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High ResolutionCdTeDetectorandApplicationsto
ImagingDevices

TadayukiTakahashi, ShinWatanabe,Manabu Kouda,GoroSato, Yuu Okada, ShinKubo, Yoshikatsu
Kuroda, Mitsunobu Onishi, andRyoichiOhno

Abstract—
Using a high quality Cadmium Telluride (CdTe) wafer, we formed a

Schottky junction and operatedthe detector asa diode (CdTe diode). The
low leakagecurrent of the CdTe diode allows us to apply a much higher
biasvoltagethan waspossiblewith the previousCdTedetectors.For a rela-
tively thin detectorof � 0.5mm thick, the high biasvoltageresultsin a high
electric field in the device. Both the improved charge collection efficiency
and the low-leakagecurrent leadto an energy resolutionof 1.1keV FWHM
at 60 keV for a 2 � 2 mm

�
device and 2 keV for a 10 � 10 mm

�
device at

5
�
C without any charge-losscorrection electronics. For astrophysical ap-

plications,wehavedevelopedan initial prototypeCdTepixel detectorbased
on the CdTe diode. The detector has400pixels with a pixel sizeof 625 �
625 � m

�
. Each pixel is gold-stud bondedto a fanout board and routed to a

fr ont endASIC to measurepulseheight information for each � -ray photon.

Keywords—CdTe,CdZnTe,Pixel Detector.

I . INTRODUCTION�
ADMIUM Telluride (CdTe) andCadmiumZinc Telluride
(CdZnTe)havebeenregardedaspromisingsemiconductor

materialsfor hardX-ray and � -ray detection[1], [2], [3], [4].
The high atomic numberof the materials( �
	�� =48, Z �� =52)
givesa high quantumefficiency suitablefor a detectoroperat-
ing typically in the 10� 500 keV range. However, due to in-
completechargecollectioncausedby thelow mobility andshort
lifetime of holes,theenergy resolutiondoesnot reachthetheo-
retical limit expectedfrom statisticalfluctuationsin thenumber
of electron-holepairsandtheFanofactor.

Recently, weachievedasignificantimprovementin thespec-
tral propertiesof CdTe detectors[5],[6], [7]. Our detectoris
basedon the advancesmadein the productionof high quality
CdTe monocrystalsby ACRORAD, Japan[8].Thebasicideais
to utilize indium as the anodeelectrodeon the Te-faceof the
p-typeCdTe waferwith (1,1,1)orientation[9].A high Schottky
barrierformedon the In/p-CdTe interfaceallows us to operate
thedetectorasa Schottky diode(CdTe diode).This is different
from theearlieruseof CdTedetectorswith thePt/CdTe/Ptelec-
trodeconfigurationoperatedasa solid ionizationchamber. A 2
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mm � 2mmdetectorof thickness0.5 mm, whenoperatedat a
temperatureof 5 � C , showsleakagecurrentsof only 0.2and0.4
nA for operatingvoltagesof 400 and800 V respectively. The
very low leakagecurrentof theCdTe diodeenablesusto apply
a high electricfield to ensurecompletechargecollectionin the
device.

A problemwith thestability of thedetector, probablydueto
the non-uniformelectricfield causedby the charge accumula-
tion, hasoftenbeenreportedfor CdTe detectors(polarization).
The CdTe wafer from ACRORAD is free from this problem
whenthe Pt/CdTe/Ptelectrodeconfigurationis used.However
oncethediodewasformed,weexperienceddegradationof gain
andresolutionwith time. We found that, both a high electric
field of severalkV cm��� anda low operatingtemperature(be-
low several � C ) ensurestability on time scaleslonger than
weeks[5].

For futureX-ray astronomymissions,oneof themainobjec-
tives is observation with a very high sensitivity in the 10–100
keV band,wherenon-thermalemissionbecomesdominantover
thermalemission[7]. This could be achieved by employing a
multi-layer, grazingincidencehardX-ray telescope(“supermir-
ror”) in conjunctionwith a hardX-ray imagingdetectorasa fo-
cal planedetector. Our aim is to developa CdTe (or CdZnTe)
pixel detectorwith botha fine positionresolutionof a few 100� m anda high energy resolutionbetterthan1 keV (FWHM) in
this energy range.

