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RecentProgressin CdTeandCdZnTe Detectors
TadayukiTakahashiandShinWatanabe

Abstract—
Cadmium telluride (CdTe) and cadmium zinc telluride (CdZnTe) have

beenregardedaspromisingsemiconductormaterials for hard X-ray and � -
ray detection.The high atomic number of the materials (Z ��� =48,Z ��� =52)
givesa high quantum efficiencyin comparisonwith Si. The largeband-gap
energy (Eg � 1.5 eV) allows us to operate the detector at room tempera-
tur e. However, a considerableamount of chargelossin thesedetectorspro-
ducesa reducedenergy resolution. This problem arisesdue to the low mo-
bility and short lifetime of holes. Recently, significant improvementshave
beenachieved to improve the spectral propertiesbasedon the advancesin
the production of crystals and in the designof electrodes. In this overview
talk, wesummarize(1) advantagesand disadvantagesof CdTeand CdZnTe
semiconductordetectorsand (2) techniquefor improving energy resolution
and photopeak efficiencies. Applications of theseimaging detectorsin fu-
tur e hard X-ray and gamma-rayastronomy missionsare briefly discussed.

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

I . INTRODUCTION�
HEREareincreasingdemandsfor new semiconductorde-
tectorscapableof detectinghard X-ray and 	 -rays. For

imaging devices, their good energy resolutionand the ability
to fabricatecompactarraysarevery attractive featuresin com-
parisonwith inorganicscintillation detectorscoupledto either
photodiodesor photomultipliertubes.

Despitethe excellentenergy resolutionandcharge-transport
propertiesof silicon (Si) andgermanium(Ge) detectors,their
low stoppingpower for high energy photonslimits their appli-
cationto hardX-ray and	 -raydetection.Furthermore,thesmall
bandgapof germaniumforcesusto operatethedetectoratcryo-
genictemperatures.Therefore,room-temperaturesemiconduc-
tors with high atomicnumbersandwide bandgapshave long
beenunderdevelopment.Thesematerialsareusefulnot only in
medicalandindustrialimagingsystemsbut alsoin detectorsfor
high energy particle-andastrophysics.

CadmiumTelluride (CdTe) hasbeenregardedas a promis-
ing semiconductormaterialfor hardX-ray and 	 -ray detection
sincethe early1970’s. Thehigh atomicnumberof themateri-
als givesa high quantumefficiency suitablefor a detectorop-
eratingtypically in the 10
 500 keV range. A large band-gap
energy ( ������ = 1.44eV) allows usto operatethesedetectorsat
room temperature.However, it becameclear that it would be
muchmoredifficult to useCdTe in comparisonwith Si andGe,
especiallyfor nuclearspectroscopy, wheregoodspectroscopic
performanceis desired. The lack of stability also limited the
usefulnessof CdTe detectorsin the past. Problemsandefforts
to improve thepropertiesof CdTe detectorssinceits beginning
areavailablein review articles[1],[2].
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Fig. 1. LinearAttenuationCoefficientsfor photoabsorptionandComptonscat-
teringin CdTe,Si, Ge,andNaI(��� )

In the 1990’s, the remarkableprogressin the technologyof
producinga high quality singlecrystalof CdTe andthe emer-
genceof CadmiumZinc Telluride (CdZnTe) have dramatically
changedthesituationsof high resolutionroomtemperaturede-
tectors[3]. Furthermore,advancesin applicationspecificinte-
gratedcircuits(ASICs)leadsto fabricationof positionsensitive
detectorsin theform of stripor pixellateddetectors[4],[5]. Here
we summarizethe recentprogressof thedevelopmentof CdTe
andCdZnTedetectors.

I I . CDTE AND CDZNTE SEMICONDUCTOR

TABLE I

PROPERTIES OF THE SEMICONDUCTORS

semi- density Z ������ � ���
conductor � ���! #"%$'& [eV] [eV] [cm]
Si 2.33 14 1.12 3.6 9.37
Ge 5.33 32 0.67 2.9 2.30
CdTe 5.85 48,52 1.44 4.43 1.52
CdZnTe 5.81 1.6 4.6( �*),+ 6.40 80,53 2.13 4.2 1.16-/.1032

5.32 31,33 1.42 4.3 2.29

�4����� : bandgapenergy
� : anionizationpotential
� � : radiationlength
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Fig. 2. Detectionefficiency for 100keV 5 -ray photonin variousthicknessof
CdTe,Si andGe

