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RecentProgressn CdTe andCdZn'le Detectors

TadayukiTakahashiandShinWatanabe

Abstract—

Cadmium telluride (CdTe) and cadmium zinc telluride (CdZnTe) have
beenregardedaspromising semiconductormaterials for hard X-ray and -
ray detection. The high atomic number of the materials (Z 4 =48,Z1¢=52)
givesa high quantum efficiencyin comparisonwith Si. The largeband-gap
enemy (Eg ~ 1.5eV) allows us to operate the detector at room tempera-
ture. However, a considerableamount of chargelossin thesedetectorspro-
ducesareducedenemy resolution. This problem arisesdue to the low mo-
bility and short lifetime of holes. Recently significant improvementshave
beenachieved to improve the spectral properties basedon the advancesin
the production of crystals and in the designof electrodes. In this overview
talk, we summarize (1) advantagesand disadvantagesof CdTeand CdZnTe
semiconductordetectorsand (2) techniquefor improving enemy resolution
and photopeak efficiencies. Applications of theseimaging detectorsin fu-
turehard X-ray and gamma-ray astronomy missionsare briefly discussed.

Keywords—CdTe, CdZnTe, CZT, gamma-ray, Pixel Detector

|. INTRODUCTION

HEREareincreasingdemanddgor new semiconductode-

tectorscapableof detectinghard X-ray and ~y-rays. For
imaging devices, their good enegy resolutionand the ability
to fabricatecompactarraysarevery attractve featuresn com-
parisonwith inorganicscintillation detectorscoupledto either
photodiode®r photomultipliertubes.

Despitethe excellentenegy resolutionand chage-transport
propertiesof silicon (Si) and germanium(Ge) detectorstheir
low stoppingpower for high enegy photonslimits their appli-
cationto hardX-ray andy-ray detection Furthermorethesmall
bandgapof germaniunforcesusto operatehedetectoratcryo-
genictemperaturesTherefore room-temperatureemiconduc-
tors with high atomic numbersandwide bandgapshave long
beenunderdevelopment.Thesematerialsareusefulnotonly in
medicalandindustrialimagingsystemsut alsoin detectordor
high enepy particle-andastrophysics.

CadmiumTelluride (CdTe) hasbeenregardedas a promis-
ing semiconductomaterialfor hard X-ray and-y-ray detection
sincethe early 1970'%s. The high atomicnumberof the materi-
als givesa high quantumefficiency suitablefor a detectorop-
eratingtypically in the 10—-500keV range. A large band-gap
enegy (Eyqp = 1.44eV) allows usto operatethesedetectorsat
room temperature.However, it becameclearthatit would be
muchmoredifficult to useCdTe in comparisorwith SiandGe,
especiallyfor nuclearspectroscop wheregood spectroscopic
performancds desired. The lack of stability also limited the
usefulnesof CdTe detectordn the past. Problemsand efforts
to improve the propertiesof CdTe detectorssinceits beginning
areavailablein review articles[1],[2].
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Fig. 1. LinearAttenuationCoeficientsfor photoabsorptiorandComptonscat-
teringin CdTe, Si, Ge,andNal(T'l)

In the 1990, the remarkableprogressn the technologyof
producinga high quality single crystal of CdTe andthe emer
genceof CadmiumzZinc Telluride (CdZnTe) have dramatically
changedhe situationsof high resolutionroomtemperaturele-
tectors[3]. Furthermoreadvancesin applicationspecificinte-
gratedcircuits (ASICs)leadsto fabricationof positionsensitve
detectorsn theform of stripor pixellateddetectors[4][5]. Here
we summarizethe recentprogressof the developmentof CdTe
andCdZnTe detectors.

Il. CDTE AND CDZNTE SEMICONDUCTOR

TABLE |
PROPERTIES OF THE SEMICONDUCTORS

semi- density Z Egp € Xo
conductor [g/cm?] [eVv] [eV] [cm]
Si 2.33 14 112 36 9.37
Ge 5.33 32 0.67 29 230
CdTe 5.85 48,52 1.44 443 152
CdznTe 5.81 16 46
Hgl, 6.40 80,53 213 42 1.16
GaAs 5.32 31,33 142 43 229

