therefore complementary.Detectors 10 I_mto
500 _m thick are fabricatedon high puritysiliconwith a diffusedjunctionprocess.
Detectors500 I_mto 10,000 I_mare fabricatedon lithiumion driftedsiliconwitha sili-
con lithiumdrift process.We discussfurther inthe nextsectionthe characteristicsof •
these twodetectortypes.

LBL Silicon Detector Characteristics

Figure 3 showsschematicallythe basic LBL siliconlithiumiondrifted [Si(Li)] and sili-
condiffusedjunctiondetectors.While we use p-type siliconwithboth of these detector
types, our processingsequence is different,resultingin differentdetector design
parametersand final characteristics.

We fabricate Si(Li) detectors using lowtemperature processing. The n+ contactis
formed by diffusingat 375" C lithiumintothe siliconwafer. The subsequentlithiumion
drift is performed at 120"C.7 These detectors are not very tolerant to high temperature
excursions after fabrication as lithium is quite mobile in silicon. Even prolonged stor-
age at room temperature can cause the lithium-acceptor pairs to dissociate and the
lithium n+contact thickness to increase.8 However, "old" detectors can be reprocessed
to reestablish the lithium-acceptor pairing or to repair radiation damage. Radiation
damage often appears as an acceptor center in silicons and by redrifting these
"acceptor" centers can be partially compensated. We have made these detectors in a
wide range of geometrical shapes including conical and coaxial. In addition, we have
produced single and double-sided position sensitive Si(Li) detectorslO and pixel
designs.li We summarize in Table 1 our present capabilities with these detectors.

Table 1. Sl(LI,) Detector Capabilities
iDetector Diam. Detector Thick. N+Contact Thick. P+Contact Thick.--I
! 2 - 100-mm 0.5 - 10 mm .....5 - 35 mgm/cm2 10 - 40 i_(:jm/cm2 I

For the diffused junction detectorswe use I'ligh temperature processing. We grow tt_e
passivating oxide at 1000" C, and form the n. contact with a phosphorus diffusion at
950" C.12Typically we use a boron implantation to make the p+contact and anneal this
implantation at 800" C. These diffused junction detectors are quite rugged and can
survive extensive periods at elevated temperatures. However, unlike the Si(Li) detec-
tors, there is no inherent compensation process available with these to correct radia-
tion damage effects. Radiation damage can be repaired by annealing at 500 .-800" C,
but often this is impractical due to the detector packaging and/or the presence of metal
contacts. Again, we have made these diffused junction detectors in a wide array of
geometrical shapes. Further, since we can pattern the oxide using photolithographic
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techniques, diverse geometrical patterns are possible._l*hoUghwe have made , i

double sided position sensitive diffused junction detectors, we normally make these
detectorspositionsensitiveon onlyone side. Signalspresenton each side of a
double sided thin position sensitive detector often interact which can.limit the detec-
tor's usefulness.13We tabulate in Table 2 our presentcapabilitieswiththese devices.

i

,

)

Table 2. Diffused Junction Detector Capabilities .iqll I ',

IDetector Diam. Detectoi'Thick. N+Contact Thick. P. Contact Thick. i_• 0.1 - 75 mm 10 - 500 Fm 100 _gm/cm2 60 _gm/cm2 _J

Both detector types have been used by experimental groups at LBLand elsewhere in ,,
a wide array of experiments.We discussa few of these applicationsin the next
section.

LBL Silicon Detector Applications

A common spectroscopy applicationusingboth thin and thicksilicondetectors is in _ r _

particleidentifiertelescopeswhere the signalfrom the thin detectoris proportionalto
the particle'srate of energy loss,dE/dx,whilethe signalfromthe thick detectoris pro-
portionalto the particle'senergy, E. KnowingdE/dx and E, it is possibleto identifya
wide range of particles with a highdegree of precision.14In applicationswhere the
particle trajectoriesare angularlydispersed,positionsensitivedE/dx and E detectors
in the telescope can be used to determinethe trajectoriesand therebyextend the tele-
scope's range and precision.