Fig. 3. Detectionefficiency of CdTe at differentenergiesfor a thicknessof 5
mm (theclosedcicles)and10 mm (theopencircles). Dashedline : Photo-
electricabsorptiononly. Solidline : Efficienciesin whichmultipleCompton
scatteringsaretaken into account.In thesimulation,collimated 5 -raysare
irradiatedat thecenterof adetectorwith asurfaceareaof 1 cm 6 1 cm

Table I shows the physical characteristicsof the elemen-
tal andcompoundsemiconductors.Among the rangeof semi-
conductordetectorsavailable for 7 -ray detection,CdTe (and
CdZnTe)haveaprivilegedposition[6],[7], [8], becauseof their
high densityandthe high atomicnumberof their components,
aswell asa wide bandgap.As shown in Fig. 1 , CdTe hasa
highphotoelectricattenuationcoefficient. Photoelectricabsorp-
tion is themainprocessupto 300keV for CdTe,ascomparedto
60 keV for Si and150keV for Ge. Fig. 2 shows theefficiency
for 100keV 7 -rays.Evenadetectorwith a thicknessof 0.5mm
providesagooddetectionefficiency for 7 -rays.Efficienciescal-
culatedwith a simulationcode[9] are shown in Fig. 3 for a
detectorwith a thicknessof 5 mm and10 mm. For a 511keV
photon,anabsorptionefficiency of 15.5%canbeobtainedfor a
10 mm cubedetector. Theseefficiencies,however, assumethat
7 -ray photonsdepositall their energy in the detectorvolume
andthat we cancollect all electron-holepairsgeneratedin the
detector. It hasbeenpointedout that the considerableamount
of charge loss in CdTe and CdZnTe limits their capability as

high resolutionspectrometers[2].As shown later, this problem
is duemainly to thepoorchargetransportproperties,especially
for holes. Incompletecharge collection could limit the thick-
nessand,thus,thevolumeof detectorswhich in turn limits the
usefulnessof thedetector.

A. HPB-grown CdZnTe

Very recently, Cd8:9<; Zn; Te grown by the High Pressure
Bridgman(HPB) techniquehasemerged as a new choicefor
roomtemperaturedetectors[10],[11], [12]. By increasingtheZn
concentration,the bandgapof the material is increasedfrom
1.44 eV (for CdTe) to 2.2 eV (for ZnTe)[13]. With the most
widely usedcompositionof = = 0.08 > 0.15, CdZnTe hasa
bandgapof ? 1.6eV anddisplayshighelectricalresistivity @�A
(1.0 > 4.0) B 108DCFE cm (n-type),which is closeto the theo-
reticalmaximumallowedby thebandgap[12].As shown in the
currentvoltage(I-V) characteristics(Fig. 4 ), the leakagecur-
rentof a 4 B 4 B 2 mmG CdZnTedetectoris 4 nA at 20 H C . The
low leakagecurrentdue to the high resistivity of HPB-grown
CdZnTe and its goodelectrontransportof IKJ:LMJ = (0.5 > 5.0)
BNMO 9 G cmP /V, where IQL is mobility-lifetime product, results
in good spectralperformancewhen operatedat room temper-
ature. Theseadvantagesover conventionalCdTe have leadto
the earlysuccessof small volumesingle-elementplanardetec-
torsandsimplemulti-electrodeCdZnTedeviceshavestimulated
moreadvancedapplicationin a varietyof fields[14],[16]. Nev-
ertheless,therearea few drawbacksassociatedwith this new
detectormaterial.Althoughtheingotsareof very largevolume,
thepresentHPB techniqueyieldsonly polycrystalswith a non-
uniformdistributionof IQL products.TheIR transmissionimage
of the largewafershows grainboundariesanda distribution of
Te-decoratedfeatures[17]. Extensive studiesindicatethat the
grain boundariesdecoratedwith Te inclusionsor twin bound-
arieshave anadverseeffect on carriertransportin CdZnTe and
resultin poorspectralresponse[14],[17], [15]. At present,the
yield of HPB CdZnTe diessuitablefor thefabricationof large-
area( R 10 B 10mmP ) X- and7 -rayimagingdevicesis verylow
[14]. Additionally, the IQL productsof holesin CdZnTe detec-
tors is ? 2 B 109TS cmP /V andis almostoneorderof magnitude
smallerthanthatof the recentCdTe detector. This is probably
dueto somedegradationin propertiesintroducedby addingZn.