Egap bandgapenegy

€ : anionizationpotential

Xo radiationlength
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Fig. 2. Detectionefficieng for 100 keV ~-ray photonin variousthicknessof
CdTe, SiandGe
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Fig. 3. Detectionefficieng/ of CdTe at differentenegiesfor a thicknessof 5
mm (the closedcicles)and 10 mm (the opencircles). Dashedine : Photo-
electricabsorptioronly. Solidline : Efficienciesin which multiple Compton
scatteringsretaken into account.In the simulation,collimated-y-raysare
irradiatedat the centerof a detectowith asurfaceareaof 1 cm x 1 cm

Table | shaws the physical characteristicof the elemen-
tal and compoundsemiconductorsAmong the rangeof semi-
conductordetectorsavailable for ~-ray detection,CdTe (and
CdznTe) have a privilegedposition[6],[ 7], [8], becaus®f their
high densityandthe high atomic numberof their components,
aswell asa wide bandgap.As shovn in Fig. 1, CdTe hasa
high photoelectriattenuatiorcoeficient. Photoelectriabsorp-
tion isthemainprocessipto 300keV for CdTe,ascomparedo
60 keV for Siand150keV for Ge. Fig. 2 showvstheefficiengy
for 100keV v-rays.Evenadetectowith athicknessof 0.5mm
providesagooddetectiorefficiency for v-rays. Efficienciescal-
culatedwith a simulationcode[9] are shown in Fig. 3 for a
detectowith a thicknessof 5 mm and10 mm. For a511keV
photon,anabsorptiorefficiency of 15.5%canbe obtainedfor a
10 mm cubedetector Theseefficiencies,however, assumehat
~-ray photonsdepositall their enegy in the detectorvolume
andthatwe cancollectall electron-holepairsgeneratedn the
detector It hasbeenpointedout that the considerableamount
of chage lossin CdTe and CdZnTe limits their capability as
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high resolutionspectrometers[2]As shawn later, this problem
is duemainly to the poorchagetransporipropertiesgspecially
for holes. Incompletechaige collection could limit the thick-

nessand,thus,the volumeof detectorsvhich in turn limits the
usefulnes®f thedetector

A. HPB-grown CdznTe

Very recently Cd;_,Zn,Te grown by the High Pressure
Bridgman (HPB) techniquehasemepged as a new choicefor
roomtemperatureletectors[10][11], [12]. By increasingheZn
concentrationthe bandgapof the materialis increasedfrom
1.44 eV (for CdTe) to 2.2 eV (for ZnTe)[13]. With the most
widely usedcompositionof z = 0.08 — 0.15, CdZnTe hasa
bandgamf ~ 1.6eV anddisplayshigh electricalresistvity p =
(1.0 — 4.0) x 10'° O cm (n-type),which is closeto the theo-
reticalmaximumallowed by the bandgap[12] As shawn in the
currentvoltage(I-V) characteristic{Fig. 4 ), the leakagecur-
rentof a4x4x2 mm? CdZnTe detectoris 4 nA at20 °C . The
low leakagecurrentdueto the high resistvity of HPB-gravn
CdZnTe andits good electrontransportof p.7. = (0.5 — 5.0)
x10~3 cm?/V, where ur is mobility-lifetime product, results
in good spectralperformancewvhen operatedat room temper
ature. Theseadvantagesover conventionalCdTe have leadto
the early succes®f small volumesingle-elemenplanardetec-
torsandsimplemulti-electrodeCdZnTe deviceshave stimulated
moreadvancedapplicationin avariety of fields[14],[16]. Nev-
erthelessthereare a few dravbacksassociatedvith this new
detectomaterial. Althoughtheingotsareof very largevolume,
the presenHPB techniqueyields only polycrystalswith a non-
uniformdistribution of 7 products.ThelR transmissiorimage
of the large wafer shavs grain boundariesanda distribution of
Te-decoratedeatureg[17]. Extensve studiesindicatethat the
grain boundariegdecoratedvith Te inclusionsor twin bound-
arieshave anadwerseeffect on carriertransportin CdZnTe and
resultin poor spectralresponse[14][17], [15]. At presentthe
yield of HPB CdZnTe diessuitablefor the fabricationof large-
area(> 10 x 10mm?) X- and~y-rayimagingdevicesis very low
[14]. Additionally, the u7 productsof holesin CdZnTe detec-
torsis ~2x10~5 cm?/V andis almostone orderof magnitude
smallerthanthat of the recentCdTe detector This is probably
dueto somedegradationin propertiesntroducedby addingZn.