In a series of experiments characterizing heavy ion projectile breakup reactions, W.i:).
Rae has used a varietyof LBL fabricatedpositionsensitivedE/dx and E detectors in
hisparticle identifiers.leThe inclusionof positionsensitivedetectorsin these particle
identifierspermittedthe use of wide solidangles (10- 15") in these experimentswhile
maintainingthe requiredparticle identificationcapabilities.The characteristicsof the
mostrecentdetectors employedin these experimentsare listedin Table 3 whilethe
detectors and packagingare shownin Fig. 4.

Table 3. Heavy Ion Projectile Breakup Reaction Detectors15,mm=l m._.

Detector Thickness ActiveArea Typical Resolution
at 1.6 I_sec

Energy Position
dE/dx 20 - 40 _m 11 x 11 mm 25 keV 100 keV

. E 3-5 mm 11 x 11 mm 60 keV 100 keV

A second example of a particle identifier using position sensitivedetectors is the
detector array that G. Wozniak has employed to identify heavy ion fragments produced
by reverse kinematics reactions.16The LBL fabricated array detectors, 300 I_mand
5000 p.mthick, have position sensing contacts that are segmented into a series of high
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i and low conductivitystrips.The positionsignalfromthesedetectors thereforehas dis-
crete levels,whichsimplifiescalibrationof the detectorlinearityand facilitateson-line
monitoringof the detectorperformance.Figure5 showsthe detectorsand packaging.
The detectorsare mounted in the arrayso that the highconductivitystripsonthe E
detector, visibleinthe figure,are orthogonalto those on the dE/dx detector.The detec-
tor characteristicsare summarizedinTable 4.

Table 4. Heavy Ion Fragment Detectors16
Detector ThSckness ActiveArea Typical Resolution •

at 1.6 I_sec
Energy Position

dE/dx -300 I_m 44,8 x 44.8 mm 80 keV 150 keV
E -5000 Fm 44.8 x 44.8 mm 60 keV 100 keV

Figure 6 showsa comparisonof the particlespectrumwith and withouttrajectorycor-
rection.The improvementobtainedin particle identificationwith trajectory correctionis
evident in this figure.

Besidesthe particle identifierdetectors, we have, in the past several years, fabricated
Si(Li) detectorsforseveral neutrinomass experiments.One of these experiments,the
neutrinolessdoublebeta decay of 1OOMo,employsa stack of Si(Li) detectorsinter-
leaved withthe lO0Mofoilsshownschematicallyin Fig. 7. These Si(Li)detectorsare
7.6 cm indiameter,0.14 cm thick and are separatedfrom each other by'a gap of 0.1
cm intowhichthe lOOMofoilsare inserted.17To improvethe energyresolutionand
backgroundrejectioncapabilitiesof this experiment,we fabricatedthe Si(Li) detectors
so that the entrance windowthicknessfor boththe n+and p+contactswere negligible
(...20i_gm/cm2for the n+and 40 I_gm/cm2forthe p+).The detector fabricationproce-
dure is outlined in Fig. 8.

These neutrino mass and other searches for dark matter18are critically dependent on
minimizing extraneous radioactive contamination in the experimental apparatus. Also
of concern is the presence in the silicon det_;ctorsof radionuclei that are beta emitters
producing a continuum over the energy range in which spectral lines are expected.

As indicated in our discussion of Fig. 2, high purity silicon, as used in silicon detector
fabrication, typically has contaminants in the sub-ppb range and these are mainly light
elements (A < 26). Review of the "Table of Isotopes"19yields only three light element
isotopes that produce a beta continuum. These are listed in Table 5. Both the 32Siand
42Ardecays involve second radionuclei which are noted in brackets in the table.

Table 5. Possible Radionuclei Pre_Purity Silicon
__Life Beta Endpoint ....

3H 12.2 y 0.018 MeV
32Si (32p) 133 y (14.3 d) 0.21 (1.71) MeV
42Ar(42K) 33 _' (12.4 h) 0.60 (3.5)MeV
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While high purity siliconcrystalsare typically gl'own in Argon usingthe float zone pro-
cess, the Argon solubilityin siliconat the processingtemperature (~1400" C)is small
and therefore 42Arshouldnot be present in detectablequantities.However, 3H and
32Siare probablypresent in most siliconcrystalsand in fact were unambiguously
identified20as contributingat one pointto the observedbackgroundin LBL-Santa
Barbara76Ge neutrinomassexperimentwhere siliconis part of the cryostatmechan-
ics.21

, Both3Hand 32Siare introducedintoa siliconcrystalby cosmicrays--but at different
pointsinthe crystal's history.The radionuclide32Siresultsfromthe interactionof
cosmic rayswith atmosphericargon nucleiwith its subsequentdepositionon the
earth's surface. Forsampleson the earth'ssurface ratiosof 32Sito the stablesilicon
isotopesof 10-15to 10-17are reported.22Since normallythere are no processingsteps
in the production of the siliconcrystalsthat will separate the 32Sifrom the stable silicon
isotopes,minimizingthe 32Siconcentrationin the final crystal requiresminimizingits
presence in the startingpolysilicon.