B. THM-grown CdTe

After continuousefforts for more than two decadesto im-
provetheperformanceof CdTecrystals,thetechniquefor grow-
ing a largesingleCdTecrystalwith goodchargetransportprop-
ertiesseemsto beestablished[18]CdTe 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
goodchargetransportpropertiesfor bothelectrons( I J L J = 1 > 2
BNMO 9 G cmP /V ) andholes( IKUVLMU = 1 BNMO 9XW cmP /V ). Theelec-
trical resistivity of ? 1 B 10Y E cm (p-type)is achievedby com-
pensatingthenativedefectswith Cl. Furthermore,with theusual
electrodeconfigurationwith PtwhichformsOhmiccontacts,the
detectoris free from problemswith thestability[18]. Thereare
nograinboundariesnoradistributionof Teinclusionin awafer,
sinceit is a single crystal[17]. The uniform charge transport
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Fig. 4. Currentvoltage(I-V) characteristicsat 20 Z C of the CdZnTe and
CdTe detectorswith dimensionsof 4 [ 4 mm\ anda 2 mm thickness.The
leakagecurrentfor theCdTedetectormeasuredat5 Z C andtheCdTediode
(describedlater)at20 Z C . Thedimensionsof theCdTediodeis 2 [ 2 [ 0.5
mm] areshown for comparison.TheCdZnTedetectorwasmanufacturedby
eV ProductsandtheCdTedetectorwasmanufacturedby ACRORAD.

propertiesof the wafer arevery importantaspectnot only for
fabricatinglarge areastrip or pixel detectorsbut also for con-
structingalargescalê -raycamerawith many individualdetec-
tors. Singlecrystalsof 50 mm diameterarenow commercially
available for THM-CdTe. The grown crystal is large enough
to obtain (1 1 1)- orientedsingle crystal waferswith an area
aslarge as30 _ 30 mm̀ . A similar approachto growing high
quality CdTesinglecrystalsis reportedwith THM [19] andin a
conventionalverticalBridgmanfurnace[14].

C. Energy spectra of CdTe and CdZnTe

Becauseof the very high resistivity, CdTe andCdZnTe are
regardedassemi-insulatingmaterialsandusuallyoperatedasa
“solid ionizationchamber”[23].Theelectron-holepairsgener-
atedin thedetectorarecollectedby applyinganappropriatebias
voltage. Figs.5 (a) and(b) show the energy spectraof ^ -rays
from a�b Coobtainedat20 c C with theCdTeandCdZnTedetec-
tors usedin themeasurementof the I-V curve (Fig. 5 ). In the
measurement,thechargesignalis integratedin theClearPulse
CP-5102CSA and shapedby an ORTEC 571 amplifier. The
time constantof theshapingamplifierwassetat0.5 d s for both
detectors. In order to minimize the effect of the incomplete-
nessof the hole collection,we irradiated ^ -raysfrom radioac-
tive sourceson the negative electrode(cathode). The applied
biasvoltagesarechosento be100V for theCdTeand300V for
the CdZnTe detectorso thatwe obtainthe comparableleakage
current.Theenergy resolution(FWHM) of the122keV line is
6.9keV for theCdTedetectorand4.2keV for CdZnTe.

I I I . EFFECTS OF LOW TRANSPORT OF HOLES

Collectingfull informationdueto thetransitof bothelectrons
andholesis importantfor obtainingtheultimateenergy resolu-
tion from thedevice. Themeandrift pathof thechargecarrier
is expressedas the productof dQe and f , where f is the ap-

Fig. 5. gDh Co spectraobtainedwith (a) CdTe and (b) CdZnTe detectorsat
20 Z C obtainedfrom thesamedetectorsusedin Fig. 4 . Theappliedbias
voltageis 100V and300V for CdTeandCdZnTe, respectively. Theshape-
ing time wassetat 0.5 i s.

plied electricfield in the device. Due to the slow mobility and
short lifetime of holes,the thicknessof the detectorshouldbe
smallerthan dKjVekj*f , wheredKj and ekj arethemobility andlife-
time of holes.If a detectorwith a thicknesslnmodKjVekj*f is used,
only a fraction of the generatedsignalcharge is inducedat the
detectorelectrode.The fraction andthe resultantpulseheight
dependon theinteractiondepth.This positiondependency pro-
ducesa shoulder(tailing) in the peaksof ^ -ray lines towards
thelow energy region,which is seenin a�b Co spectrawith CdTe
andCdZnTe shown in Fig. 5 . Due to a distortionof the spec-
trum. Theenergy resolutiondoesnot reachthetheoreticallimit
expectedfrom statisticalfluctuationsin thenumberof electron-
holepairsandtheFanofactor.