B. THM-grown CdTe

After continuousefforts for more than two decadedo im-
provethe performancef CdTe crystals thetechniqueor grow-
ing alargesingleCdTe crystalwith goodchagetransporiprop-
ertiesseemso be established[18CdTe is usuallygrown by the
Traveling HeaterMethod (THM). After careful thermaltreat-
ment and the selectionof proper crystal orientation for the
electrodesystem,it is reportedthat the CdTe wafer displays
goodchagetransporipropertiefor bothelectrong e 7. = 1—2
x10~3 cm?/V ) andholes(uym, =1 x10~* cm?/V ). Theelec-
trical resistiity of ~1x10° Q cm (p-type)is achiezed by com-
pensatinghenative defectswith Cl. Furthermorewith theusual
electrodeconfiguratiorwith PtwhichformsOhmiccontactsthe
detectoris free from problemswith the stability[18]. Thereare
no grainboundariesior adistribution of Teinclusionin awafer,
sinceit is a single crystal[17]. The uniform chage transport
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Fig. 4. Currentvoltage(I-V) characteristicat 20 °C of the CdZnTe and
CdTe detectorswith dimensionsof 4x4 mm? anda 2 mm thickness.The
leakagecurrentfor the CdTe detectomeasure@t5 °C andtheCdTe diode
(describedater)at20 °C . Thedimension®ftheCdTediodeis2 x 2 x 0.5
mm3 areshavn for comparisonThe CdZnTe detectowasmanufcturedoy
eV Productsandthe CdTe detectowasmanugcturedby ACRORAD.

propertiesof the wafer are very importantaspectnot only for
fabricatinglarge areastrip or pixel detectorsbut alsofor con-
structingalargescaley-ray camerawith mary individual detec-
tors. Singlecrystalsof 50 mm diameterarenow commercially
available for THM-CdTe. The grown crystalis large enough
to obtain (1 1 1)- orientedsingle crystal waferswith an area
aslarge as30x 30 mm?. A similar approachto growing high
guality CdTe singlecrystalsis reportedwith THM [19] andin a
corventionalvertical Bridgmanfurnace[14].

C. Energy spectra of CdTe and CdZnTe

Becauseof the very high resistiity, CdTe and CdZnTe are
regardedassemi-insulatingnaterialsandusuallyoperatedasa
“solid ionizationchamber”[23]. The electron-holepairsgener
atedin thedetectoarecollectedby applyinganappropriatédias
voltage. Figs.5 (a) and(b) shav the enegy spectraof -rays
from 57 Co obtainedat 20 °C with the CdTeandCdZnTe detec-
torsusedin the measurementf thel-V curve (Fig.5). In the
measurementhe chage signalis integratedin the ClearPulse
CP-5102CSA and shapedby an ORTEC 571 amplifier The
time constanbf the shapingamplifierwassetat 0.5 us for both
detectors. In orderto minimize the effect of the incomplete-
nessof the hole collection, we irradiated~y-raysfrom radioac-
tive sourceson the negative electrode(cathode). The applied
biasvoltagesarechoserto be 100V for theCdTe and300V for
the CdZnTe detectorso that we obtainthe comparabldeakage
current. The enegy resolution(FWHM) of the 122keV line is
6.9keV for the CdTe detectorand4.2keV for CdZnTe.

I1l. EFFECTS OF LOW TRANSPORT OF HOLES

Collectingfull informationdueto thetransitof bothelectrons
andholesis importantfor obtainingthe ultimateenegy resolu-
tion from the device. The meandrift pathof the chage carrier
is expressedasthe productof ur and E, where E is the ap-
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Fig. 5. 57Co spectraobtainedwith (a) CdTe and (b) CdZnTe detectorsat

20 °C obtainedfrom the samedetectorausedin Fig. 4 . The appliedbias
voltageis 100V and300V for CdTeandCdZnTe, respectiely. Theshape-
ing time wassetat 0.5 us.

plied electricfield in the device. Dueto the slow mobility and
shortlifetime of holes,the thicknessof the detectorshouldbe
smallerthanu,m E, whereu, andr, arethe mobility andlife-
time of holes.If adetectomwith athicknesd > ppm E is used,
only a fraction of the generatedignalchageis inducedat the
detectorelectrode. The fraction andthe resultantpulse height
dependdn theinteractiondepth. This positiondependeng pro-
ducesa shoulder(tailing) in the peaksof ~-ray lines towards
thelow enepgy region, which is seenin 37 Co spectrawith CdTe
andCdZnTe shovn in Fig. 5. Dueto a distortionof the spec-
trum. The enegy resolutiondoesnot reachthetheoreticalimit
expectedfrom statisticalfluctuationsin the numberof electron-
hole pairsandthe Fanofactor