I I . ENERGY RESOLUTION

For energiesbelow 100keV, a detectorthicknessof 0.5 mm
providesa gooddetectionefficiency with CdTe. Theefficiency
is 90 % at 40keV and30 % at 100keV, respectively. For useas
a high resolutiondetectorin thehardX-ray band,thethin CdTe
device hasan advantageover the thick onebecausesufficient
biasvoltagefor full chargecollectioncanbeeasilyapplied.Col-
lecting full informationdueto the transitof bothelectronsand
holesis importantfor obtainingthe ultimateenergy resolution
from the device. For this, the transittime mustbeshorterthan
the carrier lifetime. The meandrift pathof the charge carrier
is expressedastheproductof ��� and � , where ��� is mobility-
lifetime productand � is the appliedelectric field in the de-
vice. Due to the slow mobility andshort lifetime of holes,the
thicknessof thedetectorshouldbesmallerthan ������� � , where��� and ��� arethemobility andlifetime of holes.Our previous
measurementshowed that at least400 � 800 V is requiredto
suppressthebroadlow energy tail of the122keV line andob-
tain the energy resolution(FWHM) of � 1 keV for a detector
with a thicknessof 0.5 mm, if all chargecarriersareto becol-
lected. It would bedifficult to apply this approachto a thicker
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Fig. 1. Spectraof (a)  "!$# Am and(b) %'& Coobtainedwith a2 mm ( 2 mmCdTe
diodeof thickness0.5 mm. The spectraaretaken without any charge-loss
correctionor rise time discriminationelectronics.The diodewasoperated
at5 ) C . Theappliedbiasvoltageis 600V for  "!$# Am and800V for %'& Co.
Thetime constantof theshapingamplifierwassetat 0.5 * s.

CdTe detector, asthebiasvoltagerequiredto achieve a certain
level of charge collection scalesas the squareof the detector
thickness.

Figs. 1(a) and1(b) show the energy spectraof + -raysfrom,.-0/
Am and 1$2 Co obtainedwith the CdTe diode. The detector

hasa surfaceareaof 2 mm 3 2 mm anda thicknessof 0.5mm.
In themeasurement,thechargesignalis integratedin theClear
PulseCP-5102chargesensitivepre-amplifier(CSA)andshaped
by an ORTEC 571 amplifier. In order to reducethe leakage
currentandto obtainlong-termstability of theCdTe diode,we
mountedthe detectorand the CSA in a thermostaticchamber
with thetemperaturecontrolledat 5 4 C .

The 6.4 keV (Fe 576 ) line of iron is clearly detectedin the1$2 Cospectrum,demonstratingthehighperformanceof theCdTe
diodein termsof theenergy resolution.Thephotopeakresolu-
tion (FWHM) is 1.1 keV at 60 keV and1.3 keV at 122keV at
5 4 C withoutany chargelosscorrectionor risetimediscrimina-
tion electronics.Significantreductionof the broadlow energy
tail is a very importantcharacteristicof the detectorfor spec-
troscopy, becauseit simplifiestheenergy responseconsiderably.

Whenthe detectoris cooleddown, the decreasein the leak-

Fig. 2. Spectralresolutionasa function of energy for a 2 mm ( 2 mm CdTe
diodeof thickness0.5mm. Thedetectorwasoperatedat -40 ) C andunder
a biasvoltageof 1400 V. The time constantof the shapingamplifier was
setat 1.0 * s. Theopencirclesarethemeasuredresolutionandtheclosed
circlesarecalculatedby subtractingthenoisein quadrature.Thesolid and
dot-dashedlinesarepredictionsfrom 8 =0.15and8 =0.10,respectively. The
dashedline is measuredelectronicnoisefrom a testpulse.

agecurrentenablesus to apply muchhigherbiasvoltagethan
thatof the5 4 C operation.Fig. 2 shows theenergy resolution
measuredat -40 4 C with + -ray lines from variousradio iso-
topes.Theappliedbiasvoltageis 1400V throughoutthemea-
surement.Thereductionof the low energy tail even in the662
keV line from

/:9 2 Cs(Fig. 3) resultsin a resolutionof 2.1 keV
(0.3 %). From the relationbetweenenergy andresolution,we
can obtain the intrinsic resolutionof the CdTe diode by sub-
tractingthecontribution of electronicnoisein quadrature.The
intrinsic resolutionis determinedby thestatisticalfluctuationin
the numberof electron-holepairsgeneratedby absorptionof a
photonof a givenenergy [10], [11] anddescribedas;=<?>A@BDC EGFIH JLK�MN E FIH JLKPO ;RQBDC (1)

where
N

is the meannumberof electron-holepairscreated,Mis its statisticalfluctuation,
;

is theFanofactor,
Q

is theaverage
electron-holepairproductionenergy, and

B C
is theenergyof the

incidentphoton. As shown in Fig. 2, the calculatedresolution
is very closeto the predictionfrom

Q
= 4.5 eV and

;
= 0.15.

Thesevaluesareconsistentwith thosereportedfrom previous
measurements[12].Our resultsimply that the resolutionof the
CdTe diodewith a thicknessof 0.5 mm reachesthe theoretical
limit for a wideenergy rangefrom 10 keV to 700keV.