Thepulseheightasa functionof thedepthof interactionfor
a simpleplanardetectoris givenby theHechtequation[20]:

pFqsrutwvyx zQ{�r dK|'ek|:f r,}~������Kr�~�� ~�t
d | e | f

v�v
(1)

� d j e j f r,}~������Kr�~
t

dKjVekj*f
v�v�v

(2)

where
z {

is the numberof electron-holepairsgeneratedin the
detectorand � is the detectorthickness.The depth,

t
is mea-

suredfrom the cathode. The reductionof the pulseheight is
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Fig. 6. ����� Am spectraobtainedwith the2 mm thick CdZnTe detectorusedin
Fig. 4 . Theappliedbiasvoltageis 300V andtheoperatingtemperatureis
5 � C . � -raysareirradiatedfrom thecathodeside(solid line) andtheanode
side(dashedline).

Fig. 7. Simulatedspectraof the122keV line of �D� Co obtainedwith (a) 100V,
(b) 400V, and(c) 1400V. Thedetectorthicknessis 0.5 mm. The low en-
ergy tail in the spectrumis solely due to the hole trapping. For the this
thickness,1400 V is requiredfor eliminating low energy tail andobtain-
ing anenergy resolutioncloseto thethereticallimit. Theassumed�1����� is
2 � 10�w� cm� /V and ���!��� =1 � 10��� cm� /V. Resolutiondueto statistical
fluctuationof electron-holepairsandelectronicsis not included.

severefor the eventwhich takesplacecloseto the anodeelec-
trodeof a 2 mm thick detector, wherethe signalis mostly due
to theholetransit.Only 16%of thesignalis collectedfor �K�*�M�
= 2 � 10�<� cm� /V (typical numberfor the recentHPB-grown
CdZnTe detectors)ascomparedto thecasefor �K�V�k���¡  with
a biasvoltageof 300V. This effect is clearlyseenin the ��¢:£ Am
spectrumshown in Fig. 6 which wasobtainedwith a CdZnTe
detectorwith a thicknessof 2 mm. Whenthe detectoris irra-
diatedby ¤ -raysfrom thecathodeface,¤ -ray peaksareclearly
resolved.Theenergy resolutionat 60 keV is 3.3keV. However,
if we irradiate ¤ -rays from the anodeface,the peakstructure
is smearedout completely. The situationis slightly betterfor
CdTe which hashigher � � � � , but the spectralperformanceis
still limited.

Many methodshavebeenproposedandusedto overcomethe
hole-trappingproblem.Oneapproachis to usethe information
containedin the pulseshape[2]. In this approach,the pulses
with a slow rise time arecorrectedor discriminatedby means

of speciallydesignedelectronics.A modelof thepulseshapeis
describedin [21]. Anotherapproachis theuseof a hemispheric
geometry[2]. A logarithmeticfield insidethedetectorenhances
thecollectionof fast-moving electronsandrestraintheholecol-
lection. Theapplicationof hemisphericCdTe andCdZnTe de-
tectorsto safeguardsmeasurementsaredescribedin [22]

IV. HIGH RESOLUTION CDTE DIODE AND ITS APPLICATION

TO THE STACK DETECTOR

The theoreticalenergy resolutionof CdTe canbe calculated
from statisticalfluctuationsin thenumberof electron-holepairs
andtheFanofactor( ¥ )[23]. By using ¦ = 4.5eV and ¥ = 0.15,
the theoreticallimit (FWHM) is 200 eV at 10 keV, 610 eV at
100keV, and1.5keV at600keV [30], if we couldneglectelec-
tronic noise. Theseresolutionsarevery attractive for applica-
tionsin astrophysics,whereprecisedeterminationsof thecentral
energy andtheprofile of X-ray and ¤ -ray linesarecrucial[24].
For obtainingtheultimateenergy resolutionfrom theCdTe and
CdZnTedetectors,collectingfull informationgivenby thetran-
sit of bothelectronsandholesis important.Fig. 7 is theresult
of simulationsshowing that high biasvoltageis important. In
order to obtaina FWHM of 700 eV at the 122 keV line from
��§ Co, a biasvoltageof 1400V shouldbeappliedfor a detector
with athicknessof 0.5mmfor �K�V�M� = 1 �¨k© �<¢ cm� /V. Thethin
CdTe device hasanadvantageover thethick onebecausesuffi-
cientbiasvoltagefor full chargecollectioncanbeeasilyapplied.
Detectorswith very low leakagecurrentthatallow sucha high
bias voltagehave beendevelopedby several groupsthorough
theuseof diodestructureeitherby a blockingelectrodeor PIN
structure[24],[25], [26].