The pulseheightasa function of the depthof interactionfor
asimpleplanardetectoiis givenby the Hechtequation[20]:

PHG) & m(urB(-ep-1—2) Q)
Bl —exp(=—2p))) ()

wheren, is the numberof electron-holepairsgeneratedn the
detectorandd is the detectorthickness. The depth, z is mea-
suredfrom the cathode. The reductionof the pulse heightis
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side(dashedine).
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Fig. 7. Simulatedspectreof the122keV line of 57 Co obtainedwith (a) 100V,
(b) 400V, and(c) 1400V. The detectorthicknesss 0.5 mm. Thelow en-
emy tail in the spectrumis solely dueto the hole trapping. For the this
thickness, 1400V is requiredfor eliminatinglow enegy tail and obtain-
ing anenepy resolutioncloseto the thereticallimit. The assumedse7e is
2x1073 cm?/V and pp, 7,=1x10~* cm?/V. Resolutiondueto statistical
fluctuationof electron-holgairsandelectronicgs notincluded.

severefor the eventwhich takes placecloseto the anodeelec-
trode of a 2 mm thick detectoy wherethe signalis mostly due
to the holetransit. Only 16% of the signalis collectedfor py

= 2x107% cm?/V (typical numberfor the recentHPB-grovn

CdZnTe detectorspscomparedo the casefor py 7, = oo with

abiasvoltageof 300V. This effectis clearlyseenin the 24! Am

spectrumshowvn in Fig. 6 which wasobtainedwith a CdZnTe
detectorwith a thicknessof 2 mm. Whenthe detectoris irra-

diatedby ~-raysfrom the cathodeface,y-ray peaksareclearly
resoled. Theenegy resolutionat 60 keV is 3.3 keV. However,

if we irradiate~y-raysfrom the anodeface, the peakstructure
is smearedut completely The situationis slightly betterfor

CdTe which hashigher u, 7, but the spectralperformances

still limited.

Many methodshave beenproposedandusedto overcomethe
hole-trappingproblem. Oneapproachs to usetheinformation
containedin the pulse shape[2]. In this approachthe pulses
with a slow rise time are correctedor discriminatedby means
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of speciallydesignectlectronics A modelof the pulseshapds
describedn [21]. Anotherapproachs the useof ahemispheric
geometry[2]. A logarithmeticfield insidethe detectorenhances
thecollectionof fast-mwing electronsandrestrainthe hole col-
lection. The applicationof hemisphericCdTe and CdZnTe de-
tectorsto safgguardsmeasurementaredescribedn [22]

IV. HIGH RESOLUTION CDTE DIODE AND ITS APPLICATION
TO THE STACK DETECTOR

The theoreticalenegy resolutionof CdTe canbe calculated
from statisticalfluctuationsin the numberof electron-holgairs
andthe Fanofactor(F)[23]. By usinge = 4.5eV andF' = 0.15,
the theoreticallimit (FWHM) is 200 eV at 10 keV, 610 eV at
100keV, and1.5keV at600keV [30], if we couldneglectelec-
tronic noise. Theseresolutionsare very attractve for applica-
tionsin astrophysicsywhereprecisedeterminationsf thecentral
enegy andthe profile of X-ray and-~-ray linesarecrucial[24].
For obtainingthe ultimateenegy resolutionfrom the CdTe and
CdznTedetectorsgollectingfull informationgivenby thetran-
sit of bothelectronsandholesis important.Fig. 7 is theresult
of simulationsshaving that high bias voltageis important. In
orderto obtaina FWHM of 700 eV at the 122 keV line from
57Co, a biasvoltageof 1400V shouldbe appliedfor a detector
with athicknessof 0.5mmfor p,7, =1 x10~* cnm?/V. Thethin
CdTe device hasanadwantageover the thick onebecauseuffi-
cientbiasvoltagefor full chagecollectioncanbeeasilyapplied.
Detectorswith very low leakagecurrentthatallow sucha high
bias voltage have beendevelopedby several groupsthorough
the useof diodestructureeitherby a blocking electrodeor PIN
structure[24]]25], [26].