The homogeneityof the crystal is of particular importance
for the imaging detector, becausedefectsin the crystal could
deterioratetheenergy resolutionthroughpositionalvariationof
propertiessuchaschargecollectionefficiency andleakagecur-
rent. In orderto studytheperformanceof theCdTe diodewith
dimensionswhich arelargeenoughfor animagingdetector, we
measuredthe

,.-S/
Am spectrumobtainedwith the 10 3 10 mm

,
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Fig. 3. High energy spectrumof TVU:W Csabove 620keV with a 2 mm X 2 mm
CdTediodeof thickness0.5mm. Theappliedbiasvoltageis 1400V andthe
operatingtemperatureis -40 Y C . Thetimeconstantof theshapingamplifier
wassetat 1 Z s. Theenergy resolutionat 662keV is 2.1keV (FWHM).

Fig. 4. ["\ T Am spectrumobtainedwith a largeCdTe detector. Thesurfacesize
is 10 mm X 10 mm and the thicknessis 0.5 mm. The time constantof
the shapingamplifier is 2 Z s. The energy resolutionat 60 keV is 2.1 keV
(FWHM).

CdTe diodewith 0.5 mm thickness(Fig. 4). In spiteof a large
capacitanceof 25 pF (includingthecapacitanceof connectors),
weobtainedaFWHM resolutionof 2.1keV which is consistent
with the 1.9 keV resolutionobtainedwith the testpulse. This
resolutionconfirmsthegooduniformity of thewafermanufac-
tured from the monocrystalgrown using the THM methodby
ACRORAD [8], [13].

I I I . THE CDTE PIXEL DETECTOR

A prototypeCdTepixeldetectorwith anarrayof 20 ] 20pix-
elswasdeveloped.Thedetectoris basedonthe15mm ] 15mm
CdTe diodemadefrom themonocrystalwaferwith (1,1,1)ori-
entationfabricatedwith the prescriptiondescribedin Ozaki et
al. [9]. Theindiumsideis usedasthecommonelectrode.After
a thin layerof gold is evaporatedon thePt side,a metalpattern
for pixels is etchedon it. The thicknessof the Pt andgold are
3000Å and2000Å, respectively. Thesizeof a pixel electrode

Fig. 5. Layoutof thefanoutboardfor theCdTepixel detector. Thetotalnumber
of bumppadsis 22 X 22=484.400padsareusedfor pixelsand84 padsare
usedfor theguardring. Thesizeof thesubstrateceramicboardis 24mm X
24mm.

Fig. 6. The gold studson the fanoutceramicboard. The width andpitch of
metallinesshown in thepictureare40 Z m and10 Z m, respectively.

is 625 ^ m ] 625 ^ m andthegapbetweenelectrodesis 50 ^ m.
In orderto reducetheedgeleakagecurrent,a guardring with a
width of 625 ^ m surroundstheperipheryof thepixel.

Since a two dimensionalASIC (Application Specific Inte-
gratedCircuit) thatcanmeasuretheenergyof each_ -rayphoton
andcanbeattacheddirectly to thepixel detectoris notcommer-
cially available,we utilize a combinationof a fanoutboardand
front endASICs designedfor a Si strip detector. As shown in
Fig. 5, the fanoutboardconsistsof bumppadsandpatternsto
routethesignalfrom padson thesurfaceof theceramicboard.
Onceeachpixel electrodeon the CdTe diode is connectedto
the bump pad,we canextract signalsfrom the detector. This
approach,similar to theSi paddetectordevelopedby Weilham-
meret al. [14] allowsusto usewell-establishedfront-endchips
with low noiseperformanceandcomplex function for Si strip
detector.



IEEE TRANSACTIONSON NUCLEAR SCIENCE,VOL. XX, NO. Y, MONTH 2000 103

Fig. 7. Pictureof a prototypeCdTe pixel detectorwith the readoutintegrated
circuits.

Oneof mostdifficult partsof realizingfine pitch (finer than
severalhundredmicrons)CdTeand/orCdZnTepixeldetectorsis
to establishasimpleandrobustconnectiontechnologyfor these
fragiledevices.It shouldbenotedthathighcompressionand/or
highambienttemperaturewoulddamagetheCdTecrystal.Also,
the co-planarityof the CdTe wafer is measuredto be 2 ` m at
most, which is much worsethan that of usualsilicon wafers.
Usual indium-ball solderingmight not be appropriatefor this
purpose.Also, indiumis easilyoxidizableandneedsflux which
couldcontaminatethedetectorsurface.Furthermore,placement
of indiumballsis usuallydoneon largewafersandit is difficult
to placethemonasmallboardasusedin thepresentexperiment.