Takahashiet al. reporteda significant improvementin the
spectralpropertiesof CdTe detectorsbasedon the advances
madein theproductionof highqualityCdTesinglecrystals[24],
[27], [28]. Thebasicideais to utilize indiumastheanodeelec-
trodeontheTe-faceof thep-typeCdTewaferwith (1,1,1)orien-
tation[29].A highSchottky barrierformedon theIn/p-CdTein-
terfaceleadsusto theoperationof thedetectorasadiode(CdTe
diode). The leakagecurrentof the 2 mm � 2 mm � 0.5 mm
detectorwas0.7nA with abiasvoltageof 400V at20 ª C (Fig.
4).

Fig. 8 shows theenergy spectrumof ¤ -raysfrom ��¢�£ Am ob-
tainedwith theCdTe diode. A biasvoltageof 1400V (internal
electric field of « =28 kV/cm) was appliedand the operating
temperaturewas ¬ 40 ª C . The FWHM of the 59.5keV line
is 0.83keV correspondingto an energy resolution( ®«�¯!« ) of
1.4%.This is closeto theenergy resolutionof HP-Gedetectors
cooledto liquid nitrogentemperature.Thereductionof thelow
energy tail evenin the662keV line from £,°�§ Csresultsin areso-
lution of 2.1keV (0.3%),whichis consistentwith thetheoretical
prediction[30]. The improvementof the energy resolutionby
adoptingtheSchottky junctionis drastic,but thegainandreso-
lution degradewith time duringroomtemperatureoperation.It
is reportedthatbothahighelectricfield of severalkV cm�±£ and
alow operatingtemperature(below several ª C ) ensurestability
on timescaleslongerthanweeks[27].

An energy resolutionof ² 1%atahighphotonenergy of sev-
eral hundredkeV undermoderateoperatingconditionsis very
attractive in high energy astrophysics.However, goodenergy
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Fig. 8. ³�´�µ Am spectraobtainedwith the CdTe diodedescribedin [24]. The
energy resolutionat60keV is 0.83keV (FWHM). Thedetectorhasasurface
sizeof 2 mm ¶ 2 mm anda thicknessof 0.5mm. Thetime constantof the
shapingamplifieris 2 · s.

Fig.9. ThestackedCdTediode.TwelveCdTediodeswith dimentsionsof 5 mm¶ 5 mm ¶ 0.5 mm arestacked together. Theoutputfrom eachdiodewas
fed into an individual readoutelectronicssystem,which wereoperatedin
anti-coincidence(from [24].

resolutionwith a thick CdTediodewill bedifficult to achieveas
the biasvoltagerequiredfor completechargecollectionscales
with thesecondpower of thedetectorthickness.We, therefore,
adoptedtheideaof astackeddetector(Fig. 9 ), in whichseveral
thin CdTe diodesarestacked togetherandoperatedasa single
detector.

Fig. 10 shows thecomparisonbetweentheenergy spectrum
of ¸�¹�¹ Ba º -raysobtainedfrom a 2 mm thick planarCdZnTede-
tector and that from the first four layersof the stackdetector
whichconsistsof 12layerswith athicknessof 0.5mm,bothop-
eratedat5 » C . Theappliedvoltagesare300V for theCdZnTe
detector( ¼ = 1.5kV/cm ) and400V for eachlayerof thestack
detector( ¼ = 8 kV/cm ). It is clearly shown that the peakto
valley ratio at 300 keV is muchsuperiorfor the stacked CdTe
diodeascomparedto the2 mmthick CdZnTedetector. Thisap-
proachis particularlyusefulfor energiesbelow 300keV, where
the dominanceof photoelectricattenuationleadsto single-site

Fig.10. Thecomparisonbetweentheenergy spectrumof µu½D½ Ba ¾ -raysobtained
(a) from a 2 mm thick planarCdZnTe detectorand(b) from the first four
layersof thestackdetectorwith a total thicknessof 2 mm. An asymmetry
noticedin the line shapeof the stacked detectorabove 250 keV is dueto
the fact that a biasvoltageof 400 V is still not sufficient for full charge
collection.

absorptionin asinglelayer. When º -rayswith anenergy of 300
keV areirradiatedonto a 2 mm thick detector, 9% of photons
depositall their energy in the detector. Among them,75% are
stoppedby a singlephotoabsorption.For a 6 mm thick detector
(12 layers),44% and17% of the incidentphotonsarestopped
by a singlephotoabsorptionfor 200 keV and300 keV º -rays,
respectively.