Takahashiet al. reporteda significantimprovementin the
spectralpropertiesof CdTe detectorsbasedon the advances
madein theproductionof highquality CdTe singlecrystalg24],
[27], [28]. Thebasicideais to utilize indium astheanodeelec-
trodeonthe Te-faceof thep-typeCdTe waferwith (1,1,1)orien-
tation[29]. A high Schottly barrierformedontheln/p-CdTein-
terfaceleadsusto theoperationof thedetectorasadiode(CdTe
diode). The leakagecurrentof the2 mm x 2 mm x 0.5mm
detectomvas0.7 nA with abiasvoltageof 400V at20 °C (Fig.
4).

Fig. 8 shawstheenegy spectrunof y-raysfrom 24 Am ob-
tainedwith the CdTe diode. A biasvoltageof 1400V (internal
electricfield of E=28 kV/cm) was applied and the operating
temperaturavas —40 °C . The FWHM of the 59.5keV line
is 0.83keV correspondingo an enegy resolution(AE/E) of
1.4%. Thisis closeto the enegy resolutionof HP-Gedetectors
cooledto liquid nitrogentemperatureThereductionof the low
enegy tail evenin the662keV line from 137 Csresultsin areso-
lution of 2.1keV (0.3%),whichis consistentvith thetheoretical
prediction[30]. The improvementof the enegy resolutionby
adoptingthe Schottky junctionis drastic,but the gainandreso-
lution degradewith time duringroomtemperatureperation.It
is reportecthatbotha high electricfield of severalkV cm~! and
alow operatingemperaturébelow several °C ) ensurestability
ontime scaledongerthanweeks[27].

An enepy resolutionof < 1% atahigh photonenegy of sev-
eral hundredkeV undermoderateoperatingconditionsis very
attractve in high enepgy astrophysics.However, good enegy
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Fig. 8. 241 Am spectraobtainedwith the CdTe diode describedn [24]. The
enegy resolutionat60keV is 0.83keV (FWHM). Thedetectohasasurface
sizeof 2mm x 2 mm andathicknessf 0.5 mm. Thetime constanof the
shapingamplifieris 2 us.

Fig.9. ThestacledCdTediode. Twelve CdTediodeswith dimentsion®f 5 mm
x 5 mm x 0.5mm arestacled together The outputfrom eachdiodewas
fed into an individual readoutelectronicssystem,which were operatedn
anti-coincidencéfrom [24].

resolutionwith athick CdTe diodewill bedifficult to achieve as
the biasvoltagerequiredfor completechage collectionscales
with the secondpower of the detectorthickness We, therefore,
adoptedheideaof a stacleddetector(Fig. 9), in which several
thin CdTe diodesare stacled togetherand operatedasa single
detector

Fig. 10 shavsthe comparisorbetweerthe enegy spectrum
of 133Bay-raysobtainedirom a2 mmthick planarCdZnTe de-
tector and that from the first four layersof the stackdetector
which consistof 12 layerswith athicknesof 0.5mm, bothop-
eratedat5 °C . Theappliedvoltagesare300V for theCdzZnTe
detector( E = 1.5kV/cm) and400V for eachlayerof thestack
detector( E = 8 kV/cm). It is clearly shovn thatthe peakto
valley ratio at 300 keV is muchsuperiorfor the stacled CdTe
diodeascomparedo the2 mmthick CdZnTe detector Thisap-
proachis particularlyusefulfor enegiesbelov 300keV, where
the dominanceof photoelectricattenuationleadsto single-site
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Fig. 10. Thecomparisorbetweertheenegy spectrurof 132 Bay-raysobtained
(a) from a 2 mm thick planarCdzZnTe detectorand (b) from the first four
layersof the stackdetectowith a total thicknessof 2 mm. An asymmetry
noticedin the line shapeof the stacled detectorabove 250 keV is dueto
the fact that a bias voltageof 400V is still not suficient for full chage
collection.

absorptiorin asinglelayer. When~-rayswith anenegy of 300
keV areirradiatedonto a 2 mm thick detectoy 9% of photons
depositall their enegy in the detector Amongthem, 75% are
stoppedy a singlephotoabsorptionfFor a 6 mm thick detector
(12 layers),44% and 17% of the incidentphotonsare stopped
by a single photoabsorptiorior 200 keV and 300 keV ~-rays,
respectiely.