In contrast,3H is introducedintothe crystalby cosmicraysafter the crystalis grown.As
notedearlier, FZ crystalsare typicallygrownin an argonatmospherewiththe crystalat
about 1400" C. Therefore 3Hshouldnotbe present inthe initiallygrowncrystal, but
shouldresultfrom the subsequentstoppingof cosmicraysinthe crystal.

Fordetectorsto be used indark matter searches,we thereforehave been exploring
withvariousFZ siliconvendorsthe possibilityof obtainingcrystalsgrownfrom poly
materialthat was refinedfromsilicadeep in the ground(to rr,inim_zethe 32Siconcen-
tration)and then transportedvia landor sea (to minimizethe 3H concentration).

Discussion

The semiconductorgroupat LBL has had a longhistoryof collaborativeagreements
withthe experimentalcommunity,bothat LBL and elsewhere,that have often I,adto
innovativeadvances in detector technology.We have brieflysummarizedthe present
state of these advances in silicondetectortechnologyat LBL and have given a few
exampleswhere experimentshave directlybenefittedfrom ourcollaborativeinvolve-
ment.
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Figure Captions

Figure 1 A schematicrepresentationof a semiconductorradiationdet:_ctor.The
applied bias,V, producesa regionfree of mobilecarriers--a depletion
region. Incidentradiationcreates electronsand holes in thisdepletion
region.These electronsand holesare sweptby the electricfield, E, to the n+
or p+contactsrespectivelyfor subsequentdetection by an electronicampli-
fier.

Figure2 As notedinFigureI,thedepletionreglonisdependentDothon theapplied
biasandthenetimpurityconcentrationinthecrystal.Herethedepletion
depthdependenceisshown asa functionoftheimpurityconcentrationinp-
typesiliconcrystals.Alsonotedinthisfigurearerepresentativeimpurity
rangesforlithium-iondriftedsilicon,polycrystallinesilicon,floating-zone(FZ)
silicon,and Czochralski(CZ)silicon.

Figure3 The siliconlithiumdrifted[Si(Li)]detectorsfabricatedatLBL area grooved
design.Thisgrooveservestodefinethe_,-"veareaofthedevice,toassistin
theactualfabricationofthedeviceandtosustainthehigh_,oltagenormally
presenton thesedevices.The diffusedjunctiondetectorsareactuallyfabri-
catedusingbothdiffusionand ionimplantationtoformthen+ (phosphorous)
and p+ (boron) contacts, respectively.

Figure4 The diffusedjunction,dE/dx and Si(Li), E, detectorsused by W.D. Rae.15

Figure 5 The diffusedjunction,dE/dx, and Si(Li),E, detectorsused by G. Wozniak.16
The highand lowconductivitystripsthat providethe discrete positionsignal
levelsare evidenton the E detector in this figure.

Figure 6 A comparisonof the heavy ion fragmentationidentificationwith (A) and with-
out (B) trajectory correction.By knowingthe particle'straJectory,itsspecific
energy Ios_can be calculated,whichin turn leadsto a better identificationof
itsatomicnumber,Z. The largepeak in the figureat Z = 57 isthe La beam.

Figure 7 A schematicrepresentationof the stackingarrangementof the Si(Li) detec-
tors and loOMofoilsused inthe LBL lOOMoneutrinolessdoublebeta decay
experiment.17

Figure8 A simplifiedfabricationprocedurefor the lOOMoSi(Li) detectors. Firsta Li
contactwith a ringstructureas shownin (A) is diffusedintothe wafer with a
two step diffusion procedure. Second, the detector is then lithium ion drifted
(B). Finally, the U contact in the central region is removed and an aluminum
metal contact is evaporated onto this surface (C). ,_
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