V. NOVEL ELECTRODE DESIGN FOR SINGLE CARRIER

CHARGE COLLECTION

In orderto useCdTe andCdZnTe for thedetectionof º -rays
with energy higherthanseveralhundredkeV, theefficiency of a
thick ( ¿ 5 mm)detectoris necessary. However, applicationof a
simpleplanarelectrodeconfigurationseemsto be difficult, be-
causetherequiredbiasvoltageto eliminatelow energy tail atthe
level to achievea few keV resolutionmustbehigherthana few
hundredkV. Soonafter theemergenceof HPB-grown CdZnTe,
new ideasbasedon theconceptof singlechargecollectionhave
beenproposed[31],[32], [34]. Theseideasutilize techniquesto
form strip or pixel electrodeson thesurfaceof thematerialand
to processmany channelsby meansof high-densityanalogLSI
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Fig. 11. Electrodeconfigurationof coplanarelectrodes

in the form of ASICs. Herewe summarizesomehighlightsof
thedevelopmentof thesenovel electrodedesigns.

A. Coplanar grids

The ideaof usingtheeffectsof Frischgrid found in gasand
liquid detectorswasproposedby Luke in 1994.In this method,
ananodeconsistingof apairof interleavedgrids(Coplanargrid)
is formedon a surfaceof thedetector, asshown in Fig. 11 . A
differentbias is appliedto eachsetof electrodes.This poten-
tial differenceis small comparedto theoverall potentialacross
the detector. Whenelectronsandholesmove within the bulk
materialof thedetector, they induceequalsignalson bothgrid
electrodes.Whenthe electronscomecloseto the anodeplane,
the signalof the grid with the higherpotentialrisessteeply. A
netsignal,which is obtainedby subtractingthesignalsfrom the
two grids,is sensitive to primarily to theelectronsignal(single
polarity chargesensing).Sincethedepthdependentsignaldue
to themovementof holesis subtracted,thelow energy tail in the
spectrumcanbeeliminated.Thedramaticimprovementby the
coplanargrid is demonstratedin Fig. 12 [35].

B. Small pixels and control electrode

It haslongbeenrecognizedthatreducingthesizeof theelec-
trodecollectingthehigher ÀQÁ carrierscanpotentiallyeliminate
thelow-energytail byeffectivelyachievingsingle-carriercharge
collection through the ”near-field effect”. Barret et al have
shown that,if thepixel sizeis small in comparisonwith thede-
tectorthicknessandthepixel electrodeis biasedto collectelec-
trons,the incompletechargecollectiondueto severeholetrap-
ping canbedramaticallyimproved,becausetheinducedcharge
on eachpixel anodeis dominatedby the numberof electrons
collectedby the anode[32].For nuclearmedicineapplications,
Barberet al. appliedthe ideaof ”small pixel effects” to a large
CdZnTe arraywith a pixellatedelectrodeproducedon oneside
of thedetectorslabby photolithographythatis bumpbondedto
a readoutintegratedcircuit which readsouteachpixel individu-
ally[33]. A 64 Â 64 (2.5cm Â 2.5 cm) CdZnTe arrayswith 380
À m pitch hasbeenconstructedandtestedby Barberet al. [50].
Pixel detectorswith apixel sizeof severalhundredto a few mm
havebeendevelopedby severalgroups.Optimumspectroscopic
performancewith electrodesegmentationis discussedin [36].

Recently, Butlerhasproposeda new conceptbasedon a con-
trol electrodein additionto acathodeandsmallanode[34].The
controlelectrodesurroundstheanodepixel andacceptsa large

Fig. 12. Spectraof ÃuÄ,Å Csobtainedwith theCdZnTe detector(a) in its standard
configurationand(b) in thecoplanargrid configuration.Thedimensionsof
thedetectorare5 Æ 5 Æ mmÄ . Theappliedbiasvoltageis 500V andthe
peakingtime of theshapingamplifierwassetat2Ç s (takenfrom [31] )

fraction of the chargesinducedby the carrierswhile they are
in transit. Similar to the effect of a coplanargrid, almostthe
full charge of the mobile electronsis inducedon the anode.
Mayer et al. extendedthis conceptanddevelopedan imaging
devicewith orthogonalcoplanaranodes(Fig. 13 )[37]. Thesig-
nalsinducedon thestripsareusedto determinethe interaction
position in onedimension. The position information in the y-
directionis inferredfrom thepixelswhichareinterconnectedto
thestrips. This electrodeconfigurationprovidesinformationofÈ±É pixels with 2È channelsandreducesthe complexity of the
readoutelectronics. The energy resolution(FWHM) obtained
from thedetectoris 3.42keV at60keV and5.6keV at662keV.