V. NOVEL ELECTRODE DESIGN FOR SINGLE CARRIER
CHARGE COLLECTION

In orderto useCdTe andCdZnTe for the detectionof v-rays
with enegy higherthanseveralhundredkeV, the efficiency of a
thick (> 5 mm) detectoiis necessaryHowever, applicationof a
simpleplanarelectrodeconfigurationseemdo be difficult, be-
causdherequiredbiasvoltageto eliminatelow enegy tail atthe
level to achiese afew keV resolutionmustbe higherthana few
hundredkV. Soonafterthe emegenceof HPB-gravn CdZnTe,
new ideasbasedn the conceptof singlechagecollectionhave
beenproposed[31][32], [34]. Theseideasutilize techniquedo
form strip or pixel electrode®n the surfaceof the materialand
to processmary channeldy meansf high-densityanalogL S|
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Anode Design

Fig. 11. Electrodeconfigurationof coplanarelectrodes

in the form of ASICs. Herewe summarizesomehighlights of
thedevelopmenbf thesenovel electrodedesigns.

A. Coplanar grids

The ideaof usingthe effectsof Frischgrid foundin gasand
liquid detectorsvasproposedy Lukein 1994.In this method,
ananodeconsistingof apair of interleavedgrids(Coplanargrid)
is formedon a surfaceof the detectorasshovn in Fig. 11. A
differentbiasis appliedto eachsetof electrodes.This poten-
tial differenceis smallcomparedo the overall potentialacross
the detector When electronsand holesmove within the bulk
materialof the detectoy they induceequalsignalson both grid
electrodes.Whenthe electronscomecloseto the anodeplane,
the signalof the grid with the higherpotentialrisessteeply A
netsignal,whichis obtainedby subtractinghe signalsfrom the
two grids, is sensitve to primarily to the electronsignal(single
polarity chaige sensing).Sincethe depthdependensignaldue
to themovementof holesis subtractedthelow enegytail in the
spectrumcanbe eliminated. The dramaticimprovementby the
coplanamgrid is demonstrate¢h Fig. 12 [35].

B. Small pixelsand control electrode

It haslong beenrecognizedhatreducingthe sizeof theelec-
trodecollectingthe higherur carrierscanpotentiallyeliminate
thelow-enepytail by effectively achiezing single-carriechaige
collection through the "nearfield effect”. Barret et al have
shaown that,if the pixel sizeis smallin comparisorwith the de-
tectorthicknessandthe pixel electrodds biasedo collectelec-
trons,theincompletechage collectiondueto severeholetrap-
ping canbe dramaticallyimproved,becaus¢heinducedchage
on eachpixel anodeis dominatedby the numberof electrons
collectedby the anode[32].For nuclearmedicineapplications,
Barberet al. appliedtheideaof "small pixel effects” to alarge
CdznTe arraywith a pixellatedelectrodeproducedon oneside
of thedetectorslabby photolithographythatis bumpbondedto
areadoutintegratedcircuit which readsout eachpixel individu-
ally[33]. A 64x64 (2.5cm x 2.5cm) CdZnTe arrayswith 380
pm pitch hasbeenconstructedaindtestedby Barberetal. [50].
Pixel detectorswith a pixel sizeof severalhundredo afew mm
have beendevelopedby severalgroups.Optimumspectroscopic
performancevith electrodesegmentationis discussedn [36].

Recently Butler hasproposed new conceptasedon acon-
trol electrodedn additionto acathodeandsmallanode[34].The
control electrodesurroundghe anodepixel andacceptsa large

105

1500
(a)
137Cs
@ 10001
=
>3
o
O
500
662 keV
&
0 T T T T
0 200 400 600 800
Channel Number
1500
(b) 137Cs
@ 1000
5
3 662 keV
. i1
500
0 . . : ;
0 200 400 600 800

Channel Number

Fig. 12. Spectraof 137 Csobtainedwith the CdZnTe detector(a)in its standard
configurationand(b) in the coplanargrid configuration.The dimensionof
thedetectorare5 x 5 x mm?. Theappliedbiasvoltageis 500V andthe
peakingtime of theshapingamplifierwassetat 2us (takenfrom [31] )

fraction of the chagesinducedby the carrierswhile they are
in transit. Similar to the effect of a coplanargrid, almostthe
full chage of the mobile electronsis inducedon the anode.
Mayer et al. extendedthis conceptand developedan imaging
device with orthogonakoplanaranodegFig. 13)[37]. Thesig-
nalsinducedon the stripsareusedto determinethe interaction
positionin one dimension. The positioninformationin the y-
directionis inferredfrom the pixelswhich areinterconnectedo
thestrips. This electrodeconfigurationprovidesinformationof
n? pixels with 2n channelsandreduceshe complexity of the
readoutelectronics. The enepgy resolution(FWHM) obtained
from thedetectoiis 3.42keV at60 keV and5.6keV at 662keV.