For the prototypeCdTe pixel detector, we adopteda stud-
bump method. To prevent possiblestresson the device, we
choosea combinationof soft metal,gold andindium,asa stud.
In order to attain good connectionbetweenthe bond pad on
the readoutboardand the pixel electrodeon the CdTe wafer,
a needle-shapedstudconsistingof two stagesof gold studsis
preparedon thebumppad(Fig. 6). Studsaremadefrom a gold
studbonderwith a 25 ` m diametergold wire, anda thin layer
of indium is printedon the top of the studto improve connec-
tivity. Thetotal heightof thestudfrom bottomto top is 150 a
200 ` m. TheCdTe waferandthefanoutboardarethenpressed
togetherwith 20 g of compressionper bump undercontrolled
temperatureconditions.To increasemechanicalstrength,epoxy
resinwith low viscosityis filled into thespacebetweentheCdTe
waferandthefanoutboard.

Before wire bonding from the fanoutboard to the readout
electronics,we have confirmedthat all pixels have good con-
nectionby measuringthecurrentwith respectto thebiasvoltage
(I-V curve). TheI-V curve clearlyshows diodecharacteristics.
The leakagecurrentunderthe reversebiasof 100V is 5 nA at
25 b C . Thiscorrespondsto 10 pA persinglepixel.

A pictureof thepixel detectorsystemis shown in Fig. 7. Fig.
8 shows thecrosssectionalview of thestudbumpafterfabrica-
tion of thedetector. TheCdTedetectoris goldstudbondedto the
fanoutboardandthenwire bondedto the128inputVA2TA chip
developedby IDEAS[15]. The analogchainof the chip con-
tainsa chargesensitive preamplifier, a slow anda fastshaper, a
sample-and-holdcircuit andadiscriminator. Thetriggersignals
from eachchannelarewire or’ed togetherontoa commontrig-

Fig. 8. Crosssectionalview of the studbump. Two stagesof gold andone
stageof indium areusedasa studto obtaingoodconnectivity betweenthe
electrodeon thePt sideof theCdTe diodeandthebumppadon thefanout
board.

geroutputinsidethechip. Thelow leakagecurrentof theCdTe
diodeenablesthesensorto have DC couplinginto the input of
the preamplifier. For the initial prototypedetector, 400 chan-
nelsoutof 1024channelsfrom eightVA2TA chips,mountedon
four front endcards(FECs),areused.Theenergy resolutionof
thechipson theFECis measuredto be c 7 keV, which is much
worsethanweanticipated.

Fig. 9 shows theimageof a leadobject(“star” with a holein
thecenter)placedonthebackof thedetectorandirradiatedwith
the122keV d -ray line from a e.f Cosourceby selectingphotons
underthe122keV photopeak.A positivebiasvoltageof 400V
is appliedon thecommonelectrodeandthedetectoris operated
at 5 b C . Although the yield of good connectionswas 100
% whenwe testedwith a dummydetectormadeof silicon, we
foundthatno signalcamefrom 35 pixels in thefirst prototype.
Basedonsubsequentexperimentsusingaprobestation,it turned
out that the distancebetweenthe bump padsand the adjacent
patternetchedon the fanoutboardis so narrow in the current
versionthatwecouldnotobtainperfectisolationfor someof the
bumppads.Fig. 10 shows thespectrumfrom onepixel which
is takenat a 20 b C with a biasvoltageof 1400V. The energy
resolutionat the 122 keV line is 7.3 keV, which is consistent
with theenergy resolutionof thecurrentreadoutelectronics.

IV. CONCLUSION

Thehigh energy resolutionof theCdTe diodeis very attrac-
tive for hardX-ray andgamma-raydetection.Thefurtheraddi-
tion of goodpositionresolutionis of greatimportance.In order
to usethe detectorasa hardX-ray spectrometer, the front-end
ASIC hasto have thecapabilityto recordbothpulseheightand
timing informationfor eachphoton.With theCdTe diodes,the
first prototypepixel detectorhasbeendeveloped.We establish
theprocedureof finepitchbumpbondingby meansof goldstud.
Althoughtheenergy resolutionis worsein comparisonwith that
obtainedfrom planarCdTe diodes,we succeededto obtainan
imageandspectrafrom theCdTe pixel detector. Fabricationof
the secondCdTe pixel detectorwith a pixel sizeof 200 ` m g
200 ` m equippedwith a photon-counting2-dim ASIC is now
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Fig. 9. Radiographicimageof a leadobject irradiatedby h -rays from i'j Co
obtainedwith the20 k 20 CdTe pixel detectorcovering15 mm k 15 mm.
Thepixel sizeis 625 l m k 625 l m.

Fig. 10. i'j Co spectrumfrom a pixel obtainedwith a prototypeof the CdTe
pixel detector.

underway, aswell as the developmentof a truly 2-dim ASIC
chip capableof measuringthe energy and the arrival time of
eachm -rayphoton.
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