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 obtain the Ê -ray interactiondepth. The inter-
action depthprovide a correctionfor the electronpath length
and the trappingwhich are importantfor thick detectors( Ë 1
cm). He et al. have performedextensive studieson this possi-
bility[38], [39]. The fist 3-D position-sensitive semiconductor
detectorwith CdZnTeyieldedanenergy resolutionof 10keV at
662keV anda depthresolutionof 0.5mm. Resultsfrom a sec-
ondgeneration12.5Â 12.5Â 10mmÌ CdTedetectorarereported
in [40].
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Fig. 13. Theanodegeometryof aCdZnTe imagingdetectorwith coplanargrid
andcontrolelectrode.Theverticalstripsmeasurethe Í -positionwhile the
linesof interconnectedpixel providesthe Î -measurement[37]

VI. APPLICATION TO HARD X-RAY AND Ï -RAY MISSION

Hard X-rays and Ï -raysarean importantfrequency window
for expoloringtheenergeticuniverse.The Ð/ÑFÒ/Ó satellitehas
revealedus the fact that a variety of gamma-raysourcesexist
in the sky[41]. However, whencomparedwith X-ray Astron-
omy, gamma-rayastronomyis still immature;thesensitivity of
instrumentsarefar from thelevel achievedby thecurrentX-ray
missionsemploying focusingtelescopesin theenergy bandbe-
low 10 keV. Gamma-rayinstrumentsin the21stcenturyshould
providemuchimprovedangularandspectralresolutionover the
instrumentsin usetoday. CadmiumTelluride (CdTe) andCad-
miumZinc Telluride(CdZnTe)solidstatedetectorshaveseveral
promisingfeatureswhichmaketheminstrumentsfor useasafo-
cal planeimagerof a multi-layergrazingincidencemirror or a
codedmaskaperturefor thenext generationof hardX-ray and
Ï -rayastronomysatellites.

A. INTEGRAL

The IBIS detectoron boardESA’s INTEGRAL will be the
first spaceinstrumentthat utilizes the goodspectralresolution
of CdTe. Major objectivesof themissionarethedetectionand
preciseidentificationof Ï -ray line spectrato studythehigh en-
ergy processesandresultingnuclearinteractionstakingplaceat
astrophysicalsites.Thedetectorconsistsof two layersof pixel-
lateddetectorplanesseparatedÔ 10 cm andoperatedasa focal
planedetectorof a codedmaskaperture.Thetop layerdetector
planeis madeof 16384squareCdTe detectors(4 Õ 4 Õ 2 mmÖ )
, which givesa total sensitive areaof 2621cm× . The detector

Fig. 14. Cut away drawing of theBAT instrumentonboardSwift satellite.The
D-shapedcodedaperturemaskis 3 mØ with 5 mm pixels. The CdZnTe
array consistsof 32768CdZnTe detectorswith dimensitonsof 4 mm Ù 4
mm Ù 2 mm. Graded-Zshieldingreducesthe backgrounddue to cosmic
diffuseemission[43],[44]

is dividedinto eightrectangularmodulesof 128polycells,each
polycell containing16 detectorpixels. In orderto improve the
energy resolutionof theCdTedetector, apulseheightcorrection
schemeis implementedby a speciallydesignedASIC. Accord-
ing to the measurementof a prototypedetectorfor IBIS[42],
spectralresolutionof around4.5 keV (FWHM) is obtainedfor
the 122 keV line. The averagemobilities are measuredto be
946Ú 50 cm× V ÛQÜ sÛQÜ for electronsand79.5Ú 9 cm× V ÛQÜ sÛQÜ for
holeswhile the averagelifetime is reportedto be 1.2 Ú 0.1 Ý s
for electronsand4.6 Ú 0.2 Ý s for holes.