C. 3-D position sensitive semiconductor detector

In addition to signalsfrom strips or pixels formed on the
anodeface,informationfrom the cathode(commonelectrode)
can be usedto obtainthe v-ray interactiondepth. The inter
action depthprovide a correctionfor the electronpath length
andthe trappingwhich are importantfor thick detectorg(~ 1
cm). He et al. have performedextensive studieson this possi-
bility[38], [39]. Thefist 3-D position-sensitie semiconductor
detectowith CdZnTeyieldedanenegy resolutionof 10keV at
662 keV anda depthresolutionof 0.5 mm. Resultsfrom a sec-
ondgeneratiorl2.5x 12.5x 10mm?® CdTe detectorarereported
in [40].
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Fig. 13. Theanodegeometryof a CdZnTe imagingdetectomwith coplanargrid
andcontrol electrode.The vertical stripsmeasurghe z-positionwhile the
linesof interconnectegixel providesthey-measuremeri87]

V1. APPLICATION TO HARD X-RAY AND y-RAY MISSION

Hard X-rays and-y-raysare animportantfrequeny window
for expoloringthe enegeticuniverse.The CGRO satellitehas
revealedus the fact that a variety of gamma-raysourcesexist
in the sky[41]. However, whencomparedwith X-ray Astron-
omy, gamma-rayastronomyis still immature;the sensitvity of
instrumentsarefar from the level achievedby the currentX-ray
missionsemploying focusingtelescope the enegy bandbe-
low 10 keV. Gamma-rayinstrumentsn the 21stcenturyshould
provide muchimprovedangularandspectraresolutionoverthe
instrumentdn usetoday CadmiumTelluride (CdTe) andCad-
miumZinc Telluride(CdZnTe) solid statedetectordhave several
promisingfeaturesvhichmake theminstrumentdor useasafo-
cal planeimagerof a multi-layer grazingincidencemirror or a
codedmaskaperturefor the next generatiorof hard X-ray and
~-ray astronomysatellites.

A. INTEGRAL

The IBIS detectoron boardESAs INTEGRAL will be the
first spaceinstrumentthat utilizes the good spectralresolution
of CdTe. Major objectivesof the missionarethe detectionand
preciseidentificationof ~y-ray line spectrato studythe high en-
ergy processeandresultingnuclearinteractiongaking placeat
astrophysicasites. The detectorconsistof two layersof pixel-
lated detectomplanesseparated-10 cm andoperatedasa focal
planedetectorof a codedmaskaperture Thetop layerdetector
planeis madeof 16384squareCdTe detectorg4x4x2 mm?)
, Which givesa total sensitie areaof 2621cm?. The detector
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Fig.14. Cutaway drawing of the BAT instrumentonboardSwift satellite. The
D-shapedcodedaperturemaskis 3 m? with 5 mm pixels. The CdZnTe
array consistsof 32768CdZnTe detectorswith dimensitonsof 4 mmx4
mmx2 mm. Graded-Zshieldingreducesthe backgrounddue to cosmic
diffuseemission[43][44]

is dividedinto eightrectangulamodulesof 128 polycells,each
polycell containing16 detectorpixels. In orderto improve the
enegy resolutionof the CdTe detectoya pulseheightcorrection
schemads implementedoy a speciallydesignedASIC. Accord-
ing to the measuremendf a prototypedetectorfor IBIS[42],

spectralresolutionof around4.5 keV (FWHM) is obtainedfor

the 122 keV line. The averagemobilities are measuredo be
946+50 cm?V ~1s~! for electronsand 79.5+9 cnm?V ~1s~! for

holeswhile the averagelifetime is reportedto be 1.2 + 0.1 us
for electronsand4.6 + 0.2 usfor holes.

B. Swift

Swift is afirst of its kind multiwavelengthtransientobsena-
tory for ~-ray burst (GRB) astronomy due to be launchedin
2003. The BAT instrumenton Swift is designedo provide the
critical GRB trigger and quickly measurehe burst positionto
betterthan4 arcmin[43],[44]. Sincethe enegy emissionfrom
GRBspeaksat afew 100keV, the BAT utilizes32768CdZnTe
detectowith dimensionsf 4x4x2 mm? toformal.2m x 0.6
m sensitve areain the detectorplane. Thereare 256 detector
module(DM) in the BAT. One DM consistsof 8x 16 array of
CdZnTe elementswhich are connectedo a 128 channelread-
out ASIC (XA chip[45]).

C. Future Approach

For future X-ray astronomymissions oneof the mainobjec-
tivesis obsenation with a very high sensitvity in the 10-100
keV band,wherenon-thermakmissiorbecomeslominantover
thermalemission[24]. This could be achieved by emplogying a
multi-layer, grazingincidencehardX-ray telescopg“supermir-
ror”) in conjunctionwith a hardX-ray imagingdetectorasafo-
cal planedetector The currentgoalfor theimagingdetectotis a
CdTe or CdzZnTe pixel detectomwith botha fine positionresolu-
tion of afew 100 um anda high enegy resolutionbetterthanl
keV (FWHM) in thisenepgy range.In orderto coverthefield of
view of the telescopethe detectorshouldhave an areaof sev-
eralcm?. Fasttiming of severalhundrednswill berequiredfor
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1l6
X Axis

Fig. 15. Radiographigmageof anobjectmadeof solderingwire irradiatedby
y-raysfrom 241 Am obtainedwith the 32x 32 CdTe pixel detectorcovering
6.8mm x 6.8 mm at roomtemperature The pixel sizeis 200 um x 200

um.

theactive shielding,which would be necessaryo achiese alow
backgroundenvironmentin space.

Researchand developmentprojectstoward thesegoals are
now underway by severalgroups[17],[46], [30], [47]. To real-
ize fine pitch (finer thanseveral hundredmicrons)CdTe and/or
CdznTe pixel detectorsgood detectormaterialandlow noise
amplifiersanda readoutsystemfor morethan10,000indepen-
dentchannelswill bethe key technology A simpleandrobust
connectiontechnologyneedsto be establishedpecausehigh
compressiorand/or high ambienttemperaturevould damage
theCdTeandCdzZnTecrystal.Fig. 15shovstheradiograpidm-
ageobtainedwith fine pixel detectorddevelopedunderthe col-
laborationbetweerBonn UniverstyandISAS[48]. Thesizeof
thepixelsis 200um x 200 um. They aredirectly bumpbonded
to atwo-dimensionaphotoncountingASIC (MPEC2)by using
newly developedgold-studbumpbondingtechnology[30].

In additionto pixel detectorsalargeareaarray(~ 5000cm?)
consistingof stripshasbeenreportedin [49]. The detectoris a
6x6 arrayof CdZnTe strip detectors.Orthogonalpatternsare
imprinted on the top and bottom sidesof eachdetector With
stripsseparatethy 100 um, a spatialresolutionof < 50 um has
beendemonstrated.

VIlI. CONCLUSION

Owing to the significantprogressin producinghigh quality
CdznTe andCdTe crystals thesematerialsarenow regardedas
“serious” candidatedor the next generatiorof hard X-ray and
~-ray detectors.Applicationsto nuclearmedicineare reviewd
in [50], [6], [16]. Goodenegy resolutionbetterthanl keV is
achievedfor 60 keV ~y-raysby thediodestructurefor a thin de-
tector A novel electrodeconfigurationsolves the problem of
incompletechagecollectionfor thedetectionof high enegy -
rayswith athick detector As discussedby Fougeresetal. [19],
the choicebetweenCdTe and CdZnTe is still very difficult to
male. Thereis still someroom for improvementsfor real ap-
plications. Theseincludethe productionof large and uniform
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singlecrystals,especiallyfor the HPB-grovn CdZnTe, andthe
bump technologyspecificto “fragile” CdTe andCdZnTe. The
costof the materialis still high for alarge scaley-camera.Fur-
theradvancesn application-specifiintegratedcircuits (ASICs)
are necessaryor the fabricationof fine-pitch pixel detectors.
Extensve studiescurrentlyunderway by mary laboratorieswill
boostthefurtheradwanceof of theseinterestingmaterials.
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