B. Swift

Swift is a first of its kind multiwavelengthtransientobserva-
tory for Ï -ray burst (GRB) astronomy, due to be launchedin
2003. TheBAT instrumenton Swift is designedto provide the
critical GRB trigger andquickly measurethe burst positionto
betterthan4 arcmin[43],[44]. Sincetheenergy emissionfrom
GRBspeaksat a few 100keV, theBAT utilizes32768CdZnTe
detectorwith dimensionsof 4 Õ 4 Õ 2 mmÖ to form a1.2m Õ 0.6
m sensitive areain the detectorplane. Thereare256 detector
module(DM) in the BAT. OneDM consistsof 8 Õ 16 arrayof
CdZnTe elements,which areconnectedto a 128channelread-
out ASIC (XA chip [45]).

C. Future Approach

For futureX-ray astronomymissions,oneof themainobjec-
tives is observation with a very high sensitivity in the 10-100
keV band,wherenon-thermalemissionbecomesdominantover
thermalemission[24].This could be achieved by employing a
multi-layer, grazingincidencehardX-ray telescope(“supermir-
ror”) in conjunctionwith a hardX-ray imagingdetectorasa fo-
calplanedetector. Thecurrentgoalfor theimagingdetectoris a
CdTeor CdZnTepixel detectorwith botha finepositionresolu-
tion of a few 100 Ý m anda high energy resolutionbetterthan1
keV (FWHM) in thisenergy range.In orderto coverthefield of
view of the telescope,the detectorshouldhave an areaof sev-
eralcm× . Fasttiming of severalhundrednswill berequiredfor
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Fig. 15. Radiographicimageof anobjectmadeof solderingwire irradiatedbyÞ -raysfrom ß�à�á Am obtainedwith the32 â 32CdTepixel detectorcovering
6.8 mm â 6.8 mm at roomtemperature.Thepixel sizeis 200 ã m â 200ã m.

theactiveshielding,whichwould benecessaryto achievea low
backgroundenvironmentin space.

Researchand developmentprojectstoward thesegoalsare
now underway by severalgroups[17],[46], [30], [47]. To real-
ize fine pitch (finer thanseveralhundredmicrons)CdTe and/or
CdZnTe pixel detectors,gooddetectormaterialand low noise
amplifiersanda readoutsystemfor morethan10,000indepen-
dentchannelswill be the key technology. A simpleandrobust
connectiontechnologyneedsto be established,becausehigh
compressionand/orhigh ambienttemperaturewould damage
theCdTeandCdZnTecrystal.Fig. 15showstheradiograpicim-
ageobtainedwith fine pixel detectorsdevelopedunderthecol-
laborationbetweenBonnUniverstyandISAS[48] . Thesizeof
thepixelsis 200ä m å 200 ä m. They aredirectly bumpbonded
to atwo-dimensionalphotoncountingASIC (MPEC2)by using
newly developedgold-studbumpbondingtechnology[30].

In additionto pixel detectors,a largeareaarray( æ 5000cmç )
consistingof stripshasbeenreportedin [49]. Thedetectoris a
6 å 6 arrayof CdZnTe strip detectors.Orthogonalpatternsare
imprintedon the top andbottomsidesof eachdetector. With
stripsseparatedby 100 ä m, a spatialresolutionof è 50 ä m has
beendemonstrated.

VI I . CONCLUSION

Owing to the significantprogressin producinghigh quality
CdZnTe andCdTe crystals,thesematerialsarenow regardedas
“serious” candidatesfor the next generationof hardX-ray andé -ray detectors.Applicationsto nuclearmedicinearereviewd
in [50], [6], [16]. Goodenergy resolutionbetterthan1 keV is
achievedfor 60 keV é -raysby thediodestructurefor a thin de-
tector. A novel electrodeconfigurationsolves the problemof
incompletechargecollectionfor thedetectionof highenergy é -
rayswith a thick detector. As discussedby Fougereset al. [19],
the choicebetweenCdTe andCdZnTe is still very difficult to
make. Thereis still someroom for improvementsfor real ap-
plications. Theseincludethe productionof large anduniform

singlecrystals,especiallyfor theHPB-grown CdZnTe, andthe
bump technologyspecificto “fragile” CdTe andCdZnTe. The
costof thematerialis still high for a largescaleé -camera.Fur-
theradvancesin application-specificintegratedcircuits(ASICs)
are necessaryfor the fabricationof fine-pitch pixel detectors.
Extensivestudiescurrentlyunderwayby many laboratorieswill
boostthefurtheradvancesof of theseinterestingmaterials.
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